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HARRY IRVING: A TRIBUTE 

R. J. P. WILLIAMS and R. D. GILLARD 

Harry Irving was born on 19 November 1905, and 
has recently, close to his eightieth birthday, retired 
from the Chair of Analytical Science (which he 
founded in 1979) at the University of Cape Town. 
He spent much of the earlier part of his career in 
Oxford, until he moved to Leeds in 1961 as Pro- 
fessor of Inorganic and Structural Chemistry. 

He was initially an organic chemist, becoming 
later active in analytical and coordination chemis- 
try, but his interests have always remained unusu- 
ally wide, ranging over the whole field of solution 
and structural chemistry. It is intriguing that the 
second and the penultimate paper (separated by 55 
years!) in his remarkably varied list of work both 
deal with a chloral hydrate. 

Irving’s seminal contributions are chiefly in the 
area of the relations between the stability of metal 
complexes of ligands and their structures (both of 
the ligands and of the complexes). A few of these 
classes of ligands (such as dithizones, amino- 
alcohols and complexones: he was of course the 
translator of Schwarzenbach’s book in 1957) 
are represented in this collection of papers in his 
honour. 

Professor Irving was remarkably percipient in 
introducing new ideas : quite apart from the Irving- 

Williams series, he commented very early on steric 
hindrance influencing stability constants, on kinetic 
properties of metal ions, on conformations of 
chelate rings, on solvent extraction in inorganic 
analysis, and on synergic effects in equilibria. It is 
salutary to realize that his first doctoral student 
was R. J. P. Williams (from 1948 when Professor 
Irving was already aged 43). 

Involvement under his tutelage with ideas of stab- 
ility, reactivity and structure has led Professor 
Irving’s students and collaborators in many new 
directions. Several are represented in this volume 
(bio-inorganic chemistry, optical resolutions and 
stereochemical isomerism, vibrational spectra as a 
means of studying speciation in solution, and X-ray 
crystallography for the establishment and con- 
firmation of isomeric structure). 

Harry Irving has been, in three universities, a 
moving spirit for many chemists. While he was one 
of those who helped to revitalize inorganic chem- 
istry, he also gave to his colleagues and students a 
wider perspective of a cultured life based on music 
and dance. He is truly a balanced man. This tribute 
is dedicated to a many-faceted man of great culture 
as a mark of affection and respect by his students 
and associates. 
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1929 
The action of potassium cyanide on chloroaldehydes. 

F. D. Chattaway and H. Irving, J. Chem. Sot. 1929, 
1038. 

1930 
The interaction of butyl chloral hydrate and 2 : 4dihal- 

ogen-substituted phenylhydrazines. F. D. Chattaway 
and H. Irving, J. Chem. Sot. 1930,87. 

1931 
The condensation of butyl chloral hydrate with aryl 

hydrazines. F. D. Chattaway and H. Irving, J. Chem. 
Sot. 1931,751. 

The Chydroxy-l-aryl-5methylpyrazoles. F. D. Chat- 
taway and H. Irving, J. Chem. Sot. 1931,786. 

2 : 4 : 4-T~chlorophenylhydr~ne. F. D. Chattaway and 
H. Irving, f. Chem. Sot. 193 1,174. 

1 : 3-Benzdioxin. F. D. Chattaway and H. Irving, J. 
Chem. Sot. 1931,2492. 

1932 
The condensation of butyl chloral hydrate with aryl 

hydrazines. F. D. Chattaway and H. Irving, J. Am. 
Chem. Sot. 1932,54,263. 

1933 
2 : 4 : 6-Trichloroaniline. F. D. Chattaway and H. Irving, 

J. Chem. Sot. 1933, 142. 
The aorfl-trihalogenated butaldehydes. F. D. Chattaway, 

H. Irving and G. H. Outhwaite, J. Chem. Soe. 1933, 
993. 

1934 
The action of alkalis on substituted benzdioxins. F. D. 

Chattaway and H. Irving, J. Chem. Sot. 1934,325. 
1935 

An historical account of Pharaoh’s serpents. H. Irving, 
Sci. Frog. (London) 1935,30,62. 

The action of halogens upon the arylhydrazones of 
unsaturated aldehydes. F. D. Chattaway and H. 
Irving, J. Chem. Sot. 1935,90. 

1936 
The action of amines upon esters. Part I. H. Irving, J. 

Chem. Sot. 1936,797. 
1937 

The applications of floating equilibrium to the deter- 
mination of density. H. Irving, Sci. Prog. (London) 
1937, 31, 654. 

1940 
The interaction of arylhydrazines and halogenated alde- 

hydes. H. Irving, J. Chem. Sot. 1940,813. 
The alleged reduction of the phenylurethane of tri- 

chlorolactic ester and nitrile by dilute aqueous 
alkali. H. Irving and H. Marston, J. Chem. Sot. 1940, 
1512. 

1941 
Bunsen’s salt. H. Irving and G. W. Cherry, J. Chem. 

Sot. 1941,25. 
1943 

The action of alkalis on substituted benzdioxins. H. 
Irving and (in part) E. G. Curtis, J. Chem, Sot. 1943, 
319. 

1948 
The action of amines on esters, Part II. H. Irving and 

H. I. Fuller, J. Chem. Sot. 1948, 1989. 
The order of stability of metal complexes. H. Irving and 

R. J. P. Williams, Nature (London) 1948, 162, 746. 
Reversion: a new procedure in absorptiometry. H. 

Irving, G. Andrew and E. J. Risdon, Nature (London) 
1948,161,805. 

Analytical chemistry. H. Irving, Annu. Rep. Prog. Chem. 
1948,45, 316. 

1949 
The absorptiometric determination of traces of metals. 

Reversion: a new procedure. H. Irving, E. J. Risdon 
and G. Andrew, J. Chem. Sot. 1949,537. 

Studies with dithizone. Part I. The determination of 
traces of mercury. H. Irving, G. Andrew and E. J. 
Risdon, J. Chem. Sot. 1949,541. 

Steric hindrance in analytical chemistry. Part I. H. Irving, 
E. J. Butler and M. F. Ring, J. Chem. Sot. 1949,1489. 

Metal complexes and partition equilibria. H. irving and 
R. J. P. Williams, J. Chem. Sot. 1949, 1841. 

Studies with dithizone. Part II. Dithizone as a monobasic 
acid. H. Irving, S. J. H. Cooke, S. C. Woodger and 
R. J. P. Williams, J. Chem. Sot. 1949, 1847. 

The dissociation constant of 8-hydroxyquinoline. H. 
Irving, J. A. D. Ewart and J. T. Wilson, J. Chem. Sot. 
1949,2672. 

Analytical chemistry. H. Irving, Annu. Rep. Prog. Chem. 
1949,46,268. 

1950 
The effect of time and temperature on potentials meas- 

ured with the glass electrode. H. Irving and R. J. P. 
Williams, J. Chem. Sot. 1950, 2890. 

1951 
The centenary of Penny’s process: A landmark in the 

history of analytical chemistry. H. Irving, Sci. Prog. 
(London) 1951,39,63. 

The stability of co-ordination compounds in aqueous 
solution. H. Irving, In Proceedings of the First Con- 
ference on Coordi~t~on Chemistry, I.C.I. Report No. 
BRL/l46 (1951). 

Solvent extraction and its applications to inorganic 
analysis. H. M. Irving, Q. Reo. 1951,5, 200. 

The valencies of the transition elements in the metallic 
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state. W. Hume-Rothery, H. M. Irving and R. J. P. 
Williams, Proc. R. Sot. (London) l951,208A, 431. 

1952 
Studies with dithizone. Part III. The extraction constant 

of zinc dithizonate. H. Irving, C. F. Bell and R. J. P. 
Williams, J. Chem. Sot. 1952, 357. 

Studies with dithizone. Part IV. The dissociation constant 
of dithizone. H. Irving and C. F. Bell, J. Chem. Sot. 

1952, 1261. 

The stability constants of the indium halides. H. Irving 
and B. G. F. Carleson, J. Chem. Sot. 1954,439O 

Studies with dithizone. Part VI. S-alkyl dithizone. H. 
Irving and C. F. Bell, J. Chem. Sot. 1954, 4253. 

The kinetics and mechanism of inorganic reactions in 
solution. Introductory survey. H. Irving, Chem. Sot., 
Spec. Publ. 1954, 1, 1. 

1955 

Cinnolines, Part XXIX. E. J. Alford, H. Irving, (Miss) 
H. S. Marsh and K. Schofield, J. Chem. Sot. 1952, 
3009. 

Some factors controlling the selectivity of organic 
reagents. H. Irving and R. J. P. Williams, Analyst 

(London) 1952,77,813. 
The solvent extraction of Group IIIB metal halides. H. 

Irving and F. J. C. Rossotti, Analyst (London) 1952, 
77, 801. 

Steric hindrance in analytical chemistry. Part III. 1,2’- 
Pyridylisoquinoline and the ferroin reaction. H. Irving 
and A. Hampton, J. Chem. Sot. 1955,430. 

The determination of the dissociation constants of 
dibasic acids. H. Irving, (Mrs) H. S. Rossotti and G. 
Harris, Analyst (London) 1955, SO, 83. 

The theoretical basis of “sensitivity tests” and their appli- 
cation to some potential organic reagents for metals. 
H. Irving and (Mrs) H. S. Rossotti, Analyst (London) 
1955,80, 245. 

The solvent extraction of indium. H. Irving, F. J. C. 
Rossotti and J. G. Drysdale, Nature (London) 1952, 
162, 619. 

S-methyl dithizone and the structure of the metal dithi- 
zonates. H. Irving and C. F. Bell, Nature (London) 
1952,169,756. 

1953 
Partition chromatography. H. Irving and R. J. P. 

Williams, Sci. Prog. (London) 1953, 163, 418. 
The stability of transition metal complexes. H. Irving and 

R. J. P. Williams, J. Chem. Sot. 1953, 3 192. 
Methods for computing successive stability constants 

from experimental formation curves. H. Irving and 
(Mrs) H. S. Rossotti, J. Chem. Sot. 1953, 3397. 

Steric hindrance in analytical chemistry, Part II. The 
interaction of ferrous salts with 2-substituted 1 : lo- 
phenanthrolines. H. Irving, M. J. Cabel and D. 
Mellor, J. Chem. Sot. 1953, 3417. 

Studies with dithizone. Part V. A comparison of routes 
for the synthesis of [35S]dithizones. H. Irving and 
C. F. Bell, J. Chem. Sot. 1953,3538. 

A reversion method for the absorptiometric deter- 
mination of traces of lead with dithizone. H. Irving 
and E. J. Butler, Analyst (London) 1953,78, 571. 

1954 

An investigation of 5-nitroso-oxine as an analytical 
reagent. H. Irving, R. G. W. Hollingshead and G. 
Harris, Analyst (London) 1955,80,260. 

A general treatment of the solvent extraction of inorganic 
compounds. H. Irving, F. J. C. Rossotti and R. J. P. 
Williams, J. Chem. Sot. 1955, 1906. 

The extraction of indium at tracer concentrations from 
acid bromide solutions into methylisobutyl ketone. H. 
Irving and F. J. C. Rossotti, J. Chem. Sot. 1955, 1927. 

The extraction of indium at macro concentrations from 
hydrobromic acid into methylisobutyl ketone and 
diethyl ether. H. Irving and F. J. C. Rossotti, J. Chem. 
Sot. 1955, 1938. 

The extraction of indium halides into organic solvents. 
H. Irving and F. J. C. Rossotti, J. Chem. Sot. 1955, 
1946. 

A new application of the theory of corresponding sol- 
utions to measurements of the stabilities of some metal 
complexes. H. Irving and D. H. Mellor, J. Chem. Sot. 
1955, 3457. 

1956 
The extraction of indium from hydrobromic acid into 

mixed organic solvents. H. Irving and F. J. C. Rossotti, 
J. Chem. Sot. 1956,2475. 

The stabilities of complexes formed by some bivalent 
metals with N-alkylated substituted ethylenediamines. 
H. Irving and J. M. M. Griffiths, J. Chem. Sot. 1954, 
213. 

Some relationships among the stabilities of metal com- 
plexes. H. Irving and H. Rossotti, Acta Chem. Stand. 
1956, 10, 72. 

1957 

Inorganic chemical kinetics and reactions. H. Irving, 
Nature (London) 1954,173,670. 

The calculation of formation curves of metal complexes 
from pH-titration curves in mixed solvents. H. Irving 
and (Mrs) H. S. Rossotti, J. Chem. Sot. 1954, 2904. 

The stabilities of some metal complexes of 8-hydroxy- 
quiniline and related substances. H. Irving and 
(Mrs) H. S. Rossotti, J. Chem. Sot. 1954, 2910. 

The influence of ring-size on the stability of metal 
chelates. H. Irving, R. J. P. Williams, D. J. Ferrett and 
A. E. Williams, J. Chem. Sot. 1954, 3494. 

8-Hydroxyquinaldinic acid. H. Irving and A. R. Pin- 
nington, J. Chem. Sot. 1954, 3782. 

The bromination of 8-hydroxyquinaldine. H. Irving and 
A. R. Pinnington, J. Chem. Sot. 1957, 285. 

Some bromine-substituted derivatives of 8-hydroxy- 
quinoline. H. Irving and A. R. Pinnington, J. Chem. 
sot. 1957,290. 

The determination of indium in rocks and minerals by 
radioactivation. A. A. Smales, J. van R. Smit and H. 
Irving, Analyst (London) 1957,82, 539. 

The determination of indium in cylindrite by neutron- 
activation analysis and by other methods. H. Irving, J. 
van R. Smit and (in part) L. Salmon, Analyst (London) 

1957, 82, 549. 

lated by H. Irving). Methuen, London (1957). 
G. Schwarzenbach, Complexometric Titrations (Trans- 
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1958 
The indium content of rocks and minerals from the 

Skaergaard intrusion. L. R. Wager, J. van R. Smit 
and H. Irving, Geochim. Cosmochim. Acta 1958, 13, 
81. 

Diamagnetism in a quasi-tetrahedral nickel(I1) complex. 
H. Irving and J. B. Gill, Proc. Chem. Sot., London 
1958, 168. 

Steric hindrance in analytical chemistry. Part IV. Some 
sterically hindered complexones. H. Irving, R. Shelton 
and (in part) R. Evans, J. Chem. Sot. 1958,354O. 

The preparation of metal-free acids, alkalis, and buffer 
solutions of high purity. H. Irving and J. 3. Cox, Ana- 
lyst (London) 1958,83,526. 

Opredelenie indiya radioaktivatsionym metodom. H. 
Irving, Tr. Kom. Anal. Khim., Akad. Nauk SSSR 1958, 
9,249. 

A versatile electronic device for counting drops of eluant 
in chromatography or operating ancillary apparatus 
after pre-set counts or pre-set times. G. L. Reed and 
H. Irving, Analyst (London) 1958,84,317. 

1959 
Steric hindrance in analytical chemistry. Part V. A new 

2-substituted 8-hydroxyquinoline (oxine). H. Irving 
and D. J. Clifton, 1. Chem. Sot. 1959,288. 

Some potential chelating agents derived from benz- 
iminazole. H. Irving and 0. Weber, J. Chem. Sot. 
1959,2296. 

Some observations on Job’s method of continuous vari- 
ations and its extension to two-phase systems. H. 
Irving and T. B. Pierce, J. Chem. Sot. 1959,2565. 

Metal complexes of 2-aminomethylbenzimidazole. H. 
Irving and 0. Weber, J. Chem. Sot. 1959,256O. 

An automatic titrimeter for plotting true-scale titration 
curves. H. Irving and L. D. Pettit, Analyst (London) 
1959,84,641. 

The stability of metal complexes, Plenary Lecture to the 
Fourth International Congress on Co-ordination 
Chemistry. H. Irving, Chem. Sot., Spec. Publ. 1959, 
13, 13. 

A novel relationship between the stability of certain metal 
halides and the absorption spectra of their com- 
plexes with dithizone. H. Irving and J. J. Cox, Proc. 
Chem. Sot., London 1959,324. 

Synergic effects in the solvent extraction of uranium. H. 
Irving and D. N. Edgington, Proc. Chem. Sot., London 
1959,360. 

1960 
The structure of some di-(3-methyl- 1,5-diarylformazyl)- 

nickel(I1) complexes. H. Irving, J. B. Gill and (in part) 
W. R. Cross, J. Chem. Sot. 1960,2087. 

The photochemical decomposition of diphenyliodonium 
iodide. H. Irving and R. W. Reid, J. Chem. Sot. 1960, 
2078. 

The electronic absorption spectra of some diaryliodon- 
ium salts. H. Irving, G. P. A. Turner and R. W. 
Reid, J. Chem. Sot. 1960, 2082. 

(Methyl isocyanide)copper(I) iodide. H. Irving and M. 
Jonason, J. Chem. Sot. 1960,2095. 

Synergic effects in the solvent extraction of the actinides. 

Part I. Uranium(V1). H. Irving and D. N. Edgington, 
J. Inorg. Nucl. Chem. 1960,15, 158. 

The determination of trace quantities of silver in trade 
effluents. T. B. Pierce and H. Irving, Analyst (London) 
1960,85,166. 

Solubilities of metal chelates of a-amino acids. H. Irving 
and L. D. Pettit, Chem. Znd. (London) 1960, 1268. 

The solvent extraction of solvated ion-pairs : a theoretical 
approach. H. Irving and D. C. Lewis, Proc. Chem. 
Sot., London 1960,222. 

A procedure for determining the molar extinction 
coefficients of metal dithizonates. H. Irving and R. S. 
Ramakrishna, Analyst (London) 1960,85,860. 

The resolution of (f)-propylenediamine by a stereo- 
specific reaction. H. Irving and R. D. Gillard, J. 
Chem. Sot. 1960,5266. 

Stability of metal complexes and their measurement 
polarographically, Plenary Lecture to the 2nd Inter- 
national Congress on Polarography, Cambridge, 1959. 
H. Irving, In Advances in Polarography, Proceedings of 
the 2nd International Conference, Cambridge, England, 
1959, Vol. 1, p. 42. Pergamon Press, Oxford (1960). 

1961 
Synergic effects in solvent extraction. H. Irving and 

D. N. Edgington, Chem. Znd. (Lona’on) 1961,77. 
Studies with dithizone. Part VII. The action of halogens 

on dithizone and its analogues. H. Irving and R. S. 
Ramakrishna, J. Chem. Sot. 1961,1272. 

Studies with dithizone. Part VIII. Reactions with 
organometallic compounds. H. Irving and J. J. Cox, 
J. Chem. Sot. 1961, 1470. 

Metal complexes of bis-[3di(carboxymethyl)amino- 
propyl] ether. The computation of stability constants 
with the aid of a high-speed digital computer. H. 
Irving and M. H. Stacey, J. Chem. Sot. 1961,2019. 

Studies with dithizone. Part IX. The absorption spectra 
of mono- and di-p-bromosubstituted dithizones and of 
their metal complexes. H. Irving and R. S. Rama- 
krishna, J. Chem. Sot. 1961,2118. 

A new stereospecific reaction. H. Irving and R. D. 
Gillard, J. Chem. Sot. 1961,2249. 

A comparison of the stabilities of metal chelates con- 
taining N, P, and As as donor atoms. H. Irving and 
L. D. Pettit, In Adoances in the Chemistry of the 
Coordination Compounds (Edited by S. Kiichner), 
p. 412. Macmillan, New York (1961). 

Liquid-liquid extraction. H. Irving, In Treatise on Ana- 
lytical Chemistry (Edited by I. M. Kolthoff and P. J. 
Elving), Chap. 31, p. 1309. Interscience, New York 
(1961). 

Synergic effects in the solvent extraction of the actinides. 
Part II. Plutonium(V1) and neptunium(V). H. Irving 
and D. N. Edgington, J. Znorg. Nucl. Chem. 1961,20, 
314. 

Synergic effects in the solvent extraction of the actinides. 
Part III. Tetravalent actinides. H. Irving and D. N. 
Edgington, J. Inorg. Nucl. Chem. 1961,20, 321. 

Synergic effects in the solvent extraction of the actinides. 
Part IV. Trivalent plutonium, americium and 
europium. H. Irving and D. N. Edgington, J. Znorg. 
Nucl. Chem. 1961,21,169. 
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1962 iminodiacetic acid. H. Irving and J. J. R. F. da Silva, 
The contributions of n-bonding to the stabilities of J. Chem. Sot. 1963,3308. 

metal complexes in solution, and a correlation with Studies with dithizone. Part XI. Reactions with p- 
Hammett’s a-factor. H. Irving and J. J. R. F. da Silva, fluorophenyl- and p-iodophenyl-mercury(I1) com- 
Proc. Chem. Sot., London 1962,250. pounds. H. Irving and A. M. Kiwan, J. Chem. Sot. 

Observations on the computation of stability constants 1963,4288. 
by Olerup’s graphical procedure. H. Irving, J. Chem. The Three Cultures, Inaugural Lecture. H. Irving, Leeds 
Sot. 1962,4056. University Press, Leeds (1963). 

Steric hindrance in analytical chemistry. Part VI. l- 1964 
Methyl- and 1,6-dimethyl-3,4,5-triazaphenanthrene as Infra-red absorption spectra of complexes of thiourea. 
reagents for iron and copper. E. A. Hobday, M. Tom- K. Swaminathan and H. M. N. H. Irving, J. Znorg. 
linson and H. Irving, J. Chem. Sot. 1962,4914. Nucl. Chem. 1964,26,1291. 

The stability of metal complexes of l,lO-phenanthroline The purification of hydrobromic and hydriodic acids by 
and its analogues. Part I. l,lO-Phenanthroline and 2,2’- ion-exchange. H. Irving and P. D. Wilson, Chem. Znd. 
bipyridyl. H. Irving and D. H. Mellor, J. Chem. Sot. (London) 1964,653. 
1962,5222. An absorptiometric determination of perchlorate by 

The stability of metal complexes of l,lO-phenanthroline means of a novel coloured liquid anion exchanger. 
and its analogues. Part II. 2-Methyl- and 2,9-di- W. E. Clifford and H. Irving, Anal. Chim. Acta 1964, 
methylphenanthroline. H. Irving and D. H. Mellor, 31, 1. 
J. Chem. Sot. 1962,5237. The stability of the chloride complexes of europium. 

The stability of metal complexes of l,lO-phenanthroline H. M. N. H. Irving and P. K. Khopkar, J. Znorg. 
and its analogues. Part III. 5-Methyl-l,lO-phen- Nucl. Chem. 1964,26, 1561. 
anthroline. W. A. E. McBryde, (Mrs) D. A. Brisbin The stabilities of complexes of the rare earths with 
and H. Irving, J. Chem. Sot. 1962,5245. propylenediaminetetraacetic acid. H. M. N. H. Irving 

The complexes formed by thallium(I), the alkali metals, and J. P. Conesa, J. Znorg. Nucl. Chem. 1964,26, 1945. 
and other monovalent ions. H. Irving and J. J. R. F. The absorption of polybromide ions on an anion ex- 
da Silva, In Proceedings of the 7th International change resin. H. M. N. H. Irving and P. D. Wilson, 
Congress on Coordination Chemistry, Stockholm 1962, J. Znorg. Nucl. Chem. 1964,26, 2235. 
p. 108. Studies of ligands containing elements of Group V. Part 

I. L. D. Pettit and H. M. N. H. Irving, J. Chem. Sot. 
1963 1964, 5336. 

The stabilities of complexes of thallium(I) and the H. Irving and R. J. P. Williams, Separation Methods 
alkali metals with uramildiacetic acid. H. Irving and in Analytical Chemistry. LiquicCLiquid Extraction, p. 
J. J. R. F. da Silva, J. Chem. Sot. 1963,448. 1309. Wiley Interscience, New York (1964). 

The stabilities of complexes of uramildiacetic acid and 1965 
its homologues. H. Irving and J. J. R. F. da Silva, J. A simple preparation of meso-stilbenediamine. H. M. 
Chem. Sot. 1963,458. N. H. Irving and (Miss) R. M. Parkins, J. Znorg. Nucl. 

Studies with dithizone. Part X. Reactions with organo- Chem. 1965,27,270. 
mercury(I1) compounds. H. Irving and J. J. Cox, J. l,l’-Diaminobicyclohexyl and the stability of its metal 
Chem. Sot. 1963,466. complexes. M. L. Tomlinson, M. L. H. Sharp and 

The adsorption of some anionic complexes on a cation- H. M. N. H. Irving, J. Chem. Sot. 1965,603. 
exchange resin. H. Irving and G. T. Woods, J. Chem. The extraction of copper(I1) from acetate buffers by sol- 
Sot. 1963,939. utions of acetylacetone in benzene. H. M. N. H. Irving 

Metal complexes of N-(2-pyridylmethyl)iminodiacetic and N. S. Al-Niaimi, J. Znorg. Nucl. Chem. 1965, 27, 
acid. H. Irving and J. J. R. F. da Silva, J. Chem. Sot. 419. 
1963,945. Synergic effects in solvent extraction. Part VI. The solvent 

Complexones containing heterocyclic donor oxygen extraction of copper(I1) from acetate buffers by mix- 
atoms. H. Irving and J. J. R. F. da Silva, J. Chem. Sot. tures of acetylacetone and 4-methylpyridine. H. M. N. 
1963, 1144. H. Irving and N. S. Al-Niaimi, J. Znorg. Nucl. Chem. 

The stabilities of metal complexes of some C-substituted 1965, 27, 717. 
derivatives of glycine. H. Irving and L. D. Pettit, J. The stabilities of the metal complexes of optically active 
Chem. Sot. 1963,1546. amino-acids. R. D. Gillard, H. M. Irving, R. Parkins, 

The stabilities of metal complexes of l,Cpiperazine- N. C. Payne and L. D. Pettit, Proc. Chem. Sot., 
diacetic acid. H. Irving and L. D. Pettit, J. Chem. Sot. London 1965,s 1. 
1963,305l. Determination of small amounts of long-chain alkyl- 

Steric hindrance in analytical chemistry with special amines in aqueous solution. H. M. N. H. Irving and 
reference to the reactions of analogs of 8-hydroxy- A. D. Damodaran, Analyst (London) 1965,90, 180. 
quinoline. H. Irving and L. D. Pettit, In Analytical Synergistische Wirkingen bei der fliissig-fltissig Extrak- 
Chemistry, Proceedings of the International Symposium, tion (Synergic effects in liquid-liquid extraction). 
Birmingham University, England, 1962, p. 122 (1963). H. M. N. H. Irving, Angew. Chem. 1965, 77, 57; 

The stabilities of metal complexes of some derivatives of Angew. Chem., Znt. Ed. Engl. 1965,4,95. 
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plexes by potentiometric titrations using a glass elec- 
trode. H. M. N. H. Irving, M. G. Miles and L. D. 
Pettit, Anal. Chim. Acta 1967,38,475. 

The determination of small amounts of long-chain ter- 
tiary alkylamines and quatemary ammonium salts. 
H. M. N. H. Irving and J. J. Markham, Anal. Chim. 
Acta 1967, 39, 7. 

Synergism in the solvent extraction of metal chelates. 
H. M. N. H. Irving, In Solvent Extraction Chemistry 
(Edited by D. Dyrssen, J. 0. Liljenzin and J. Rydberg), 
p. 91. North-Holland, Amsterdam (1967). 

William Skey (1835-1900); a centenary in the history of 
solvent extraction. H. M. N. H. Irving, Chem. Znd. 
(London) 1967,178O. 

The extraction of indium halides into organic solvents. 
Part VII. The distribution of indium between hydro- 
chloric acid and binary solvent mixtures containing 
isobutyl methyl ketone. H. M. N. H. Irving and D. 
Lewis, Ark. Kemi 1967,28, 131. 

1968 
Stability constants of copper(I1) complexes of optically 

active a-aminoacids. R. D. Gillard, H. M. N. H. Irving 
and L. D. Pettit, J. Chem. Sot. A 1968,673. 

A general graphical method for evaluating experimental 
results which should fit a linear equation. H. M. N. H. 
Irving, Analyst (London) 1968,93,273. 

Complexes of hydroxyacids containing two different 
metals. H. M. N. H. Irving and W. R. Tomlinson, 
Chem. Commun. 1968,497. 

The extraction of copper(I), lead(I1) and tin(IV) from 
hydrochloric acid by solutions of tetra-n-hexylam- 
monium chloride in ethylene dichloride. H. M. N. H. 
Irving and A. H. Nabilsi, Anal. Chim. Acta 1968, 41, 
505. 

The extraction of copper(I1) from hydrochloric acid 
by solutions of tetra-n-hexylammonium chloride in 
ethylene dichloride. H. M. N. H. Irving and A. H. 
Nabilsi, Anal. Chim. Acta 1968,42, 79. 

pH-Meter corrections for titrations in mixtures of water 
and dioxan. H. M. N. H. Irving and U. S. Mahnot, J. 
Znorg. Nucl. Chem. 1968, 30, 1215. 

The effect of chromium(II1) and other ions on the 
absorptiometric determination of copper using 2,2’- 
biquinolyl. H. M. N. H. Irving and W. R. Tomlinson, 
Talanta 1968, 15, 1267. 

Studies with dithizone. Part XII. Formation of thia- 
diazolines by condensation with aldehydes and ketones. 
H. M. N. H. Irving and U. S. Mahnot, Talanta 1968,15, 
811. 

The theory of regular solutions applied to the viscosity 
of dilute solutions of chromium(III) acctylacctonate in 
organic solvents. H. M. N. H. Irving and J. S. Smith, J. 
Znorg. Nucl. Chem. 1968,30, 1873. 

1969 
Selenium analogue of dithizone. R. S. Ramakrishna and 

H. M. N. H. Irving, Chem. Znd. (London) 1969,325. 
A novel viscometric method for determining the stability 

w&ants of a wmpound of two uncharged species. 
H. M. N. H. Irving and J. S. Smith, J. Znorg. Nucl. 
Chem. 1969,31, 159. 

Synergic effects in solvent extraction. Part VII. Divalent 
transition metals. H. M. N. H. Irving and D. N. 
Eclgington, J. Znorg. Nucl. Chem. 1965,27, 1359. 

Synergic effects in solvent extraction. Part VIII. The sol- 
vent extraction of copper(H) from acetate buffers by 
mixtures of acctylacetone with quinoline or isoquino- 
line. H. M. N. H. Irving and N. S. Al-Niaimi, J. 
Znorg. Nucl. Chem. 1965,27, 1671. 

A new method for the determination of perchlorate by 
means of a coloured anion exchanger. H. M. N. H. 
Irving and A. D. Damodaran, Analyst (London) 1965, 
90,443. 

Synergic effects in solvent extraction. Part IX. The effect 
of isoquinoline and 4-methylpyridine on the dis- 
tribution of diacetylbisbenzoylhydrazone nickel(I1) 
between benzene and aqueous buffers. H. M. N. H. 
Irving and N. S. Al-Niaimi, J. Znorg. Nucl. Chem. 
1965,27,223 1. 

The synthesis of some new complexones and a discussion 
of the problems that arose in the determination of their 
acid dissociation constants. H. M. N. H. Irving, L. D. 
Pettit and M. G. Miles, Proc. Sot. Anal. Chem. 1965, 
2, 139. 

Conformational aspects of chelate rings. R. D. Gillard 
and H. M. N. H. Irving, Chem. Rev. 1965,65,603. 

The solvent extraction of mixed complexes. H. Irving, 
In Proceedings of the Symposium on Coordination 
Chemistry, Tihany, Hungary, 1964, p. 219. Akademiai 
Kiado, Budapest (1965). 

1966 
Stability constants of complexes of thiourea with nickel, 

cobalt, and bismuth. K. Swaminathan and H. M. N. 
H. Irving, J. Znorg. Nucl. Chem. 1966,28, 171. 

Electron exchange catalysis in the formation of the 
EDTA complex of chromium(II1) and its photometric 
determination. H. M. N. H. Irving and W. R. Tomlin- 
son, Chemist-Analyst 1966,55, 14. 

Aryl derivatives of nitrilotriacetic acid, and the stability 
of their proton and metal complexes. H. M. N. H. 
Irving and M. G. Miles, J. Chem. Sot. A 1966,727. 

Meso- and dl-2,3-diaminobutane-NNN’N’-tetraacetic 
acid and their metal complexes. H. M. N. H. Irving 
and (Miss) R. Parkins, J. Znorg. Nucl. Chem. 1966,28, 
1629. 

The isomers of complexes of L-aminoacids with 
copper( R. D. Gillard, H. M. Irving, R. M. Parkins, 
N. C. Payne and L. D. Pettit, J. Chem. Sot. A 1966, 
1159. 

Analogues of nitrilotriacetic acid and the stabilities of 
their proton and metal complexes. H. M. N. H. Irving 
and M. G. Miles, J. Chem. Sot. A 1966,1268. 

A new method for determining the activity of con- 
centrated solutions of hydrobromic acid. H. M. N. H. 
Irving and P. D. Wilson, J. Znorg. Nucl. Chem. 1966, 
28,2033. 

1967 
The interaction of dithizone with allegedly “purified” 

dioxan. H. M. N. H. Irving and U. S. Mahnot, Chem. 
Znd. (London) 1967, 193. 

A study of some problems in determining the stoi- 
cheiometric proton dissociation constants of com- 
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A viscometric study of possible adduct formation between 
solutions of chromium(III) acetylacetonate and thiourea 
in methanol. H. M. N. H. Irving and J. S. Smith, J. Znorg. 
Nucl. Chem. 1969,31,169. 

Addendum to paper entitled “The theory of regular sol- 
utions applied to the viscosity of dilute solutions of 
chromium(III) acetylacetonate in organic solvents. 
H. M. N. H. Irving and J. S. Smith, .Z. Znorg. Nucl. 
Chem. 1969,31,1212. 

Studies with dithizone. Part XIII. The extraction of 
methyl-, benzyl- and pbromophenyl-mercury(B) dithi- 
zonates. H. M. N. H. Irving and A. M. Kiwan, Anal. 
Chim. Acta 1969,45,243. 

Studies with dithizone. Part XIV. A new oxidation 
product of dithizone. H. M. N. H. Irving, D. C. 
Rupainwar and S. S. Sahota, Anal. Chim. Acta 1969, 
45,249. 

Studies with dithizone. Part XV. Further reactions with 
organomercury compounds. H. M. N. H. Irving and A. 
M. Kiwan, Anal. Chim. Acta 1969,45,255. 

Studies with dithizone. Part XVI. Water-soluble aryl- 
mercury(II) dithizonates and secondary aryhnercury(II) 
dithizonates. H. M. N. H. Irving and A. M. Kiwan, Anal. 
Chim. Acta 1969,45,271. 

Studies with dithizone. Part XVII. The extraction constants 
of organomemury@) dithizonates. H. M. N. H. Irving 
and A. M. Kiwan, Anal. Chim. Acta 1969,45,447. 

A viscometric study of interactions in solutions of bis-(N- 
methylsalicylaldimine)nickel(II). H. M. N. H. Irving 
and J. S. Smith, J. Znorg. Nucl. Chem. 1969, 31, 
2895. 

An unusual bicyclic oxidation product of dithizone. 
W. S. McDonald, H. M. N. H. Irving, G. Raper and 
D. C. Rupainwar, Chem. Commun. 1969,392. 

The non-existence of selenium dithizonate. R. S. Rama- 
krishna and H. M. N. H. Irving, Chem. Commun. 1969, 
1356. 

Vibrational spectra and force-constant computations 
of cb- and trmrr-dicyanotetrakis(methylisocyanide)- 
iron(B). R. R. Berrett, B. W. Fitzsimmons, P. Gans, 
H. M. N. H. Irving and P. Stratton, J. Chem. Sot. A 
1969,904. 

A viscometric study of iodine-solvent interactions. 
H. M. N. H. Irving and J. S. Smith, J. Znorg. Nucl. 
Chem. 1969,31,3163. 

Studies with dithizone. Part XIX. A photochemical oxi- 
dation product of dithizone. H. M. N. H. Irving and D. 
C. Rupainwar, Anal. Chim. Acta 1%9,48,187. 

Selenazone: the selenium analogue of dithizone. R. S. 
Ramakrishna and H. M. N. H. Irving, Anal. Chim. 
Acta 1969,48,251. 

G. Schwarzenbach and H. Flaschka, Complexometric 
Titrations (2nd English Edition translated and revised by 
H. M. N. H. Irving). Methuen, London (1969). 

The extraction of silver(I) from hydrochloric acid by sol- 
utions of tri-N-hexylammoniurn and tetra-N-hexyl- 
ammonium chloride in organic solvents. H. M. N. H. 
Irving and A. D. Damodaran, Anal. Chim. Acta 
1969,48,267. 

Liquid-liquid extraction. H. M. N. H. Irving, Minerals 
Science and Engineering 1969, 1, 15. 

1970 
Selenium dithizonate. H. M. N. H. Irving, Chem. 

commurl. 1970,519. 
The viscosities of dilute solutions of naphthalene in 

organic solvents and their interpretation in terms of 
the theory of regular solutions. H. M. N. H. Irving and 
J. S. Smith, J. Znorg. Nucl. Chem. 1970,32, 901. 

An examination by viscometry of possible stereospecihc 
interaction between chromium(II1) acetylacetonate 
and an optically active ester in benzene solution. 
H. M. N. H. Irving, R. B. Simpson and J. S. Smith, 
J. Znorg. Nucl. Chem. 1970, 32,2275. 

Studies with dithizone. Part XX. On the non-existence of 
selenium dithizonate. R. S. Ramakrishna and H. M. 
N. H. Irving, Anal. Chim. Acta 1970,49,9. 

Studies with dithizone. Part XXI. A novel bicyclic oxi- 
dation product of dithizone. H. M. N. H. Irving, 
U. S. Mahnot and D. C. Rupainwar, Anal. Chim. Acta 
1970,49,261. 

Formation constants of europium(II1) salicylate com- 
plexes and their extraction into isoamyl alcohol. H. M. 
N. H. Irving and S. P. Sinha, Anal. Chim. Acta 1970, 
49,449. 

The extraction of indium from aqueous halide and thio- 
cyanate media by solutions of liquid anion exchangers 
in organic solvents. H. M. N. H. Irving and A. D. 
Damodaran, Anal. Chim. Acta 1970,50,277. 

The synergic extraction of ternary complexes of euro- 
pium(II1). H. M. N. H. Irving and S. P. Sinha, Anal. 
Chim. Acta 1970,51, 39. 

A novel unimolecular heterolytic fission of the sulphur- 
sulphur bond in a symmetrical disulphide. A. M. 
Kiwan and H. M. N. H. Irving, Chem. Commun. 1970, 
928. 

An automatic capillary viscometer. J. S. Smith, H. M. N. 
H. Irving and R. B. Simpson, Analyst (London) 1970, 
95, 743. 

The extraction of indium halides into organic solvents. 
Part VIII. A theoretical approach to the partition of 
solvated ion-pairs. H. M. N. H. Irving and D. Lewis, 
Ark. Kemi 1970,32, 121. 

The extraction of indium halides into organic solvents. 
Part IX. The relative efficiencies of different organic 
solvents. H. M. N. H. Irving and D. Lewis, Ark. Kemi 

1970, 32, 131. 
The synergic extraction of the europium(III)-bis-phen- 

anthroline-tris-salicylate complex and the preparation 
and properties of analogous ternary rare earth com- 
plexes. S. P. Sinha and H. M. N. H. Irving, Anal. Chim. 
Acta 1970,52, 193. 

Formation constants of bis- and tris-complexes of 
optically active bidentate ligands. A. T. Advani, 
H. M. N. H. Irving and L. D. Pettit, J. Chem. Sot. A 

1970,2649. 
Recommended nomenclature for liquid-liquid distri- 

bution. H. M. N. H. Irving, Pure Appl. Chem. 1970, 
21, 109. 

The determination of microgram quantities of mer- 
cury(I1) and silver(I) by thermometric titration. K. C. 
Burton and H. M. N. H. Irving, Anal. Chim. Acta 
1970, 52,441. 
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1971 2-chloro-l,lO-phenanthroline. H. M. N. H. Irving and 
Divalent metal complexes of tneso- and d&2,3-diamino- P. J. Gee, Anal. Chim. Acta 1971,55, 315. 

butane-NNN’N’-tetraacetic acid. H. M. N. H. Irving The crystal structure of primary zinc(I1) dithizonate and 
and K. Sharpe, J. Znorg. Nucl. Chem. 1971,33,203. its relevance to the structures of its ortho- and para- 

Complexes of meso- and dl-2,3-diaminobutane-NNIV’W- methyl derivatives. A. Mawby and H. M. N. H. 
tetraacetic acid with rare-earth cations. H. M. N. H. Irving, Anal. Chim. Acta 1971,55,269. 
Irving and K. Sharpe, J. Znorg. Nucl. Chem. 1971,33, Studies with dithizone. Part XXVI. Secondary copper@) 
217. dithizonate. H. M. N. H. Irving and A. M. Kiwan, 

Stabilities of complexes formed by dl- and meso-2,3- Anal. Chim. Acta 1971,56,435. 
diaminobutane-NNWN’-tetraacetic acid with iron(I1) Studies with dithizone. Part XXVII. Primary copper(I) 
and iron(II1). H. M. N. H. Irving and K. Sharpe, J. dithizonate. A. M. Kiwan and H. M. N. H. Irving, 
Znorg. Nucl. Chem. 1971,33,233. Anal. Chim. Acta 1971,57, 59. 

The effect of solvent on the electronic absorption spectra 1972 
of the mesoionic compounds 2,3-diphenyl-2H-tetra- The crystal structure of primary zinc(I1) dithizonate. A. 
zolium+thiolate and 4-phenyl-1,3,4-thiadiazolium-2- Mawby and H. M. N. H. Irving, J. Znorg. Nucl. Chem. 
thiolate. A. M. Kiwan and H. M. N. H. Irving, J. 1972,34,109. 
Chem. Sot. B 1971,898. The calculation of stability constants of weak complexes 

Kinetics of the decomposition of bis-1,5-diphenyl- from spectrophotometric data. P. Gans and H. M. N. 
formazan-3-yl disulphide and bis4phenyl-A’-1,3,4- H. Irving, J. Znorg. Nucl. Chem. 1972, 34, 1885. 
thiadiazolin-2-yl disulphide in organic solvents. A. M. The viscosity of mixtures of benzene and methanol. 
Kiwan and H. M. N. H. Irving, J. Chem. Sot. B 1971, H. M. N. H. Irving and R. B. Simpson, J. Znorg. 
901. Nucl. Chem. 1972,34,2241. 

The extraction of complex cyanides by liquid ion-ex- Complexes of chromium(II1) with nitrilotriacetic acid 
changers. H. M. N. H. Irving and A. D. Damodaran, and their extraction by solutions of Aliquat-336 in 
Anal. Chim. Acta 1971,53,267. dichloroethane. H. M. N. H. Irving and R. H. Al- 

The extraction of mercury(I1) as cyanide complexes by Jarrah, Anal. Chim. Acta 1972,60, 345. 
solutions of long-chain quaternary amines. H. M. N. Useful effects of steric hindrance in analytical chemistry. 
H. Irving and A. D. Damodaran, Anal. Chim. Acta H. M. N. H. Irving, Proc. Sot. AnaI. Chem. 1972,9,242. 
1971,53, 277. The complexometric determination of cobalt, chromium, 

A secondary dithizone complex containing both silver and mixtures of bismuth and lead using extractive end- 
and mercury. H. M. N. H. Irving and T. Nowicka- points. H. M. N. H. Irving and R. H. Al-Jarrah, Chem. 
Jankowska, Anal. Chim. Acta 1971,54,X Anal. (Warsaw) 1972, 17,779. 

Mixed secondary complexes of silver(I) and phenyl- Observations on the determination of metal-ligand stab- 
mercury(I1) cations with dithizone. A. M. Kiwan and ility constants when the salt background includes 
H. M. N. H. Irving, Anal. Chim. Acta 1971,54,351. potentially complexing anions. H. M. N. H. Irving and 

Studies with dithizone. Part XXIII. Some observations M. H. Stacey, K. Tek. Hiigskolans Handl. 1972, 263, 
on secondary mercury@) dithizonate. T. Nowicka- 209. 
Jankowska and H. M. N. H. Irving, Anal. Chim. Acta 1973 
1971,54,489. The extraction of the chromium(III~EDTA complex by 

Stereoselectivity in the reactions of cobalt(II1) complexes solutions of Aliquat-336 in various organic solvents. 
of meso- and dl-2,3-diaminobutanetetraacctic acid with H. M. N. H. Irving and R. H. Al-Jarrah, Anal. Chim. 
aliphatic diamines. H. M. N. H. Irving and R. Acta 1973,63, 79. 
Countryman, J. Znorg. Nucl. Chem. 1971,33, 1819. The extraction of EDTA by solutions of Aliquat-336 in 

The extraction of chromium(II1) from aqueous EDTA 1,2-dichloroethane. H. M. N. H. Irving and R. H. Al- 
by solutions of tetrahexylammonium chloride in Jarrah, Anal. Chim. Acta 1973,65, 77. 
dichloroethane. H. M. N. H. Irving and R. H. The mass spectra of dithizone and some related com- 
Al-Jarrah, Anal. Chim. Acta 1971, 55, 135. pounds. P. A. Alsop and H. M. N. H. Irving, Anal. 

An automatic capillary viscometer. Part II. Apparatus Chim. Acta 1973,65,202. 
for viscometric titrations. R. B. Simpson, J. S. Smith Studies with dithizone. Part XXX. Complexes of metals 
and H. M. N. H. Irving, Analyst (London) 1971, 96, with Smethyldithizone and the methylation of metal 
550. dithizonates. H. M. N. H. Irving, A. H. Nabilsi and 

Viscometric titrations. A new technique applied to aci- S. S. Sahota, Anal. Chim. Acta 1973,67, 135. 
dimetry and alkalimetry. R. B. Simpson, H. M. N. H. The crystal structure of diphenylthiocarbazide. M. Hard- 
Irving and J. S. Smith, Anal. Chim. Acta 1971, 55, ing, M. J. Adams, P. A. Alsop and H. M. N. H. 
169. Irving, Anal. Chim. Acta 1973,67,204. 

Studies with dithizone. Part XXV. The deterioration of Separation and preconcentration. H. Irving, Fresenius’ 
stock solutions and the identification of two oxidation 2. Anal. Chem. 1973,263,264. 
products. H. M. N. H. Irving, A. M. Kiwan, D. C. 1974 
Rupainwar and S. S. Sahota, Anal. Chim. Acta 1971, A new procedure for determining the metal content of 
56,205. colourless complexonates. H. M. N. H. Irving and 

Steric hindrance to the formation of metal complexes of R. H. Al-Jarrah, Anal. Chim. Acta 1974,68,473. 
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The extraction of indium halides into organic solvents. 
X. Synergic effects with solvent mixtures containing 
alcohols. H. M. N. H. Irving and D. Lewis, Chem. Ser. 
1974,5,202. 

1978 
The viscosities of isomorphous salts. H. M. N. H. Irving 

and S. A. Karmali, J. Znorg. Nucl. Chem. 1978, 40, 
1401. 

The extraction of inditer halides into organic solvents. Studies with dithizone. Part XXXI. The relationship 
XI. Synergic effects with solvents containing diethyl between pH,,, and molar solubility. H. M. N. H. 
ether. H. M. N. H. Irving and D. Lewis, Chem. Ser. Irving, N. F. Naqvi and C. G. Tilley, Anal. Chim. Acta 
1974,5,208. 1978,100,597. 

Application of the solubility parameter concept in liquid- 
liquid extraction. H. M. N. H. Irving, In Zen Exchange 
and Solvent Extraction (Edited by J. A. Marinsky and 
Y. Marcus), Vol. 6, Chap. 3, p. 139. Marcel Dekker, 
New York (1974). 

Current uses of liquid-liquid extraction in analytical 
chemistry. H. Irving, Chem. Znd. (London) 1974, 16, 
639. 

H. M. N. H. Irving, The Techniques ofAnalytical Chem- 
istry, a Short Historical Survey. H.M. Stationery 
office, London (1974). 

One hundred years of development in analytical chem- 
istry. Centenary lecture of the Society for Analytical 
Chemistry. H. M. N. H. Irving, Analyst (London) 1974, 
99, 787. 

Recommendations on the usage of the terms “equi- 
valent” and “normal”. H. M. N. H. Irving, ZUPAC 
Znf Bull. 1974,26, 1. 

XVth Procter memorial lecture, Fact or fiction? How 
much do we really know about the chemistry of chro- 
mium today? H. M. N. H. Irving, J. Sot. Leather 
Technol. Chem. 1974,58,51. 

Recommendations on the usage of the terms “equi- 
valent” and “normal”. H. M. N. H. Irving, T. S. West 
and D. H. Whiffen, Pure Appl. Chem. 1978,50,325. 

Guide to trivial names, trade names and synonyms for 
substances used in analytical nomenclature. H. M. N. 
H. Irving, Pure Appl. Chem. 1978,50, 339. 

Coordination compounds in analytical chemistry. 
Plenary Lecture, 18th International Conference on 
Coordination Chemistry, Sao Paulo, Brazil, 1977. 
H. M. N. H. Irving, Pure Appl. Chem. 1978,50,1129. 

H. M. N. H. Irving, H. Freiser and T. S. West, Com- 
pendium of Analytical Nomenclature. Pergamon Press, 
Oxford (1978). 

1979 
Crystal structure of bis(2-methyl-8-hydroxyquino- 

linato)beryllium(II) dihydrate. J. C. van Niekerk, 
H. M. N. H. Irving and L. R. Nassimbeni, S. Afr. J. 
Chem. 1979,32,85. 

1975 
Fakta, nebo fikce? Co dnes skutecne vime o chemii chro- 

rnitjlch sloucenin? H. M. N. H. Irving, Koiarstvi 
1975,25,59 and 83. 

Novel intramolecular hydrogen bond to a quasi-aromatic 
formazan ring : solution conformation and X-ray crys- 
tal structure of 3-carboxymethylthio-1,5-diphenyl- 
formazan. A. T. Hutton, H. M. N. H. Irving, K. R. 
Koch, L. R. Nassimbeni and G. Gafner, J. Chem. SOL, 
Chem. Commun. 1979,57. 

List of trivial names and synonyms (for substances used 
in analytical chemistry). H. Irving, ZUPAC Znf Bull. 

197545, 1. 
Preconcentration and separation. H. Irving, Cron. Chim. 

1975,46,1. 
The extraction of various metals as their anionic com- 

plexes with EDTA by solutions of Aliquat-336 chloride 
in 1,Zdichloroethane. H. M. N. H. Irving and R. H. 
Al-Jarrah, Anal. Chim. Acta 1975,74, 321. 

Three-coordinate mercury complex : photochromism 
and molecular structure of phenylmercury(I1) di- 
thizonate. A. T. Hutton and H. M. N. H. Irving, J. 
Chem. Sot., Chem. Commun. 1979,1113. 

The crystal and molecular structure of 3-carboxy- 
methylthio-1,5diphenylformazan. A. T. Hutton, H. 
M. N. H. Irving, L. R. Nassimbeni and G. Gafner, 
Acta Cryst. 1979, B35, 1354. 

1980 

1976 
Separation techniques used in radiochemical procedures. 

H. M. N. H. Irving, J. Radioanal. Chem. 1976,33,287. 

3-Carboxymethylthio- 1,5diphenylformazan : a poten- 
tial terdentate ligand with unusual properties. A. T. 
Hutton and H. M. N. H. Irving, J. Chem. Sot., Perkin 
Trans. 2 1980, 139. 

1977 
Classical methods of analysis. H. M. N. H. Irving, Pure 

Appl. Chem. 1977,49,1575. 

X-Ray crystallographic and spectroscopic study of the 
configurations of isomeric 3-methylthio-1,5-diar- 
ylformazans and their interconversion in solution. A. 
T. Hutton and H. M. N. H. Irving, J. Chem. Sot., 
Chem. Commun. 1980,763. 

The development of analytical techniques. H. M. N. H. 
Irving, In Essays on Analytical Chemistry : In Memory 
of Professor Anders Ringbom (Edited by E. Wan&en), 
p. 591. Pergamon Press, Oxford (1977). 

Acid strengths of various substituted formazans in 
ethanolic solution. J. B. Gill, H. M. N. H. Irving 
and A. Prescott, J. Chem. Sot., Perkin Trans. 2 1977, 
1683. 

The structures of two condensation products of di- 
thizone. 2-Methyl-3-phenyl-5-phenylazo-1,3,4-thiadi- 
azoline and 5,6-dihydro-4-phenyl-2-phenylazo-4H- 
1,3,4_thiadiazine. P. A. McCallum, H. M. N. H. Irving, 
A. T. Hutton and L. R. Nassimbeni, Acta Cryst. 1980, 
B36, 1626. 

H. M. N. H. Irving, Dithizone. Analytical Sciences Mono- 
graphs No. 5, The Chemical Society, London (1977). 

Irregular three-coordination in mercury : structures of 
phenyl- and methylmercury(I1) dithizonate. A. T. 
Hutton, H. M. N. H. Irving, L. R. Nassimbeni and G. 
Gafner, Acta Cryst. 1980, B36, 2064. 
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Isomerism in formazans : structure of the yellow isomer 
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Abstract-The traditional view that solutions of dithizone in organic solvents comprise 
equilibrium mixtures of thiol and thione forms which are individually responsible for the 
characteristic strong visible absorption bands around 440 and 620 mn is examined critically. 
Fourier transform ‘H and 13C NMR spectroscopic measurements on dithizone, seven of its 
alkyl-substituted homologues, and on its r3C!- and “N-labelled analogues point to the 
existence of only a single molecular species in chloroform, benzene or acetone. The marked 
solvatochromism, however, has yet to be explained. Modifications to established synthetic 
routes are reported which are especially suitable for the small-scale preparation of iso- 
topically-labelled dithizone analogues. 

The analytical reagent dithizone (also known as 
1,5-diphenylthiocarbazone or 3&o- 1,5-diphenyl- 
formazan and abbreviated here as H,Dz) was first 
synthetized just over a century ago in 1878 by Emil 
Fischer from carbon disulphide and phenyl- 
hydrazine,’ and its structure as the thione (1) was 
established by Corwin and Jackson.’ The same sub- 
stance was prepared nearly 50 years after Fischer 
by the reduction of 3-nitro- 1,5-diphenylformazan 
with ammonium hydrosulphide, and Bamberger et 
~1.~ formulated it as the thiol (2). The thiol for- 
mulation (2) is supported by its ease of oxidation 
to a disulphide: its acidity (pK, N 4.5) and ready 
solubility in aqueous alkali, and the formation of 
the strongly coloured, water-insoluble metal N,S- 
chelate complexes M(HDz),, which have been used 
so extensively in absorptiometric trace-metal analy- 
sis following liquid-liquid extraction procedures.5,6 
Preparations of dithizone by different synthetic 
routes [i.e. Fischer’s’ or Bamberger’s3 methods (see 
Scheme l)] do not distinguish between the alter- 
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native structures 1 and 2 : the thione and thiol forms 
are clearly tautomers. Since the visible spectra of 
dithizone in solutions of organic solvents always 
show two strong absorption bands (cf. Table 1) it 
has long been assumed that these could be attri- 
buted to the individual tautomers, and that dithi- 
zone in solution thus exhibited the tautomeric equi- 
librium 1 %G 2.7 It should be noted that each of these 
tautomers could exist in a considerable number of 
conformations (viz. 16 stereochemical modifica- 
tions with a further 48 if charge-separated species 
are included),8 though many of these possibilities 
can be excluded on steric or other grounds7 

PhNH-N< 
,c=s 

PhN=N 

PhNH-N 
\ 
,C-SR 

PhN=N 

(1) (2) R = H 

(31 R = CH3 

Formazans of general formula ArN=N-C(R) 
=N-NHAr (R = Cl or alkyl) have their main 
visible absorption band at cu 420 run, and the dithi- 
zonate anion, presumably PhN=N-C(S)==N- 
NHPh, absorbs at 470 nm. Since there is commonly 
a bathochromic shift when chelating agents such 
as acetylacetone, thenoyltrifluoracetone, 8-quinol- 

13 
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of dithizone : for while authentic S-methyldithizone 
(3) has been synthetized by Irving and Bell,” its 
initially permanganate pink solution in chloroform 
(J,_ 270 and 550 mn, sSSO 1225 mz mol-‘) isomerizes 
rapidly by first-order kinetics to a yellow isomer 
(& 280,420 and 540 mn; s420 1775 mz mol-‘), the 
band at 550 mn becoming less intense as that at 420 
mn increases. The configurational changes in this 
system, which are strikingly catalysed by both acids 
and bases, have recently been elucidated by NMR, 
IR and visible absorption spectroscopy on 3 and 
its methyl-substituted homologues and 13C- and 
“N-1abelled analogues,” as well as by X-ray crys- 
tallography.” 

Many of the doubts concerning the existence 
and structures of thiol and thione forms of di- 
thizone would be resolved if N-methylated deriva- 
tives such as ArNH-N(Me)-C(S)--N=NAr’, 
ArN(Me)-NH-C(S)-N=NAr’ and ArN(Me) 
-N(Me)-C(S)-N=NAr’ could be obtained. 
Many authors have attempted such syntheses but 
without success ;2,13*‘4 in Carlin’s Ph.D. dissertation’ 
it is stated that these important compounds had 
been prepared by Barak and Corwin (Ar = Ph, 
Ar’ = p-BrC&,) and various spectra are reported 
and discussed. No details of these syntheses have 
ever been published or could be obtained by cor- 
respondence. Incidentally, the experimentally veri- 
fied fact13 that solutions of dithizone conform 
strictly with Beer’s law enables us to reject Carlin’s 
suggestion’ that a dimeric form of dithizone (two 
intermolecularly hydrogen-bonded molecules in the 
thione form) is one of the species in equilibrium in 
solution. 

The visible absorption spectrum of dithizone is 
very sensitive to the organic solvent in which it is 
dissolved. Although changes in the maxima of the 
two absorption bands are comparatively small 
[generally &4% (cf. Table l)] the magnitudes 
of the extinction coefficients may vary by as much 
as 60% and increases in E,_~ are commonly asso- 
ciated with decreases in E_,~ so that the ‘peak 

ratio” R (&,,‘I&,,J can vary from 1.09 in 
n-hexane to 2.72 in tetrachloroethane. (The sub 
scripts 1 and 2 are used to distinguish the longer and 
shorter wavelengths, respectively.) There appears to 
be no simple relationship between shifts in A’, AZ, a1 
or e2, or R values with any of the empirical solvent 
polarity scales Z, ET or S (which are linearly 
related),” or with Taft’s A* scale,16 although there 
is a tendency for R to increase with solvent polarity. 
There is, however, quite a striking correlation 
between the R for dithizone and the values (meas- 
ured in the same solvent) of the concentration ratio 
[keto]/[enol] for ethylacetoacetate, or the R for 
I-(4-methoxy-3,5-dimethyl)phenylazo-2-naphthol, 

where an equilibrium between azo and hydrazo tau- 
tomers has been postulated.” This would seem to 
favour the hypothesis that solutions of dithizone 
comprise an equilibrium mixture of thione and thiol 
tautomers. 

It must not be overlooked that the value of R 
is not a simple measure of the relative amounts 
of the two postulated tautomers in solution and 
thence of the equilibrium constant of the 
reaction 1%~ 2. Specifically, R = Athione/Atiol = 

E,bi,,[thionelol/E,hiol[thiolld = JG,o(~one/~tioJ~ where 
KTso = [thione],/[thiol], is the equilibrium constant 
for the two tautomers present in the organic sol- 
vent. There will only be a linear relationship 
between R and KT,o if Ethione = &‘hio’ or if the ratio 
Ethio”e/&*io’ is a constant for all solvents. Admittedly 
Pel’kis and Dubenko18 deduced that .sthione 
= sthiol = 5745 m2 mol-’ for chloroform, 5768 m2 

mol-’ for benzene, and 5745 m2 mall’ for carbon 
tetrachloride solutions, but the basis of their argu- 
ment is unsound.” 

The application of ‘H NMR spectroscopy to 
dithizone chemistry has hitherto been indecisive 
owing to the low solubility of dithizone, although 
in 1970 Coleman et aI.,20 using the more soluble 
homologue 1,5-di(o-ethylphenyl)thiocarbazone in 
CDC13, observed 6 1.4 (6H, triplet, CH3), 3.0 (4H, 
quartet, CH3, 7.3, 8.1 (8H, multiplet, ArH), and 
12.0 ppm (1.6H, singlet, NE?). The latter resonance, 
which disappeared on addition of MeOD, showed 
no signs of splitting over the range + 50 to - 45°C 
and the authors ruled out the hypothesis of 
tautomeric equilibrium in favour of a single sym- 
metrical species (as 4), essentially that subsequently 
established for the solid-state structure by X-ray 
crystallography,” which shows a nearly planar mol- 
ecule with extensive delocalization of x-electrons, 
the C-S distance [ 1.71(l) A] corresponding to a 
thioketone rather than a thiol structure. The same 
extended ant&s-tram structure has recently been 
reported for the dithizone moiety in the crystal 
structures of the neutral charge-transfer molecular 
compounds (H2Dz)-I2 and 2(H2Dz)-71,, though 
the location of the hydrogen atoms was not estab- 
lished.” 

Although Coleman et al.” noted the effects on 
the visible spectrum of changes in solvent they sug- 
gest that these “appear to be complicated by acid- 
base equilibria, trace metal effects and even oxi- 
dative decomposition of the dithizone”.” In our 
experience none of these factors is involved in the 
solvatochromism. It is noteworthy that Coleman et 
dzo observed only 1.6 protons (instead of 2.0), and 
when Nab&i examined the ‘H NMR spectrum of 
dithizone itself” he found signals at 6 0.97 as well 
as at 6 12.61 ppm of integrated intensity 1: 3 and 
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fully accounting for 2.0 protons. The signal at 6 
0.97 ppm was attributed to a non-hydrogen-bonded 
SH group and Nabilsi suggested that dithizone in 
CDCl, solution exhibited a tautomeric eq~~b~~ 
comprising 25% of the thiol form which might be 
formulated as 5 or the mesomeric form 6, together 
with 75% of a thione form formulated as 4 or 7. 23 

Ph Ph 

161 

ilit 

li 1 
s H ____ 

(71 

In view of these and many other discrepancies’ 
it was decided to re-examine the solution spectra 

(particularly by NMR) of dithizone, its alkyl-sub- 
stituted homologues, and its “C- and “N-1abelled 
analogues in search of fresh and possibly decisive 
dataF4 

RESULTS AND DISCUSSION 

Although the use of Fourier transform NMR 
spectroscopy facilitates measurements on sparingly 
soluble solutes, to the extent that for the tist time 
good ‘H NMR spectra of dithizone itself were 
obtained here, it must not be overlooked that 
residual protons in deuteriated solvents can give 
rise to spurious signals ; a residual line from adven- 
titious CHC13 enhances the integrated value for 
aromatic protons so that the intensity of other lines 
relative to this will be underestimated. In the pre- 
sent work dithizones substituted in their phenyl 
rings with alkyl groups were used to provide well- 
defined lines for integration reference and to exam- 
ine the equivalence or otherwise of the two aryl 
groups. Using highly puriBed dithizone Nabilsi’s 
allegedz3 SH peak at S 0.97 ppm could not be repro- 
duced, and this must have originated from solvent 
or solute impurity or even as a spinning side-band of 
an intense Me,Si resonance. Seven alkyl-substituted 
homologues of dithizone (Table 2) were prepared 
by Bamberger’s method3 from the corresponding 
nitroformazans. There were no diBerences between 

Table 2. ‘H NMR spectroscopic data for the 1,5-di~l~~r~ones in CDCI,, (CD&CO and CD,@ 

Phenyl 12.60 12.63 12.84 

p-Tolyl 12.65 12.63 12.87 

m-Tolyl 12.54 12.63 12.85 

o-Tolyl 12.80 12.86 13.13 

3,5_Dimethylphenyl 12.49 12.60 12.86 

p-Ethylphenyl 

p-Isopropylphenyl 

p-n-Butylphenyl 

12.50 12.60 12.91 

12.52 12.62 12.96 

12.52 12.50 12.92 

2.42 2.39 1.86 (s, 6H) 

2.43 2.42 1.86 (s, 6H) 

2.63 2.58 2.01 (s, 6H) 

2.36 2.37 1.91 (s, 12H) 

1.24 1.24 0.90 (t, J = 7.6,6H) 
2.68 2.70 2.20 (q, J = 7.6,4H) 

1.27 1.26 0.96 (d, J = 6.6, 12H) 
2.95 2.97 2.48 (h, J = 6.6,2I-I) 

0.93 0.93 0.81 (t, J = 6.6,6H) 
1.47 1.47 1.23 (m, 8H) 
2.65 2.66 2.23 (t, J = 7.2,4H) 

7.56 7.65 6.93 (m, 10H) 

7.27 7.37 6.60 (d, J = 8.0,4H) 
7.58 7.75 7.05 (d, J = 8.0,4H) 

7.34 7.43 6.76 (m, 8H) 

7.62 7.62 7.24 (m, 8H) 

6.97 7.94 6.44 (s, 2H) 
7.33 7.46 6.86 (s, 4H) 

7.27 7.38 6.66 (d, J = 8.2,4H) 
7.59 7.77 = (d, J = 8.2,4H) 

7.31 7.42 6.74 (d, J = 8.2,4H) 
7.62 7.78 = (d, J = 8.2,4H) 

7.27 7.36 6.69 (d, J = 8.2,4H) 
7.59 7.75 = (d, J = 8.2,4H) 

“98MHz spectra at ambient temperature. Chemical shifts [S @pm)] are given for CDCls, (CD,)&0 and C!,J& 
solutions, in that order, relative to (CH,),Si. Coupling constants in Hz. Abbreviations used : s, singlet; d, doubfet ; 
t, triplet ; q, quartet ; h, heptet ; m, multiplet. 

b All singlets : all integrate for 2H except in (CD&O solutions where the integrals vary from 0.7 to 1.5H due to 
trace DzO in the deuterioacetone (see text). All disappear on addition of D20. 

‘Obscured by solvent resonance. 
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the visible absorption spectra of individual com- 
pounds measured in CHC& or CDC& ; all the com- 
pounds show two peaks, one close to 445 nm 
and one at 620 nm. Their ‘H NMR spectra were 
measured in each of three solvents, viz. CDC&, 
(CD&CO and C,D,, with the results shown in 
Table 2. In every case the substituent alkyl groups 
(and hence the two aromatic rings) are found to 
be exactly equivalent on the NMR time-scale, and 
spectra at -50°C differed from those at +6O”C 
only by the expected slight narrowing of peaks. The 
same equivalence follows from examination of the 
aromatic resonances themselves, and it must be con- 
cluded that on the NMR time-scale there is only 
one (symmetrical) molecule in solution. Further- 
more, the singlet due to NH at cu 6 12.5 ppm always 
integrates for exactly two protons in CDC& and 
C,D,, and disappears immediately and completely 
upon washing with DzO. In (CD&CO and NH 
singlets integrate for something less than 2.0 pro- 
tons but no new peaks arise to account for the 
missing fractions of protons, and we believe that 
traces of DzO in the incompletely dry solvent have 
exchanged with the imino hydrogens to reduce the 
intensity of the signals. The effect of traces of DzO 
in the NMR solvent is accentuated by the dilute 
solutions afforded by even the substituted thio- 
carbazones. 

is impossible, while in the pink ~yn,~-& form 
9a*9b, where a rapid tautomeric equilibrium 
does exist, 1J(15N-H) is approximately halved 
(47.6 Hz).” 

That the two non-aromatic protons in dithizone 
must be bound to equivalent nitrogen sites, viz. 
N-l and N-5 (as 4), was confirmed by preparing 
dithizone labelled with “N at N-l and N-5 from a 
sample of 3-nitro- 1,5-diphenylformazan, itself pre- 
pared by coupling nitromethane in alkaline solution 
with a diazonium solution prepared from 96 atom- 
% “N-enriched aniline, following a modificationz4 
of Bamberger’s general procedure3 (see Exper- 
imental). In the ‘H NMR spectrum of this com- 
pound in CDC13 the NH signal at 6 12.60 ppm is 
split into a doublet with a normalz5 coupling con- 
stant value of 90.8 Hz (unchanged at - SO’C). This 
value excludes the possibility of a rapid thiol-thione 
tautomeric equilibrium. In such a tautomeric sys- 
tem the observed spin coupling, J(obs), would be 
given by a weighted average of the various coupling 
constants involved,2” in that case ‘J&H) and 
‘J(15N-H). If P(S) and P(N) represent the mole 
fractions of the two tautomeric species, then 
J(obs) = ‘J(SH)P(S)+ 1J(‘5N-H)P(N), and if 
‘J(15N-H) for an unperturbed N-H bond is 
assumed to be cu 90 Hz,” then, since ‘J(S-H) is 
zero, we find that P(N) = 1 and the protons must 
be bonded to the N-l and N-5 atoms of a single 
species. Thus we have previously found a value for 
‘J( 15N-H) of 92.2 Hz in the yellow ant&s-tram 
form of S-methyldithizone (8), where tautomerism 

H----SCH3 

181 

I 
iCH, iCH3 

1901 (9bl 

The diphenylthiocarbazide, which is known to 
have structure 10 (Ar = Ph) in the solid state,27 is 
obtained in the course of the synthesis of dithizone. 
Its ‘H NMR spectrum in CDC13 shows two NH 
resonances (at 6 6.18 and 8.08 ppm), each inte- 
grating for two protons and both disappearing on 
washing with D20. The spectrum of the compound 
labelled with “N at N-l and N-5 shows the signal 
at 6 6.18 ppm to be split into a doublet with 
‘J(“N-H) = 85.2 Hz. Clearly the N-l and N-5 pro- 
tons are not involved in intramolecular exchange, 
whereas nothing can be said about the protons 
attached to N-2 and N-4 until the appropriate 
labelling studies have been carried out. No success 
attended efforts to obtain “N NMR signals from 
the above “N-1abelled compounds whether using 
broad-band or inverse-gated 1H-decoupling.24 

(IO) 

Further evidence was obtained when dithizone 
labelled at C-3 with 13C was synthetized from phen- 
ylhydrazine and 91 atom-% 13C-emiched carbon 
disulphide using modifications24 of Fischer’s orig- 
inal synthesis1*28 suitable for very small scale work- 
ing (see Experimental). Had CDC13 solutions of this 
compound contained thiol and thione forms 
in slow-enough dynamic equilibrium, the r3C-3 



18 A. T. HUTTON 

NMR signal from each form might have been indi- 
vidually observable. In fact there is a single peak 
in the ‘H-decoupled spectrum at S 171.4 ppm 
downfield from Me.,Si which does not shift 
or split at -50°C: For comparison, the thio- 
carbonyl resonances in EtNH-C(S)--NHEt and 
H,N-C(S)-NHI, are at 182.8 and 176.7 ppm, 
respectively.29 More conclusive, however, is the ‘H- 
coupled spectrum in which the 13C-3 signal splits 
into a perfectly symmetrical 1: 2 : 1 triplet with 
3J(‘3C-N-N-H) = 6.0 Hz (unchanged at -50°C) 
and which collapses to a singlet on washing with 
D20. The same coupling 3J(H-N-N-‘3C) = 6.0 Hz 
is also found in the ‘H NMR spectrum of the 13C- 
labelled dithizone, where the NH peak is split into 
a doublet, unchanged at - 50°C apart from a slight 
narrowing of the lines. An earlier 13C NMR study 
of dithizone was inconclusive.30 

These data, along with the demonstrated mag- 
netic equivalence of the two imino protons and the 
two aromatic residues, point to the symmetrical 
structure 4, as already established by X-ray crys- 
tallography for dithizone in the solid state.21922 The 
view that only a single species (as 4) is present in 
solution is consistent with the fact that the visible 
absorption spectrum of dithizone in chloroform 
does not vary over the temperature range - 50 to 
+ 60°C : in particular, R does not change as it would 
if there were two species in equilibrium. Thus either 
the two absorption peaks cannot be ascribed to two 
discrete species (thiol and thione tautomers), or it 
becomes necessary to accept the surprising con- 
clusion that their interconversion proceeds with 
no change in enthalpy.31 Bag and Freiser32 recently 
observed that the molar absorptivity of dithizone 
in cyclohexane is dramatically enhanced by the 
addition of small quantities of chloroform, and they 
attributed this to the formation of a 1: 2 dithizone- 
chloroform complex (formation constant 104.0). 
However, the ratio of the two peak heights did not 
change significantly, indicating that the observed 
enhancement was not the result of shifting a thiol- 
thione equilibrium. 

The conclusions drawn from these new NMR 
data, which extend the early measurements of 
Coleman ef al.,20 agree with those drawn from 
IR measurements.33 These show a broad band in 
the region 3100-2800 cm-’ with several absorption 
maxima. On deuteriation this band disappears and 
is replaced by one at ca 2200 cm-’ assigned to 
v(N-D), while in the region 3100-3000 cm-’ 
only maxima corresponding to aromatic v(C-H) 
remain. There are no traces of v(S-H) bands 
(expected at CCI 2600 cm-‘). The close similarity 
between the IR spectrum of dithizone in solution 
and in the solid state appears to deny the possibility 

of tautomerism, and it is perhaps sign&ant that 
the diffuse-reflectance spectrum of solid dithizone 
shows a clearly defined band at 450 nm (situated 
similarly to &,2 in organic solutions) with a broad 
shoulder covering the region 580-610 nm, which 
roughly corresponds with the location of &, in 
the solution spectra. A recent and thorough Raman 
vibrational spectroscopic investigatiorP of the acid- 
base forms of dithizone has indicated that sig- 
nificant structural changes occur when a proton is 
added to or lost from neutral dithizone (H,Dz) to 
form the corresponding conjugate acid of dithizone 
(H,Dz+) or dithizonate anion (HDz-). Exploi- 
tation of resonance intensity enhancement in these 
systems allowed the Raman spectra of necessarily 
dilute solutions of the acid-base forms of dithizone 
to be acquired : the vibrational data34 obtained from 
CS, solutions of H2Dz are clearly consistent with 
the dithizone molecules existing in the single form 
shown as structure 4. 

There is no reason why a single species in 
solution, such as 4, should not give rise to a visible 
spectrum with two intense visible absorption bands. 
Indeed, theoretical calculations of the energy and 
intensity of the electronic transitions in different 
forms of dithizone have been made (using LCAO 
MO SCF LCI methods),35 with some success for 
the protonated species H3Dz+ and the anion HDz-. 
For dithizone itself a spectrum with two prominent 
bands is predicted, the model used being basically 
the same as 4 (save that one hydrogen atom is 
bound to sulphur as a thiol). One of these bands is 
predicted at ca 430 nm corresponding to the &,,man,2 
found experimentally ; the other is located at ca 
800 mn, which is well away from the experimental 
values of kax,i (600-640 nm). Moreover, the inten- 
sity of this longer-wavelength band is predicted to 
be less than that at the shorter wavelength, which 
is never the case [R is always > 1 (see Table l)]. 
However, it is clear that the simultaneous presence 
of thione and thiol forms in solutions of dithizone 
cannot be inferred from the existence of these two 
visible bands alone. 

Of course, such calculations do not take into 
account the effect of solvent on the spectra and 
the pronounced solvatochromism remains to be 
explained, along with the curious relationships 
which have been noted between the experimental 
R and the equilibrium constant [keto]/[enol] for 
ethylacetoacetate in the same solvent, or between 
values of R for a series of structurally modified 
dithizones and the Hammett factors of the sub- 
stituents.’ Nevertheless, the new evidence reported 
here lends overwhelming support to the hypothesis 
that solutions of dithizone in organic solvents com- 
prise only a single, highly symmetrical, and planar 
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species, as 4. A very recent argument36 in favour of 
a thiol-thione equilibrium, in which, inter alia, the 
visible absorption spectra of individual thiol and 
thione forms were calculated by mathematical 
analysis of the spectra of dithizone in four organic 
solvents (the assignment of a single band to each 
tautomer being rejected), fails to explain away the 
experimental evidence for a single structure pro- 
vided by the present work. It has been shown in 
earlier papers that experimental values of pHi,,, 
pK and R can legitimately be used in calculations, 
although they are compounded of parameters (par- 
tition coefficients, acid dissociation constants, 
molar solubilities etc.) relating to each of the alleged 
tautomeric forms, and to the equilibrium constant 
(KT) governing the interconversion.37 Thus none of 
these solvent effects nor, indeed, the existence of a 
single species (4) rather than the equilibrium 1 + 2, 
has any influence on the reliability of the many 
applications of dithizone in the selective and 
quantitative spectrophotometric determination 
of microgram amounts of various metals using the 
numerous monocolour, mixed-colour or reversion 
procedures that have been developed over the 
years. 5,6 A preliminary communication on the work 
reported here has been published.38 

to + 0.02 Hz. 13C NMR spectra with broad-band ‘H 
decoupling were measured at ambient temperature 
and at - 50°C on the same spectrometer operating 
at 22.63 MHz. The ‘H-coupled spectra were 
obtained in the gated proton irradiation mode.3g 
Chemical shifts were recorded relative to the CDC13 
signal and related to the standard Me$i using the 
conversion G(Me,Si) = G(CDC13) + 76.9 ppm;40 
they are accurate to an estimated 0.1 ppm. Shiftless 
relaxation agents were not used. All solvents used 
for spectroscopic work were of spectroscopic grade, 
and were purified and dried. Care was taken to 
ensure no traces of acid were present and to run the 
(CD,)&0 spectra immediately after making up the 
samples so as to avoid the reported4’ condensation 
of acetone with dithizones in acid conditions to 
form the corresponding thiadiazolines. 

A comparison of the visible spectrum of dithizone 
in CHC13 and CDC13 was made by purifying a small 
quantity of dithizone by paper chromatography 
and extracting the pure dithizone spot into CHC13 
in an optical cell (1.00~cm) and filling with CHC13 
to a mark. After recording this spectrum the solvent 
was carefully evaporated from the optical cell under 
reduced pressure and the cell was refilled to the 
mark with CDC13. The resulting spectrum was 
identical to the first. 

EXPERIMENTAL Preparative work 

General and spectroscopic Glass-distilled water and purified solvents were 
used throughout the preparative work. 

Special care was taken in cleaning the optical 
cells, the NMR tubes, and the glassware in which 
solutions of the thiocarbazones were handled. The 
cleaning was done by soaking the apparatus in a 
chromic acid bath, washing with hot water, and 
then soaking in a strong ammoniacal solution of the 
disodium salt of ethylenediaminetetraacetic acid. 
Finally the apparatus was thoroughly rinsed with 
glass-distilled water and dried in an oven at 130°C. 
This provided metal-free glassware as tested by a 
very dilute solution of dithizone in chloroform, 
which remained pale green when used to rinse the 
apparatus. 

Visible absorption spectra were recorded on a 
Varian Superscan 3 instrument using l.OO-cm 
matched quartz cells. Diffuse-reflectance spectra 
were taken as Nujol mulls on filter paper using 
a Beckman DK-2A ratio-recording spectropho- 
tometer in the reflectance mode. ‘H NMR spectra 
were measured at 90 MHz on a Bruker WIWODS 
Fourier transform spectrometer at ambient tem- 
perature (ca 32°C) and at - 50°C. Chemical shifts 
are quoted relative to Me,Si and are accurate to 
f 0.04 ppm, while coupling constants are estimated 

3-Nitro-1,5-diarylformazans. Sodium hydroxide 
pellets (4.0 g, 0.10 mol) were dissolved in water 
(15 cm3) and cooled in an ice-salt bath to 0°C. A 
solution of nitromethane (6.4 g, 0.10 mol) in ethanol 
(35 cm3) was added slowly with constant mech- 
anical stirring and keeping the temperature below 
0°C. Ice water and crushed ice (cu 500 g) were added 
to dissolve the white precipitate and the solution 
was kept at 0°C until used. The arylamine (0.20 
mol), freshly distilled over zinc dust, was added to 
a mixture of concentrated hydrochloric acid (60 
cm3) and distilled water (100 cm3) in a 2-l beaker. 
The resultant clear solution was cooled to 0°C in 
an ice-salt bath and diazotized by adding dropwise 
and with mechanical stirring a solution of sodium 
nitrite (16.6 g, 0.24 mol) in distilled water (30 cm3). 
Filtration of the clear yellow solution was not usu- 
ally necessary and sodium acetate (41 g, 0.5 mol) 
dissolved in distilled water (120 cm’) was added 
dropwise, keeping the temperature at OT, to buffer 
the solution at pH ca 4.5. The alkaline nitromethane 
solution was placed in a separating funnel con- 
taining crushed ice and dropped slowly, with vig- 
orous mechanical stirring, into the diazotized 
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solution. The required 3-nitro- 1,5-diarylformazan 
separated at once as a bright red precipitate, oil or 
tar. The solution was stirred for a further l-6 h 
after which time any tars had turned solid. The 
solids were collected on a large Buchner funnel by 
suction and washed with copious quantities of 
water, while oils were extracted into chloroform, 
washed with water, dried with MgSO,, and evap- 
orated to dryness. After drying overnight in oacuo 
over silica gel all of these solids recrystallized easily 
from ethanol to give well-formed maroon or dark- 
red needles or plates with the characteristics listed 
in Table 3. 

Any tendency to form a tar was minimized by 
keeping the temperature well below 0°C by waiting 
long enough for the nitrogen oxides to escape after 
diazotization, and by employing pure nitromethane 
and freshly-distilled arylamines. 

A small-scale adaptation of the above pro- 
cedurez4 was used to synthetize the 3-nitro-1,5-d& 
phenylformazan labelled at N-l and N-5 with “N, 
starting from 0.63 g of 96 atom-% 15N-aniline 
supplied by BOC Prochem. 

1,5-Diarylthiocarbazones. 3-Nitro- 1,5diarylfor- 
mazan (8.0 g) was suspended in absolute ethanol 
(60 cm’) in a lOO-cm3 round-bottomed flask and 
cooled to 0°C in an ice-salt bath. Dry ammonia 
gas was bubbled through the mixture until it was 
saturated (10 min) and then hydrogen sulphide gas 
was passed into the solution until the thiocarbazide 
(10) separated. When reduction was complete as 
indicated by a change of colour from maroon to 
yellow, and by the disappearance of unreduced 
particles of the nitroformazan, the suspension was 
added in a thin stream to distilled water (200 cm3) 
with mechanical stirring, and immediately filtered 
off by suction. The thiocarbazides were washed 
with water and dried over silica gel in uacuo to give 

yields of 8693%. The surface of the dry powders 
slowly turned from cream to greygreen as oxi- 
dation took place. The unstable thiocarbazide com- 
pounds (10) were oxidized at once to the thio- 
carbazones by treating with a 5% methanolic 
potassium hydroxide solution (30 cm3) at room 
temperature. After mixing well and breaking up 
lumps with a stirring rod, a clear dark-red solution 
was obtained which was immediately neutralized by 
pouring slowly into ice-cold dilute 0.5 M sulphuric 
acid (1 1) with vigorous mechanical stirring. After 
stirring for 1 h the crude 1,54arylthiocarbazone 
was filtered off, washed with water, and dried over 
silica gel in vacua. 

Purification of this product is necessary as oxi- 
dation of the thiocarbazone results in small quan- 
tities of the corresponding 2,3-diaryl-2&tetra- 
zolium-5-thiolate contaminating the product. 
Spectroscopically pure dithizonates are usually pre- 
pared4’ by an extensive series of extractions from 
chloroform into a dilute aqueous base, washing the 
aqueous layer with more chloroform, and re-extrac- 
tion into chloroform or precipitation from the aque- 
ous phase by acidification. In this work it was found 
that column chromatography provided a cleaner, 
quicker method of purification with a greatly 
enhanced yield. 

The crude material (1.0 g) was dissolved in the 
minimum amount of benzene and added to a 
chromatographic column (30 x 2.5 cm) of neutral 
alumina slurried in benzene. Elution with benzene 
produced a red fore-run. Once this was visibly 
separated from the dark band at the origin, elution 
was continued with solutions of acetone in benzene, 
increasing the acetone concentration rapidly so that 
pure acetone was used to wash off the last of the 
red fore-run. The thiocarbazone fraction was col- 
lected by adding a 1% solution of sodium bicar- 

Table 3. Yield, melting point and microanalytical data” for the 3-nitro-1,5-diarylformazans 

Aryl group 

Yield M.p. 

(%) (“C) % c % H % N 

Phenyl 57 
Phenylb 68 
p-Tolyl 31 
m-Tolyl 15 
o-Tolyl 13 
3,SDimethylphenyl 41 
p-Isopropylphenyl 16 
p-n-Butylphenyl 28 

159-161 58.05 (58.0) 
159161 58.0 (57.6) 
159-l 62 60.55 (60.6) 
155-157 60.65 (60.6) 
151-154 60.65 (60.6) 
143-145 62.3 (62.8) 
130-133 64.7 (64.6) 
126-127 66.2 (66.1) 

4.1 (4.1) 
4.0 (4.1) 
5.15 (5.05) 
5.2 (5.05) 
5.1 (5.05) 
5.95 (5.85) 
6.7 (6.6) 
7.3 (7.1) 

25.65 (26.0) 
26.2 (26.55) 
23.2 (23.6) 
23.4 (23.6) 
23.6 (23.6) 
21.3 (21.5) 
19.35 (19.8) 
18.35 (18.4) 

’ Calculated values are in parentheses. 
b Labelled at N-l and N-5 with 96 atom-% “N. 
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bonate in water to the column, and the resulting 
orange eluent was then slowly poured with stirring 
into dilute aqueous sulphuric acid (0.1 M). After 
stirring for a further 1 h the tie blue-black pre- 
cipitate of pure thiocarbazone was collected by fil- 
tration, washed with water, and dried over silica gel 
in ULICUO. The analyses, melting points, and yields 
of the thiocarbazones synthetized are given in 
Table 4. 

Smooth oxidation procedure. In the above syn- 
thesis the final oxidation of the thiocarbazide to the 
corresponding thiocarbazone was carried out with 
methanolic potassium hydroxide : this is actually a 
disproportionation reaction and the maximum 
yield of thiocarbazone can be only 50%. It was 
foundz4 that yields of W-95% of the thiocarbazone 
could be obtained by smooth oxidation of the 
thiocarbazide. The thiocarbazide is dissolved or 
suspended in an organic solvent (uide infra) and 
air is slowly bubbled through the solution until the 
production of a very deep green colour indicates 
complete oxidation. Recalcitrant thiocarbazides 
may require reflux temperatures for acceptably 
rapid oxidation. Purification is necessary as oxi- 
dation of the thiocarbazone again results in small 
amounts of the corresponding 2,3-diaryl-2H-tetra- 
zolium-5-thiolate in the product. This smooth oxi- 
dation procedure was applied to the synthesis of 
dithizone labelled at N-l and N-5 with “N. 

’ SN-labelled dithizone. 3-Nitro- 1,5-diphenylfor- 
mazan labelled at N-l and N-5 with 96 atom-% 

“N obtained as above (0.60 g) was suspended in 
ethanol (15 cm3) and treated with ammonia gas and 
hydrogen sulphide as described before. Isolation 
as above gave the “N-1abelled 1,5-diphenyl- 
thiocarbazide (0.52 g, 91%). After setting some 
product aside for NMR spectroscopy, the remain- 
der (0.46 g) was suspended in carbon tetrachloride 
(300 cm3) in a 2-1, two-necked round-bottomed 
flask placed on a heating mantle. A stream of 
air was bubbled through the solution which was 
brought to boiling temperature. A long condenser 
fitted to the flask reduced evaporation of the 
solvent, but it was necessary to add further portions 
of solvent periodically. The colour of the solution 
changed to an intense dark green over ca 2 h. 
Additional solvent (100 cm3) was then added to 
dissolve some unoxidized thiocarbazide and after a 
total of 2f h of bubbling the carbon tetrachloride 
was removed on a rotary evaporator. The residue 
was taken up in the minimum amount of benzene 
and purified by column chromatography as de- 
scribed above to yield the “N-labelled dithizone 
[0.39 g (85% based on thiocarbazide)]. 

The use of carbon tetrachloride as solvent in this 
smooth oxidation of the thiocarbazide was found 
in trial experiments with unlabelled compounds to 
give a better yield than diethyl ether (72%) or 
benzene (76%), presumably because of the greater 
solubility of dithizone in CC14. 

Reaction of NaHS with 3-chloro-1,5-diphen- 
ylformazan. A second route to obtain the **N- 

Table 4. Yield, melting point and microanalytical data” for the 1,5-diarylthiocarbazones 

Aryl group 

Yield6 M.p. 

(%) (“C) % c % H % N 

Phenyld 
Phenyl 
p-Tolyl 
m-Tolyl 
o-Tolyl 
3,5Dimethylphenyl 
p-Isopropylphenyl 
p-nButylpheny1 
p-Ethylphenyl 

85 166-169 60.15 (60.4) 
26 167-170 60.9 (61.05) 
28 161-163 63.15 (63.6) 
17 154-158 63.3 (63.6) 
22 135138 63.2 (63.6) 
28 137-140 65.2 (65.6) 
14 142-145 67.0 (67.2) 
28 118120 68.2 (68.6) 
f 155-158 65.3 (65.6) 

4.7 (4.7) 
4.6 (4.7) 
5.55 (5.3) 
5.4 (5.3) 
5.45 (5.3) 
6.1 (6.15) 
6.5 (6.8) 
7.3 (7.4) 
5.9 (6.15) 

22.4 (22.5) 
21.6 (21.8) 
19.75 (19.8) 
19.75 (19.8) 
19.7 (19.8) 
18.2 (18.0) 
16.7 (16.5) 
14.95 (15.2) 
18.2 (18.0) 

D Calculated values are in parentheses. 
‘Based on 1,5diarylthiocarbazide ; synthetized using a methanolic KOH oxidation pro- 

cedure. 
‘All with decomposition. 
dLabelled at N-l and N-5 with 96 atom-% 15N ; synthetized using a smooth oxidation 

procedure. 
’ Labelled at C-3 with 91 atom-% i3C ; synthetized in one-pot reaction from phenylhydrazine 

and carbon disulphide. 
fSample provided by Prof. H. M. N. H. Irving. 
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labelled dithizone was investigated which avoids 
the reduction and low-yield oxidation steps of 
Bamberger’s synthesis. 3 In this route43 the reac- 
tivity of the halogen atom in 3-chloro-l$diphen- 
ylformazan, PhN=N-C(Cl+N-NHPh, was ex- 
ploited in the reaction with sodium hydrogen 
sulphide to obtain the dithizone directly, either 
by mechanical shaking at room temperature or by 
heating under reflux with NaHS. The 3-chloro-1,5- 
diphenylformazan was obtained by coupling a 
benzenediazonium solution with dipotassium 
chloromalonate, itself prepared by the following 
reaction sequence : 

1. 

2. 

3. 

4. 

5. 

6. 

E. Fischer, Ann&n 1878,190,67 ; E. Fischer and E. 
Besthorn, ibid. 1882,212, 316. 
A. H. Corwin and G. R. Jackson, J. Am. Chem. Sot. 
1949,71,3698. 
E. Bamberger, R. Padova and E. Ormerod, Annalen 
1926,446,260. 
H. M. N. H. Irving, A. M. Kiwan, D. C. Rupainwar 
and S. S. Sahota, Anal. Chim. Acta 1971,56,205. 
H. M. N. H. Irving, Dithizone. Analytical Sciences 
Monographs No. 5, The Chemical Society, London 
(1977). 
G. Iwantscheff, Des Dithizon und seine Anwendung 
in der Mikro- und Spurenanalyse, 2nd Edn. Verlag 
Chemie, Weinheim (1972). H. M. N. H. Irving, CRC 
Crit. Rev. Anal. Chem. 1980,8, 321. 
See Ref. 5, pp. 4 and 82, for comprehensive back- 
ground and references. 
C. H. Carlin, Ph.D. thesis, The Johns Hopkins Uni- 
versity, Baltimore (1966). 
A. E. Gillam and E. S. Stem, Introduction to Eiec- 
tronic Absorption Spectroscopy in Organic Chemistry, 
p. 229. Edward Arnold, London (1954). 
H. Irving and C. F. Bell, Nature (London) 1952,169, 
756; J. Chem. Sot. 1954,4253. 
A. T. Hutton and H. M. N. H. Irving, J. C&m. SC., 
Perkin Trans. 2 1982, 1117. 
A. T. Hutton, H. M. N. H. Irving and L. R. 
Nassimbeni, Acta Cryst. 1980, B36,2071. 
H. M. N. H. Irving, personal communication. 
D. S. Tarbell, C. W. Todd, M. C. Paulson, E. G. 
Lindstrom and V. P. Wystrach, J. Am. Chem. Sot. 
1948,70,1381. 
C. Reichardt, Angew. Chem., Znt. Ed. Engl. 1965,4, 
29. 

CH2(C0,Et),= ClCH(C02Et), 

a ClCH(CO,K),. 
EtOH, 0°C 

This method, however, gave an overall poorer yield 
in trial runs (cu 15% based on aniline) than the 
route from the nitroformazan, especially if the 
smooth oxidation procedure was used in the latter 
route (>50% based on aniline), and so was 
discarded as a suitable route to the isotopically- 
labelled dithizone. Further experimental details will 
be found in Ref. 24. 

‘3C-labelled dithizone. This was prepared by a 
modification of Fischer’s original synthesis,lJ8 so 
adapted that the entire reaction sequence could 
be carried out in a single vessel with a view to 
conserving valuable labelled material.24 Phenyl- 
hydra&e (1.42 g, 13.2 mmol) was dissolved in 
benzene (20 cm3) in a 50-cm3 two-necked flask 
equipped with a magnetic stirrer and a condenser. 
Carbon disulphide (91 atom-% “C from BOC Pro- 
them, 0.50 g, 6.6 mmol) was dropped into the sol- 
ution with constant stirring when the phenylhydra- 
zine salt of the acid PhNH-NH-‘3C(S)-SH sep- 
arated as a light-yellow, practically solid sludge. 
The temperature was gradually raised to 65°C 
(water bath) when the precipitate gradually dis- 
solved and H2S was evolved. After ca 20 min 
evolution of H2S ceased and the thiocarbazide 
which remained was oxidized by drawing air 
through the solution while the temperature was 
increased to 75°C. Additional benzene (20 cm3) 
was added, and after 1 h of bubbling the deep 
green solution was evaporated to dryness and the 
crude product was purified by column chro- 
matography as described above to give pure 13C- 
labelled dithizone (0.44 g, 26%). 
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Abstract-Unlike the related sympathomimetic catecholamines adrenaline and nora- 
drenaline, which exist as zwitterions in the solid state, the fl-adrenoreceptor stimulant 
isoprenaline is shown by crystal structure analysis to contain only neutral atoms. Crystals 
are monoclinic, space group P2,/c, with u = 9.93(2) A, b = 13.56(3) A, c = 8.13(l) A, and 
/I = 101.6”. The structure was determined by direct methods and refined to R = 0.087 for 
1154 independent data. The side chain has the fully extended anti conformation. 

Inorganic acids form chelates with di- and poly- 
phenols, and with the related catecholamines. For 
a range of protonated catecholamines in aqueous 
solution, including isoprenaline (l), it has been 
shown that the first phenolic group is more acidic 
than the protonated amino group.’ This has been 
supported by crystal structure analyses of the cate- 
cholamines adrenaline’ (2a) and noradrenaline 
(2b), which possess a- and j&adrenergic activity, 

*On graduating from University College, Dublin 
(1966) J. F. Malone was appointed by Professor Harry 
Irving as Demonstrator (1966-1969) in the Department 
of Inorganic and Structural Chemistry, University of 
Leeds, and subsequently as Postdoctoral Fellow (1969- 
1970) and Brotherton Research Lecturer (1970-1973) in 
the same department. Author to whom correspondence 
should be addressed. 

and of the structurally-related cr-adrenoreceptor 
stimulant phenylephrine4 (3), which show these 
compounds to exist as zwitterions in the solid state. 
In each case it is the meta-OH group which 
donates a proton to the nitrogen atom. 

Isoprenaline {isoproterenol [ 1-(3’,4’-dihydroxy- 
phenyl-2-isopropylaminoethanol]} is the most ac- 
tive of those sympathomimetic amines which act 
almost exclusively on /&receptors, stimulating 
the heart muscle as well as dilating the bron- 
chioles. The (-)-isomer (1) is 50 times as power- 
ful as the (+)-isomer in circulatory activity in 
man. On the basis of acid ionization constants in 
solution an analogous zwitterionic structure would be 
expected for the solid-state free amine. An earlier 
crystallographic examination of (+)-isoprenaline in 
the form of its dihydrated sulphate has been per- 
formed, 5 but does not, of course, give any informa- 
tion concerning the ionic state of the free base. The 

OH OH 

HO 

HO 

1 2a R = CH, 

2b R = H 

OH 

HO N” 
'CH, 
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Fig. 1. Isoprenaline : a view of the (-)-isomer. Arbitrary isotropic thermal parameters have been 
assigned to the atoms. 

present study was undertaken in order to establish 
the molecular characteristics of the free base (Q- 
isoprenaline and to compare the conformation of 
this drug with other catecholamines. 

EXPEXIMENTAL 

Crystal data 

CIIH1,NO,,M= 211.2,space roupP2,/c(No. 
14), a = 9.93(2) A, b = 13.56(3) %: c’= 8.13(l) A, 
/Y= 101.6”,U= 1072.5A3,Z=4,dX= 1.32gcm3, 
D,,, = 1.32 g crn3 (by flotation in CHCl,-petroleum 
ether), ~(CU-&) = 1.5418 A, p= 7.95 cm-‘, 
F(OO0) = 456. 

Crystals of the free base were obtained from its 
sulphate by treating with aqueous ammonia under 
nitrogen. The crystals of ( & )-isoprenaline were thin 
colourless plates. Data were recorded on multiple-film 
equi-inclination Weissenberg photographs (layers 
hMThk7) and intensities were measured by a den- 
sitometer. * Correction for Lorentz and polarization 
factors yielded 1154 independent structure factors. 
The non-hydrogen atoms were located in the E-map 
with the highest absolute figure of merit obtained 
via the direct phasing methods of MULTAN.6 After 
initial least-squares refinement all 17 hydrogen atoms 
were located in a difference Fourier synthesis, and 
were included in the refinement with individual iso- 
tropic temperature factors. Non-hydrogen atoms 

* Science Research Council Microdensitometer 
Service, Rutherford Laboratory. 

7 Deposited data may he obtained from The Director, 
Cambridge Crystallographic Data Centre, Lensfield 
Road, Cambridge. 

were refined anisotropically. At convergence, R was 
0.087. The final weighting scheme was W = 
(10 + IF,1 + 0.01 IF01 3)- ‘. A final-difference Fourier 
showed no significant features. 

RESULTS AND DISCUSSION 

A projection of the molecule is shown in Fig. 1 
and the unitcell contents in Fig. 2. Table 1 lists the 
principal bond lengths and angles. A full list of results 
comprising atomic coordinates, anisotropic tem- 
perature factors for non-hydrogen atoms, and bond 
lengths and angles involving hydrogens has been 
deposited with the Cambridge Crystallographic 
Data Centre.? 

Although a zwitterionic structure was to be 
expected on the basis of the solution acid ionization 
constants this analysis shows the isoprenaline mol- 
ecule to exist in a non-ionized form in the solid state. 
All hydrogen atoms were located and successfully 
refined. As the critical hydrogen atom, namely the m- 
hydroxy atom H(02), is not hydrogen-bonded to the 
nitrogen of any adjacent molecule the molecule is 
clearly present in the neutral form. To confirm this 
phenolic C-O distances, 1.375(6) and 1.380(5) A, 
are normal for phenols, unlike the Ca- distances 
of 1.346(5) A in adrenaline,’ 1.338(3) A in nora- 
drenaline3 and 1.341(3) A in phenylephrine.4 The mol- 
ecular dimensions are normal. The catechol is planar, 
the maximum deviation of any atom from the benzene 
ring being 0.009 A. The deviations of the two H atoms 
on the phenolic groups from the mean plane of the 
catechol group are 0.002 and 0.018 A. The side chain, 
comprising C(l), C(7), C(8) and N(l), is fully 
extended (anti conformation) as found in (+)-iso- 
prenaline sulphate dihydrate.5 The side chain is 
approximately perpendicular (77.4”) to the plane of 
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Fig. 2. Stereoview of the crystal structure of (+)-isoprenaline. 

Table 1. Interatomic distances (A) and angles (“) 

Distance Angle 

C(l>--c(2) 
C(2)+3) 
C(3>--c(4) 
C(4)-C(5) 
C(5)-C(6) 
C(6>--c(l) 
C(l)-C(7) 
C(7)-C(8) 
C(8)-N(1) 
C(9)-N(1) 
C(9>--c(lO) 
C(9)-C(ll) 
(x7)-G(l) 
C(3>--02) 
C(4)-G(3) 
O( 1) . . . o(2)= 
O(l)...N(l)“” 
O(2). . . O(3)“, 

1.396(7) 
1.380(6) 
1.395(6) 
1.366(7) 
1.390(7) 
1.384(7) 
1.516(6) 
1.521(7) 
1.476(6) 
1.482(6) 
1.520(7) 
1.531(7) 
1.456(6) 
1.375(6) 
1.380(5) 
2.737(5) 
2.796(5) 
2.767(5) 

C(l+~(2+C(3) 
C(2)--c(3>--c(4) 
C(3)-C(4)-C(5) 
C(4)--c(5)-C(6) 
C(5)-C(6)--c(l) 
C(2)-C(l)--c(6) 
C(2)--c(l)-C(7) 
C(6)-C(l)--c(7) 
C(l)--c(7)-C(8) 
C(l)-C(7)-G(l) 
C(8yC(7)-0(1) 
C(7)-C(8+N(l) 
C(8)-N(l)--c(9) 
C(lO)-Ct9)_N(l) 
C(lO)--c(9)--c(ll) 
C(ll)--c(9)-N(1) 
C(2)-~(3)--0(2) 
C(4HX3+G(2) 
C(3)-C(4)--0(3) 
C(5)-C(4+0(3) 

121.0(4) 
119.7(4) 
119.9(4) 
120.1(4) 
121.1(4) 
118.1(4) 
121.6(4) 
120.2(4) 
111.3(4) 
112.2(3) 
107.5(3) 
111.2(3) 
113.0(3) 
113.4(4) 
110.1(4) 
108.5(4) 
123.5(4) 
116.7(4) 
121.3(4) 
118.8(4) 

“Primed, double primed and triple primed atoms are related to unprimed 
atoms by the transformations 1 -x, --y, -z; x, i-r, f-z; and -x, --y, -z, 
respectively. 

the ring system. The C(9) atom of the isopropyl group 
is in fk.ll extension on the side chain. The bond angle 
C(8)-N(l>--c(9), at 113.0(3)“, is slightly larger than 1. 

the tetrahedral angle as has been observed in all the 2 
previous structures in the phenylethylamine series. 3’ 
The mean C-N bond length [ 1.479(6) A] is normal. 
There is extensive intermolecular hydrogen bonding 

4’ 
5: 

involving all three oxygens and the nitrogen of each 
molecule, leading to the compact structure depicted 6. 
in Fig. 2. 
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Abstract-The cyclic diaza-crown ether complexone cTOPDA (1,4, IO-trioxa-7,13diaza- 
cyclopentadecane-N,N-diacetic acid) has been synthesized and characterized by elemental 
analysis, titration and NMR spectroscopy. Its ionization constants and the stability con- 
stants of its ML and M2L complexes formed with alkali, alkaline-earth and some transition 
and representative metals were determined at 25.0 f O.l”C and ionic strength 0.10 M 
(MeaNNO,). This ligand forms considerably more stable complexes with the transition 
metals than the analogous tetraoxa-diaza crown ether complexone cTOODA (1,4,10,13- 
tetraoxa-7,16-diazacyclooctadecane-N,N’-diacetic acid), but this last ligand favours ions 
with larger size, particularly K+ . The cobalt(I1) complex of cTOPDA is more stable than 
the nickel(I1) complex, hence the Irving-Williams’ order of stability is not obeyed for its 
transition-metal complexes. These effects are discussed in terms of the size of the cavity of 
the ligand and of the stereochemical constraints that it may impose. 

Macrocyclic polyethers (“crown ethers”) are well 
known for their complexation properties towards 
alkali and alkaline-earth metal ions : a quite remark- 
able selection can be achieved by changing the 
number of oxygen donors and the size of the 
internal cavity of the ligands.’ 

The inclusion in the ring of other types of donor 
atoms was a logical further step, since it may intro- 
duce a range of different effects by changing the 
affinity towards some metal ions while maintaining 
the selectivity associated with the relative dimen- 
sions of the ions and the cavity of the ligands. 

Nitrogen and sulphur, naturally, are particularly 
interesting heterodonor atoms to investigate, and 
various studies were indeed carried out with a series 
of oligo-oxa-oligoaza or oligosulphur macrocycles 
in the last decade.2A 

The properties of such macrocycles as iono- 
phores, models for catalytical centres, solubilizing 
agents etc. have been extensively discussed, but their 
analytical applications are limited by their some- 
times reduced solubility in water, and by the fact 

* Author to whom correspondence should be addressed. 
t D.Phil. student of Professor Irving, St. Edmund Hall, 

Oxford, 1960-1962: now Full Professor in the Chem- 
istry Department, IST, Technical University of Lisbon, 
Lisbon, Portugal. 

that the stability of their metal complexes in aque- 
ous solution is only moderate. These difficulties may 
be overcome by synthesizing macrocycles with 
hydrophylic pendant arms containing extra poten- 
tial donors, e.g. -NH2 or -COOH groups. Again, 
the stereochemical constraints imposed by these 
new donors may cause variations in the metal-com- 
plexing ability of the resulting ligand, which may or 
may not be of interest for the objectives envisaged. 

The polyaza rings, with or without other donor 
atoms, afford some practical advantages for the 
introduction of pendant arms since the hydrogen 
atoms bonded to nitrogen in these ligands can easily 
be substituted by convenient groups using appro- 
priate reactions ; for example, the introduction of 
--CH,COOH groups is normally achieved by 
reaction with chloroacetate or bromoacetate in a 
basic medium. 

These N-acetate derivatives of oligoaza macro- 
cycles are, of course, a cyclic version of the 
well-known polyamino carboxylic acids (“com- 
plexones”), widely used in analytical chemistry, 
adding now the versatility of these complexing 
agents to the selective character derived from the 
constraints imposed by the ring that contains 
several potential donor atoms. 

We have previously studied a series of cyclic tetra- 
aza complexones which have indeed some remark- 
able properties useful for analytical applications,5 

29 
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HOW.-N N-COOH 

c-d 
I 

Fig. 1. N-acetate derivatives of a group of o&o- 
oxa-oligoaza macrocycles. (a) 7n = 2, n = 1: 1,4,10- 
trioxa-7,13-diazacyclopentadecane-N,N-diacetic acid 
(cTOPDA) ; (b) m = 2, n = 2 : t,4,10,13-tetraoxa-7,16 
diaz~c~ooctadecane-N,K-discetic acid (cTOODA) ; 
and (c) m = 1, n = 1: 1,7-dioxa-4,10-diayc~odecane- 

N,N’-diacetic acid (cDODDA). 

and in the present work we report the results 
obtained for a member of a group of N-acetate 
derivatives of oligo-oxa-oligoaza macrocycles- 
like Is (Fig. IF-that are expected to display some 
unusual features due to the combined effects of 
cavity size, type of donor atoms and stereochemical 
constraints on the preferred coord~ation symmetry 
of some metals. 

Compound Ib has been studied by other 
authors,4*6 and results for Ic will be presented in a 
future paper. 

Synthesis and characterization of the ligand 

cTOPDA ~hy~~hlo~de (cTOPDA - 2HCl) 
was prepared by reaction of the corresponding 
amine mtof?x@ 21 (Merck-~huchardt)] with 
potassium chloroacetate, in aqueous solution at 
70°C. 

Potassium hydroxide was added at such a rate 
that the pH was always kept below IO. The reaction 
was complete after 8 h. The product was pre- 
cipitated after acidifying the ice-cold solution to pH 
0.5, and was recrystallized from a water-ethanol 
mixture, 

cTOPDA - 2HCl: m.p. = 205 + 1°C ; A4 (titra- 
tion) 407. Found: C, 41.0; H, 6.7; N, 6.84%. Re- 
quired (C,4H26N207 l 2HCI) : C, 41.3 ; H, 6.5 ; N, 
6.88%. ‘H NMR spectrum [solvent 40, reference 
2,2,3,3-tetradeutero-3-(trimethylsilyl) propionic 
acid (DTSS), pD z 2.81: 6 4.05 (singlet, 4H, acetate 
groups), 3.84 (triplet, 8H, ring protons), 3.76 
(singlet, 4H, ring protons), and 3.68 (triplet, 8H, 
ring protons). 

Reagents 

Metal salts. Metal nitrates of analyti~l-reagent 
grade were used and solutions were prepared in 

demineralized water, and standardized by EDTA 
titrations. 

The ionic strength was adjusted with a solution 
of Me4NN03 (prepared from Me,NOH and HN& 
and recrystallized from 80% ethanol). 

Carbonate-free Me4NOH. Carbonate-free sol- 
utions of this titrant were prepared directly by 
dilution of the concentrated product (Merck, 10% 
aqueous solution) under purified nitrogen. The sol- 
utions (ca 0.05 M) were standardized by titration 
with 0.010 M hydro~hlo~c acid. The absence of 
carbonate was tested regularly, and the solutions 
were discarded when its concentration reached 
0.5% of the concentration of the hydroxide. 

Potentio~tric titrates 

The experimental set-up has been described pre- 
viously ;’ a Crison Digilab 517 measuring instru- 
ment was used together with an Ingold U 1330 glass 
electrode and a U 1335 saturated calomel reference. 
The temperature was controlled at 25.0 10.1 “C by 
circulating water through the jacketed titration cell. 
The ionic strength was kept to 0.10 M by use of 
tetramethylammonium nitrate as background salt ; 
the ionic product of water in these media was taken 
as 1.68 x lo-14. 

The glass electrode was calibrated in terms of 
yW+] by titrating solutions of hydrochloric acid and 
potassium hydroxide of known concentrations, and 
correlating the m.V readings with calculated values 
of /II+]. The [H+]-dependent junction potentials 
were found to be negligible (from Gran plots), 
and the correlation between rn~~~ e.m.f. 
and calculated [H’] was strictly represented by 
E = G’ + Q log w+] for both the acid and alkaline 
zones, with slightly difIerent values of E”‘. In each 
zone the relevant value of E”‘, was used ; in inter- 
mediate pH ranges (4.5-8.5) an average E” value 
was adopted. With this procedure, experimental 
and calcuiated titration curves were completely 
superimposable. The adequacy of the procedure 
was tested with ligands for which accurate stability 
constants of proton and metal complexes are 
known, e.g. NTA and EDTA. 

Other measurements 

NMR spectra were recorded with a IO&MHz 
JEOL JNM 100 PTF spectrometer coupled to a 
JEOL 980 A computer. Deuterium oxide was the 
solvent and the reference compound was the sodium 
salt of DTSS. 

Melting points were determined with a 
Reichert-rewove ins~ent provided with a 
microscope, and are uncorrected. 
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Elemental analyses were done with a Perkin- 
Elmer 240 elemental analyzer. 

Calculation of the stability constants 

The stability constants of the various species 
formed were obtained from the experimental data 
with the aid of the program MINIQUAD’ and a 
Data General Eclipse S/140 computer. 

Suitable approximate values for the constants 
were obtained by use of a simpler program, and 
the values were improved by comparison of the 
experimental titration curves of the complexones in 
the presence of the various metal ions with cal- 
culated titration curves for values of stability 
constants close to the estimated values, until a 
satisfactory superimposition of the curves was 
achieved. This was done on a 2200 Wang computer 
coupled to a 2212 plotter. The values for the 
best superimposition were then refined by the 

MINIQUAD program. In the present work, the 
values selected were those for which the calculated 
relative standard deviation was less than lo%, the 
“fitting index” was less than 0.003 and the accept- 
able value of x2 at the 95% confidence level for 
6 d.f. was less than the value (12.6) obtained follow- 
ing the procedure of other authors.8,9 The results 
obtained correspond to a minimum of two expcr- 
iments for which the ratio C&Z, was generally 
about 1 or 2, except for alkaline-metal ions for 
which the ratio was 10 or 100. 

RESULTS AND DISCUSSION 

Titration curves for the ligand studied, alone and 
in the presence of several metal ions, are shown in 
Fig. 2. 

As it can be seen, the ligand is dibasic with pk 
values of the order of g-9, corresponding to the 
ionization from protonated nitrogens. In its di- 

0 I 1 I I 

0 1 2 3 4 
-a- 

Fig. 2. Titration curves for cTOPDA alone and in the presence of metal ions in 1: 1 ratio. 
T = 25,O+O.l”C, p = 0.1 M (Me,NNO,). (1) cTOPDA alone (lo-’ M) and with: (2) Na+ or Li+, 
(3) Ba*+, (4) MgZ+, (5) S?, (6) Ca’+, (7) Mn*+, (8) Ni*+, (9) Pb’+, (10) Cd*+, (11) Co*+, (12) Zn*+, 

and (13) Cu’+. 
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hydrochloride form, the acetate groups are also 
protonated and ionize in aqueous solution at low 
pH ; the corresponding pk values are of the order 
of 2 or lower. 

The values of the ionization constants, refined by 
MINIQUAD, are presented in Table 1, together 
with those determined by Tazaki et ~1.~ at 25°C and 
/J = 0.1 M (KN03). Our values were determined at 
the same temperature and p = 0.10 M (Me.,NNO,) 
both sets of results are presented to allow com- 
parisons. In Table 1 we also include the values 
of the ionization constants of cTOODA,~ and 
of the protonated diaza crown ethers from which 
cTOODA and cTOPDA were derived, i.e. Kryp- 
tofix@ 22 and Kryptofix@ 21 .I0 

The discrepancy between our values and those of 
Tazaki et ~1.~ for cTOPDA can be explained easily : 
the former authors did not taken into account 
the possibility of formation of K+ complexes 
with this ligand and since this does indeed occur 
(log&_ = 1.69), their pk values are necessarily 
lower. Compared with the corresponding ionization 
constants of cTOODA it is seen that cTOPDA is 
more basic, as expected, since it has less electro- 
negative oxygen atoms in the ring. The pk values 
for the ionization of these ligands are consistent 
with those of the corresponding diaza crown ethers 
from which the ligands were derived. 

Concerning the formation of metal complexes, 
two observations immediately arise from Fig. 1. 
First, the stability of the complexes of the alkaline- 
earth metals decreases normally with the increase 
in the ionic radius of the metal ; second, that of the 
complexes of the transition metals does not follow 
the “natural” Irving-Williams’ order since the 
cobalt complex is more stable than that of nickel. 
The zinc complex is also more stable than that of 
cadmium, but there is no invariant pattern for this 
pair of metals. 

The stability constants of all these complexes 
were calculated as described in Experimental and 

are summarized in Table 2, together with the cor- 
responding values for cTOODA, as well as those 
for EGTA [ethylene bis(oxyethylenenitrilo)tetra- 
acetic acid] and EEDTA [oxy bis(ethylenenitrilo)- 
tetraacetic acid)],” whose linear chains between 
the substituted nitrogen atoms are similar to the 
two halves of the structure of cTOPDA. The 
values of the stability constants of some com- 
plexes of cTOPDA obtained by Tazaki et aL6 are 
also included for comparison, although they are 
generally incorrect, since they were determined 
in a complexing medium (KNO,) ; furthermore, in 
the case of the transition metals, only rough 
approximations were given, due to the slowness of 
the reactions. In our determinations enough time 
was given in every case to allow equilibrium to be 
reached ; in the case of iron, manganese, cobalt and 
nickel this took several hours for each titration, 
and even in the cases of copper and zinc stable 
readings were only done several minutes after each 
addition of titrant. For cadmium and lead, equi- 
librium was quickly established. Good results were 
obtained in every case except for iron, probably due 
to slight oxidation of the metal, even if titrations 
were carried out under nitrogen. 

The correctness of the determinations was 
checked by carrying out duplicated batch titrations 
in which several test-tubes containing 1: 1 and 2 : 1 
mixtures of metal and ligand plus variable amounts 
of titrant Me,NOH were left for several days in a 
thermostat, and pH readings were made at regular 
l-day intervals. The results obtained in these deter- 
minations were very close or identical to those 
obtained by the normal titrations, but the errors 
were naturally larger (although less than 0.1 log 
units). 

The excellent results obtained with the demand- 
ing MINIQUAD program are also a good indi- 
cation of the care with which the measurements 
were made. Two titrations at different metal : ligand 
ratios (1: 1 and 2 : 1) were used in each run of the 

Table 1. Ionization constants (pk) of some cyclic complexones and the corresponding amines 

cTOPDA * 2HC1 cTOODA - 2HCl KryptoW@ 21.2HCl KryptoIix@ 22.2HCl 

pki < 1,” < 2b - - - 

pk2 1.75 f0.04,” 2.3’ 2.90f0.10 - - 

pk3 8.544&0.009,” 8.35” 7.8OkO.02” 8.12_+0.03d 8.15+0.04d 

pk, 9.067 f 0.005,” 8.63b 8.45kO.02 9.26 + 0.03d 9.30*o.04d 

“Present work: T = 25.O+O.l”C, p = 0.10 M (MeJWOJ. 
bTazaki et al. :6 T = 25.O”C, p = 0.1 M (KNO,). 
c Chang and Rowland :4 T = 25.O”C, p = 0.1 M (Me,NNO,). 
dLuboch et al. :I0 T = 25.O”C, ,u = 0.1 M (Et.,NClOJ. 
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Table 2. Stability constants (log B) of metal complexes of cTOPDA, cTOODA, EGTA and EEDTA 

cTOPDA 

33 

Metal ion Species LI b cTOODA’ EGTAd EEDTAd 

Li+ 
Na+ 
K+ 

MgZ+ 
Ca’+ 

srZ+ 

Ba2+ 
Mn2+ 
Fe’+ 
co2+ 

Ni2+ 

CU2+ 

Zn2+ 

Cd’+ 

Pb2+ 

ML 2.139+0.007 
ML 2.72f0.01 
ML 1.69f0.03 
ML 7.534*0.004 
ML 8.680 * 0.003 

M2L 9.9kO.2 
ML 8.023 f 0.004 

M2L 9.99 f 0.08 
ML 7.412+0.003 
ML 12.111+0.006 
ML (13.0) 
ML 13.72kO.01 

M2L 16.37kO.05 
ML 12.374kO.008 

M2L 14.3kO.l 
ML 17.79kO.02 

M2L 22.79 f 0.01 
ML 14.442 + 0.007 

M2L 17.35f0.02 
ML 13.432+0.005 

M2L 15.62+0.05 
ML 13.255+0.005 

M2L 15.69kO.03 

- 

2.85 

(6;) 
8.06 

7.20 

6.74 

(12) 

- 

>14 

(12) 

- 

1.95b 
3.9f0.3 

<2b 
8.39f0.06 

8.29 +0.07 

7.63 + 0.02 
- 

7.OOb 

7.39 +0.03 

14.49 f 0.03 

8.42 f 0.09 

11.07+0.03 

13.55f0.06 

5.28 8.36 
10.86 9.96 

8.43 9.24 

8.30 8.07 
12.18 13.7 
11.8 14.2 
12.35 (15.2) 

13.50 (15.0) 

17.57 18.1 

12.6 15.2 

16.1 16.2 

14.71 15.03 

“Present work: T = 25.0+0.1”C, p = 0.10 M (Me4NN03). 
bTazaki et al. :6 T = 25.O”C, p = 0.1 (KNOJ. 
“Chang and Rowland:’ T = 25.O”C, p = 0.1 M (Me4NN03). 
dRef. 11. 

program and different sets of titrations give results complexes have a residual affinity to bind a second 
coincident to f 0.05 log units. The values presented atom of the metal, this afhnity is relatively weak, 
in Table 2 correspond to the best outputs of the except in the case of copper, for which the difference 
MINIQUAD program for one set of titrations of log BMSL -log fiMvlL is 5 log units ; for the other metal 
each metal-ligand system. ions it hardly exceeds 2 log units. 

For the other ligands we have used the values 
available in the literature, and in the cases when 
more than one set of values are available we have 
adopted those considered as more reliable (EGTA 
and EEDTA),” or which we considered sufhciently 
consistent (KryptoSx* 21 and 22).” 

For the ligand that we have studied we obtained 
stability constants for the ML and M2L complexes, 
and in the cases of Li+ and Na+ also for the MHL 
complexes which are very weak : log KMHL = 1.15 
and 0.85, respectively.* 

The values quoted for the M2L complexes are 
overall constants, i.e. log BMr_, ; the comparison with 
the values of log KML show that, although the 1: 1 

The comparison of our results with those 
obtained by Chang and Rowland for cTOODA 
affords interesting results which may also be 
appreciated in Fig. 3. Hence, whereas the stability 
constants of the alkaline-earth and Pb2+ complexes 
of cTOODA are approximately equal to those of 
the corresponding complexes of cTOPDA, but 
remarkably higher in the case of K+, the complexes 
of the first-series transition metals, zinc and cad- 
mium with the first ligand are much less stable than 
those of the last one, and their stability constants 
are surprisingly low even in absolute terms, 
compared with the values for the corresponding 
complexes of EGTA and EEDTA (Table 2). 

This behaviour finds some justification in the 
degree of fitting of the metal ions to each of the 
ligands ; note that cTOPDA is asymmetric relative 
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Fig. 3. Correlation of the stability constants (log&) of the metal complexes of cTOPDA and 
cTOODA. A slope 1 straight line would correspond to equal stabilities for the complexes of the two 

ligands. 

to the coordinating nitrogens, hence the metal may 
be shifted to either side or interact with all atoms, 
depending on its radius. On this basis we predict 
that cDODDA will complex the smaller ions even 
more strongly, and enhance selectivity based on 
size fitting. Tbis effect becomes clearer when one 
compares the stability constants of the complexes 
of cTOPDA on one side and those of the cor- 
responding complexes of EGTA and EEDTA on 
the other (Fig. 4). 

Figure 3 shows that cTOPDA favours the com- 
plexation of Cu*+, Zn*+, Co*+, Fe*+, Mn*+ and 

MgZ+ relative to EGTA, but when EEDTA is 
considered instead of EGTA a much better cor- 
relation is obtained ; the variations in the values of 
the stability constants on going from EGTA to 
EEDTA are not substantial for the larger alkaline- 
earth ions copper and cadmium, but quite con- 
siderable for the other transition-metal ions, zinc 
and magnesium. In both cases, Cd*’ is favoured by 
the non-cyclic ligands. 

The behaviour of copper must be considered sep- 
arately ; the structure of its complex with cTOODA 
has been determined in the solid state by X-ray 
diffraction’* and it was found that the metal is tetra- 
gonally coordinated with the two nitrogens and the 
two carboxylate groups in the equatorial plane with 
two of the ether oxygens of the ligands on opposite 
sides of the molecule, interacting weakly at longer 
distances in the axial position. The stability con- 
stant of the complex is even smaller than that of the 
closely similar copper complex of DACODA (1,5- 
diazacyclooctaneN,N’-diacetic acid),13 a ligand 
that, despite its more basic nitrogen atoms, has no 
ether oxygen atoms in the ring and, consequently, 
no other binding interactions besides those of the 
aminoacetate groups in the equatorial plane. The 
case of cTOPDA is probably similar, but the axial 
interaction with the oxygen of the diethyl ether 
chain seems to be more effective, giving a higher 
constant than that of Cu(II)cTOODA ; this being 
the case no particular meaning should be attributed 
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Fig. 4. Correlation of the stability constants (log&& of the complexes of cTOPDA and EEDTA 
(@), showing the shifts when EGTA (0) is considered instead of the latter ligand. 

to the location of copper in Fig. 2 ; it is the type of 
coordination favoured and not only the size of the 
ion that is the critical factor in this case. 

The conclusions that we derive from these results 
are that the smaller transition-metal ions tend to 
hind preferentially to the diaminodiethyl ether NJ’- 
diacetate moiety of cTOPDA, similar to EEDTA, 
whereas the larger alkaline-earth ions, cadmium 
and lead seem to prefer the other moiety, similar to 
EGTA. 

The larger ligand, cTOODA, naturally prefers 
the larger ions, and the most favoured is the largest, 
i.e. K+. Accordingly, complexes of the smaller 
metals are destabilized. 

These differences of behaviour between cTOPDA 
and cTOODA must be reflected in the thermo- 
dynamic functions for the complexation reac- 
tions of each ligand. We expect more favourable 
enthalpies and entropies of formation of the first- 
series transition metal, zinc and cadmium com- 
plexes of the first ligand (compare thermodynamic 
data for EEDTA and EGTA complexes), but this 
idea cannot be confhmed until the relevant data are 
available (work in progress). 

Our final remarks concern the inversion in the 
normal order of stability of the cobalt and nickel 

complexes of cTOPDA which is unusual but not 
specific of this ligand. The effect was already 
observed in the corresponding amines, i.e. 1,4,10- 
trioxa4,13diazacyclopentadecane or Kryptofix@ 
21 (denoted by [21]), but not in 1,7-dioxa-4,10- 
diazacyclododecane (denoted by [ 1 l]), neither 
in 1,4,10,13-tetraoxa-7,16diazacyclooctadecane nor 
Kryptotix@ 22 (denoted by [22]) (see Table 3). 

It therefore seems that the inversion is not directly 
related to the dimensions of the internal cavity of 
the ligand-not only cobalt and nickel have similar 
radii but the inversion is found for a ligand of 
intermediate cavity size-so we must look into 
other reasons that may cause this breaking of the 
normal trend.14 

Since nickel has a more definite preference for 
octahedral coordination symmetry than cobalt, it is 
possible that the inversion is due to a stereochemical 
constraint of the 15-membered macrocyclic ring, 
which is asymmetric relative to the two donor-nitro- 
gen atoms, to adopt that favoured configuration. 
Indeed, the decrease in stability of the complexes of 
cobalt, nickel and zinc with the increase in the size 
of the cavity of the ligand from [l l] to [21] follows 
the order Ni > Co, Zn, which is what one would 
expect from crystal field stabilization energy con- 
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Table 3. Stability constants of transition-metal complexes of oligo-oxa-oligoaza cyclic 
amines” 

Radius of cavity 
of ligand 

Amine co2+ Ni*+ cu2+ Zn2+ (A) 

1111 5.76kO.l 5.91 f0.4 8.161frO.11 6.22kO.07 0.8 
WI 5.22 + 0.08 4.05f0.16 8.15f0.16 5.34kO.08 1.0 
[221 3.25 f0.2 3.43 f 0.32 7.59kO.18 4.31 kO.18 1.40 

a According to Luboch et al. :” T = 25.O”C, /J = 0.1 M (Et.,NClO,). 

siderations if a tetrahedral coordination geometry 
was favoured.i4~i5 Curiously, with the ligand 1 -oxa- 
7, IO-dithia4,13-d&a cyclopentadecane, the nor- 
mal order of stability Ni > Co is reestablished,16 
which may be due to the combined effects of the 
higher polarizability of the sulphur atoms and their 
larger size, compensating for the less adequate 
geometry of coordination. Nickel and copper will 
be preferentially favoured in this case and it was 
found that logKNiL = 7.98 and logKcUL = 11.55, 
whereas log KcoL = 5.42 and log KZnL = 5.09.16 

When one now considers the N,N’-diacetate 
derivatives of Kryptofixa 21 and 22, it is found that 
the order of stability observed in their respective 
complexes is maintained, although the stability con- 
stants (log KML) increase by up to 8-9 log units (a 
rather remarkable effect, compared to the cases 
of ethylenediamine and ethylenediamine-N,N’-di- 
acetic acid, when the increase is only 5-6 log units ; 
the enhancement certainly is of entropic origin). 

This seems to imply that the original coor- 
dination symmetry in the complexes of the amines 
is maintained to a large extent, even if the two 
carboxylate groups are certainly coordinated (or 
else the stability constants would not increase by 
such large values). Since the affinity of carboxylate 
groups for the transition-metal ions (and zinc) does 
not vary much (note that log KML values for the 
acetate complexes of these metal ions are all similar, 
close to log KML - 1.5) one would expect, if our 
hypothesis is valid, just the “normal” effect of 
increased stability essentially derived from much 
more favourable entropy changes. Indeed, water 
and the carboxylate group have similar ligand 
fields-they are neighbours in the spectrochemical 
series-hence substitution of coordinated water 
molecules by carboxylate groups is insulhcient to 
reverse the observed order of the stability 
Co’+ > Ni’+ found for the complexes of Kryp- 
tofix@ 21. 

* Me,tren = N[CH,CH,N(CH,),],. 

It is perhaps worth remembering that the Irving- 
Williams’ stability series is a reflexion of the fact 
that, in octahedral complexes, nitrogen and sulphur 
favour Fe*+, Ni*+ and Cu*+ over the other first- 
series transition metals and zinc, essentially due to 
larger CFSE, to which one has to add the effect 
of tetragonal Jahn-Teller distortion in the case of 
Cu*+. Carboxylate, sulphate or phosphate donors 
alone are much less effective and differences in stab- 
ility are smaller since the ligand field strengths of 
the corresponding ligands are not much different 
from that of water. 

When, however, the symmetry of the complexes 
changes from the octahedral aqueous ions to tetra- 
hedral or trigonal bipyramidal, due to constrained 
ligand structures or steric crowding, the situation is 
different since the Fe*+ (d6) and particularly Co*+ 
(d7) will then be more favoured in terms of the 
crystal field stabilization energy, and the “normal” 
increase in stability expected from the increase in 
atomic number may not compensate the loss of 
CFSE for other ions, namely Ni*+, and one may 
therefore obtain inversions in the Irving-Williams’ 
order of stabilities. Other inversions can, of course, 
occur due to different effects, such as a spin-pairing 
in the Fe*+ complexes, and are thoroughly dis- 
cussed in their original paper,14 but they are not 
generally verified with the type of ligands used in 
the present study. 

Current examples of inversions resulting from 
symmetry changes are those of the tetrachloro 
and tetrabromo complexes of the first-series tran- 
sition metals and zinc,‘7*‘8 and of the complexes 
of hexamethylated amino-triethylamine* of type 
[M(Me6tren)X],18 besides that of Kryptofix@ 21 and 
now of cTOPDA, the first complexone type ligand 
to clearly exhibit this behaviour (note, however, 
that in the case of EEDTA the logK,,_ values of 
cobalt and nickel complexes are close, and some 
authors obtained log&,, slightly higher than 
log KNiL). Other examples may be found in the com- 
plexes of some biological ligands with distorted 
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Fig. 5. Relative values of the free-energy and enthalpy changes for the formation of complex 
compounds from aquo ions. (- ) [M(Me,tren)Br]+ : enthalpy changes” on the left-hand ordinate ; 

and (----) [McTOPDA] : free-energy changes on the right-hand ordinate. 

coordination geometries, which are also a device to 
increase selectivity. The obvious examples are those 
of the zinc enzymes with distorted tetrahedral sites 
in which zinc can be replaced by transition-metal 
ions, but cobalt is complexed preferentially to 
nickel. ’ 9 

In the case of the complexes of cTOPDA, 
the object of the present study, the coordination 
geometries are not obvious, and electronic spectra 
do not provide conclusive information because 
they are not very well-defined. The trend in the 
free-energy charges on complex formation is simi- 
lar to that of the enthalpy charges for the com- 
plexes [M(Me,tren)Xl (see Fig. 5), and from this 
one may suggest a trigonal bipyramidal symmetry 
as a possibility for the transition-metal complexes 
of cTOPDA, but this will have to be confirmed by 
other direct experimental evidence and supported 
by X-ray structure determinations in the solid 
state. 

This paper was submitted in November 1985. 
Later, a paper by Chang and Ochaya partially on 
the same subject was published (Irzorg. Chem. 1986, 

25, 355). The agreement between our values and 

those obtained by these authors is excellent, with 
the exception of log KcuL. 
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Abstract-Copper complexes of two heterocyclic thiosemicarbazones were synthesized and 
characterized by magnetic-moment measurement, and ESR and IR spectroscopy. Impli- 
cations of the magnetic and spectral data in relation to the structures of the complexes are 
discussed. 

The applications of thiosemicarbazones in the 
analysis of metals have been well-known for many 
years. Recent reviews have summarized develop- 
ments in analytical aspects’ and structural infor- 
mation on transition-metal complexes of thiosemi- 
carbazones. ‘r3 Dithizone (1 ,%diphenyldithiocar- 
bazone) is one of the most versatile of all analy- 
tical reagents for metals, and our knowledge of its 
chelating properties and those of the thiosemi- 
carbazone moiety in related ligands owes much to the 
pioneering work of Professor Harry Irving and 
co-workers.4 

rather than on the sequestering action of the ligand 
itself.” There is little information on the structures 
of transition-metal complexes of HPATS and 
related ligands in the literature which can be related 
to their biological properties. We have now studied 
in some detail the reaction products between copper 
compounds and HPATS [and of 2-acetylpyridine 
thiosemicarbazone (MePATS)], and now report 
on some of their magnetic and spectroscopic pro- 
perties. Both ligands act as tridentate chelators, via 
N(l), N(2) and S donors (I). 

Biological activity associated with thiosemi- 
carbazones was first reported’ in 1946. Their 
action as antimicrobial and antiviral agents has 
been reviewed recently by Levinson,6 and Perrin 
and StiinzL7 In some cases, it is clear that the highest 
in viuo activity is associated with a metal complex 
rather than the thiosemicarbazone itself.6 Thus, 
although the thiosemicarbazone of pyridine 2-car- 
baldehyde (also known as 2-formylpyridine thio- 
semicarbazone and abbreviated below as HPATS) 
has marked anti-tumour activity,8 its copper 
complex, Cu(PATS)+, is much more potent, as 
determined by single-cell survival of Chinese ham- 
ster ovary cells.’ Again, the anti-tumour activity in 
vivo and the cytotoxicity in vitro of the agent 3- 
ethoxy-2-oxobutyraldehyde bisthiosemicarbazone 
(KTS) is believed to depend on specific and unique 
properties of its copper(I1) chelate, such as its 
basicity and its interaction with other ligands, 
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* BA (Part II) Oxford (1949-1950) and D.Phil. (1950- 
1952), both supervised by Professor Irving, and sub- 
sequently at Brunel University, Uxbridge. Author to 
whom correspondence should be addressed. 

HPATS was prepared and purified by the 
procedure of Hemmerich et al.” M.p. (after 
recrystallization from methanol) = 209°C (lit. = 
210°C). 

c=s 

H,N(4) 

I R= H,HPATS: R = CHs,MeHPATS 

EXPERIMENTAL 
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MePATS was prepared similarly using 2-acetyl- yellowish-green, paramagnetic solid. Analysis : C, 
pyridine. M.p. = 158’C [after recrystallization 31.7; H, 2.6; N, 23.9; S, 21.8%. Cu(PATS)SCN 
from 1 : 1 (v/v) ethanol-water] (lit. = 160°C). requires: C, 31.9; H, 2.3; N, 23.3; S, 21.3%. 

(Pyridine-2-carbaldehyde thiosemicarbazone) 
copper(E) nitrate, Cu(HPATS)~O~~~, was made 
by using the method of Ablov et ~2.” for the anal- 
ogous complex of El-quinoline aldehyde thiosemi- 
carbazone. It was isolated as a blue-green 
crystalline solid and purified by solution in water 
containing a little nitric acid, filtration and then 
the addition of KN03 solution to the filtrate to 
precipitate the complex, Analysis: Cu, 16.9% 
[Cu(HPATS)(NO& requires 17.3%]. 

(Pyridine 2-carbaldehyde thiosemicarbazone) 
copper(I) chloride, Cu(PATS)Cl, was prepared by 
Bhoon’s method using copper(I) chloride freshly 
prepared by the reduction of an aqueous solution 
of copper sulphate with SO, in the presence of dis- 
solved sodium chloride. The complex was isolated 
as a diamagnetic black solid decomposing at ca 
240°C. It was not purified further. Analysis: C, 
28.5; H, 2.4; N, 18.7; Cu, 22.8%. Cu(HPATS)Cl 
requires: C, 30.1; H, 2.9; N, 20.1; Cu, 22.5%. 

(Pyridine 2-carbaldehyde thiosemicarbazone) 
copper(H) dichloride, Cu(HPATS)Cl,, was pre- 
pared by the addition of a hot ethanolic solution of 
copper chloride (0.0166 mol dmW3) to an equi- 
molar amount of HPATS in solution in n-butyl 
acetate under reflux. An olive-green precipitate 
formed immediately, which was filtered off after 
cooling the mixture, and then washed successively 
with small portions of ethanol and diethylether. 
I&p. = 220°C. Analysis: C, 26.9; H, 2.8; N, 17.7; 
Cl, 22.8 ; Cu, 19.1%. Cu(HPATS)C&, requires : C, 
26.7; H, 2.5; N, 17.8; Cl, 22.5; Cu, 20.2%. 

(ZAcetylpyridine t~ose~c~b~onato) copper- 
(II) acetate, Cu(MePATS)OCOCH,, and (2- 
acetylpyridine thiosemicarbazone) copper@) 
dichloride, Cu(MePATS)~l~, were prepared in a 
similar manner to the HPATS complexes in small 
quantity for ESR measurements. 

(Pyridine 2-carbaldehyde thiosemicarb~onato) 
copper(I1) acetate, Cu(PATS)OCOCH3, was pre- 
pared by the methods of Hemmerich et al.” and 
Antholine et a1.13 The first procedure gave the purer 
product, a dark-green solid with black reflex. M.p. 
ca 228°C (decomp.). It was recrystallized from 
DMF.Analysis:C,35.8;H,3.4;N,l9.2;S,lO.6%. 
CufPATS)OCOCH, requires : C, 35.8 ; H, 3.3 ; N, 
18.6; S, 10.6%. 

ESR spectra of powdered samples and solutions 
in DMSO at room temperature, and of frozen 
solutions in DMSO at 77 K, were measured 
using a Varian E3 ESR spectrometer with DPPH 
as the reference material. Magnetic-susceptibility 
measurements were performed by the Gouy method 
at room tem~rature. IR spectra were recorded as 
KBr discs using a Unicam SP2000 IR spec- 
trophotometer. C, H, N, Cl and S analyses were 
performed by Butterworth Laboratories Ltd, Ted- 
dington, Middx. Cu analyses were carried out 
on aqueous solutions, prepared by dissolving the 
complexes in dilute nitric acid, using a Perkin- 
Elmer 2380 atomic absorption spectrometer. 

(Pyridine 2-carbaldehyde thiosemicarbazonato) 
copper(I1) chloride, Cu(PATS)Cl, was prepared 
according to Bhoon14 by refluxing equimolar solu- 
tions in DMF of copper(H) chloride and HPATS. 
Over a period of 1 h under reflux, a green precipitate 
formed initially, but slowly dissolved to give a deep- 
green solution. Excess solvent was distilled off 
under reduced pressure and water added to the 
concentrate to precipitate the complex as a dark- 
brown solid. It was filtered, washed well with water 
and acetone, and finally dried in uacw over P,O,. 
Although appr~iably soluble in DMF and DMSO, 
it did not prove possible to recover the complex 
without some decomposition. M.p. = 220-222°C 
(decomp.). Analysis : C, 30.8 ; H, 2.5 ; N, 20.0 ; Cl, 
12.8 ; Cu, 20.9%. Cu(PATS)Cl requires : C, 30.22 ; 
H, 2.52; N, 20.18; Cl, 12.54; Cu, 20.20%. 

RESULTS AND DISCUSSION 

(Pyridine Z~arbaldehyde thiose~carb~onato~ 
copper thiocyanate, Cu(PATS)SCN, was pre- 
cipitated by the addition of an equimolar amount 
of NH$CN in aqueous solution to 
Cu(HPATS)(NO& in water. It was isolated as a 

The stoichiometry of the complexes prepared 
appears to indicate that copper is coordinated 
by the neutral ligand in ~~HPATS~~NO~)~, 
Cu(HPATS)C& and Cu(I)(HPATS)Cl, and by the 
singly-charged anion formed by loss of a proton 
from the thiol form of the ligand in Cu(PATS) 
OCOCH3, CufPATS)Cl and ~u(PATS~(SCN). 
However, the complex CU(PATS)~ is known to be 
very stable (log li; = 16.90), and shows’S no tend- 
ency to dissociate at pH values as low as 1.4. Some 
changes in the electronic spectrum of CuL+ in aque- 
ous solution from pH 4 to 215,16 are associated with 
protonation of the ligand and indicate that 
CU(HPATS)~+ is a reasonably strong acid. Com- 
plexes contai~ng the neutral ligand therefore only 
result from reactions in weakly acidic aqueous 
media or non-aqueous solvents of low polarity. 

Ma~eti~ and ESR parameters are given in Table 
1. The magneton numbers of Cu(PATS)OCOCH3, 
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Table 1. Magneton number (X) for Cu complexes (293 K) and 
ESR data (on solutions in DMSO at 77 K) 

Compound x 293 K 9r 

Cu(HPATS)C& 1.51 2.18 
Cu(PATS)OCOCH3 1.83 2.18 
Cu(PATS)CI 1.89 2.17 
Cu(PATS)SCN 2.18 
Cu(MeHPATS)C12 2.18 
Cu(MePATS)OCOCH, 1.89 2.16 

gL estimated as N 2.03 

ACU A?” a 

cd, 6% 

155 72 
175 75 
163 75 
165 
155 75 
180 

LI Estimated from solution spectra at room temperature. 

Cu(PATS)Cl and Cu(MePATS)OCOCH3 all lie 
close to the spin-only value (1.73) for a d9-ion, and 
are consistent with planar or nearly-planar coor- 
dination around copper. The ligand is known2 to 
coordinate Ni(I1) with two sets of coplanar NNS 
donor atoms to form two chelate rings in 
Ni(PATS)2, so it is likely that Cu(I1) shows four- 
coordination in these complexes with the last posi- 
tion occupied by an 0 or Cl donor. There is no 
magnetic evidence here for any Cu<u interaction. 

The magneton number of 1.51 recorded for 
Cu(HPATS)Cl, is significantly below the spin-only 
value, perhaps because of metal-metal interaction. 
The organic ligand should be a tridentate chelator, 
so it is probable that the Cu(I1) ion is in some 
kind of distorted five-coordinate geometry in this 
complex. 

4 
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The ESR spectra (Figs 1 and 2) show similar 
features to those reported by Antholine et ~1.‘~ for 
solutions containing Cu(PATS)+ ions in 0.1 M KC1 
and 30% DMSO at 77 K. These workers reported 
gll = 2.204 and A? = 186 G for this species. For a 
related complex, CuKTS, doped in Ni, ESR par- 
ameters are :17 gll = 2.13, g1 = 2.035, and A? = 
184 G at 77 K ; the value of A:: was estimated to 
be 87 G. Our values for gl, lie in the range 2.16 
2.18, i.e. smaller than reported for Cu(PATS)+. In 
the case of the four-coordinate complexes, A: 
values lie between 163 and 180 G, and the differ- 
ences probably reflect the different nature of the 
ligand atom in the fourth coordination position in 
DMSO solutions. With Cu(PATS)OCOCH3 and 
Cu(MePATS)OCOCH,, A? values are close to 
those reported by Antholine et al.” for KCl-DMSO 
solutions of the complex Cu(PATS)OCOCH+ The 
replacement of acetate by the chloride or thio- 
cyanate ligands produces lower values of At 
because of the greater electronegativity of these 
ligands. In DMSO solution, it is very likely that 
solvent molecules coordinate the metal above and 
below the plane to give a tetragonally-distorted six- 

Fig. 1. X-band ESR spectrum of Cu(MePATS)C12 dis- Fig. 2. X-band ESR spectrum of Cu(MePATS)Cl, dis- 
solved in DMSO (2’ = 293 K). Bar represents 100 G. solved in DMSO (T = 77 K). Bar represents 100 G. 
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coordination. It is noteworthy that, for Cu(HPATS) 
Cl* and Cu(MeHPATS)Cl,, AS” is lower still (155 
G). This may be due to the different coordination 
number, but Hathaway’ * has cautioned against the 
use of ESR spectral data to try to develop a firm 
criterion of the stereochemistry of Cu(I1) complexes 
because of the variety of regular and distorted 
geometries the metal can show on coordination. 
In general, our spectra do not show the hyperflne 
splitting from the two nitrogen donors. In 
Cu(MeHPATS)Cl,, the spectrum shows clear evi- 
dence for at least a seven-line hyperfine splitting 
pattern in accordance with the presence of two non- 
equivalent nitrogens bonded to Cu. If they were 
equivalent, only a five-line hyperfine structure 
would be expected. 

IR spectral data are summarized in Table 2. In 
HPATS itself vibrational stretches of the -NH and 
-NH2 groups give rise to a multiple absorption 
band between 3 160 and 3440 cm- ‘. For most com- 
plexes studied, these move to lower frequencies as 
a result of coordination. The ligand shows strong 
multiple absorption centred at 1530 cm-‘, probably 
a major contributor being a combination of a CN 
stretch coupled with an N-H deformation mode. 
This disappears in most complexes, evidence of the 
loss of the N-H proton upon complexation. The 
band noted at 1535 cm-’ in Cu(PATS)Cl does not 
have the multiple structure that characterizes the 
ligand spectrum in this frequency region and its 
appearance does not necessarily conflict with the 
belief that the proton must have been lost on com- 
plex formation. 

Following Campbell and Greszkowiak,” we have 
identified ligand bands at 1470 and 1300 cm-’ with 
a combination of CS and CN stretching and NH2 
deformation modes. The 1470-cm-’ band moves to 
slightly higher frequencies in the complexes. 

Thiosemicarbazones typically show a strong 
absorption around 825 cm-‘. With the exception of 
Cu(NO&(HPATS), other complexes show vir- 
tually no band in this region. Other authors have 
noted the shift of this band to lower frequencies 
by about 100 cm-’ in the ligand complexes, and 
accordingly have assigned it to a CS stretching 
mode. This would certainly be strongly affected by 
S-bonding to a metal atom. If this assignment is 
correct, then CuS bonding is present in all the 
complexes reported except Cu(HPATS)(NO,),. 
The nitrate does have atypical properties, being 
freely water-soluble, and thus possesses salt-like 
characteristics. At most, it would appear that the 
ligand is bound only by N(1) and N(3). Possibly, 
even N(1) is not involved, for it is this heterocyclic 
N that is protonated in acid solution,” i.e. the sort 
of solvent medium from which this complex is pre- 

cipitated. Absorption bands arising from pyridine 
ring vibrations are not tabulated. Those found at 
1590 and 1570 cm-’ in the ligand HPATS (usually 
identified as py1 and pyI1 bands) uniformly move 
to higher frequencies in all complexes. On this evi- 
dence, it appears that the heterocyclic N is bonded 
to the copper in every case. The IR spectrum of 
Cu(I)(HPATS)Cl shows very little difference from 
those of Cu(PATS)Cl and Cu(PATS)SCN with 
regard to the absorption bands of the organic 
ligand, indicating that a change in the oxidation 
state of the metal has little effect on the bonding 
within the chelate rings. A possible mechanism’ for 
the anti-tumour activity of Cu(PATS)+ is reduction 
to Cu(1) complex by thiols, followed by release of 
HPATS, and then the binding of this to inhibit ribo- 
nucleoside diphosphate reductase action. Alter- 
natively, the complex itself may function by binding 
donor groups in vivo in the fourth coordination 
position round copper. Further study of copper(I) 
HPATS complexes with other ligands would be 
helpful in the elucidation of the mechanism of bio- 
logical action. 

5. 

6. 
7. 

8. 

9. 

10. 

11. 

12. 
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Abstract-The synthesis of the series of peptides identified in the neuropeptide Nereidine, 
(Pro-Pro-Gly), where n = 1, 2 or 3, is reported together with a potentiometric and spec- 
troscopic study of their complexes with Cu(II) at 25°C and Z = 0.10 mol drnm3 (KNO,). 
All three peptides behave similarly, forming [CuL] species at low pH followed by [CuLJ 
and, at higher pH, [CuH_,L]. This complex involves co-ordination through the amide 
nitrogen of the first glycine residue forming an eight-membered chelate ring. Increase in the 
length of the peptide chain (i.e. increasing n from 1 to 2 or 3) does not affect the complexed 
species formed. The results of a potentiometric study of the Cu(I1) complexes of the series 
of tetrapeptides Pro-Ala-Ala-Ala, Ala-Pro-Ala-Ala, Ala-Ala-Pro-Ala and Ala-Ala-Ala-Pro 
are also reported. The behave similarly to complexes of the analogous ligands based on 
glycine, showing an even clearer “break-point” effect in Cu(I1) co-ordination. 

Cu(II) forms very stable complexes with simple oli- 
gopeptides such as tetraglycine. Below pH 5 it co- 
ordinates through the terminal amino group and 
neighbouring carbonyl oxygen to give a [CuL] com- 
plex with one nitrogen co-ordinated (charges omit- 
ted for clarity). Above this pH it is able to depro- 
tonate the amide nitrogens of peptide linkages 
successively to form N----Cu bonds, and give the 
planar species [CuH_,L] (an NN complex) up to 
[CUH_~L] (an NNNN complex).’ The peptide is 
now locked into a tightly bent conformation. 

* Authors to whom correspondence should be addressed. 
t L. D. Pettit was a student at Keble College, Oxford, 

1954-1960, where Professor Irving was his tutor in inor- 
ganic chemistry, and supervisor for his Part II and D.Phil. 
Since 1961 he has been at Leeds University, where he is 
now a Reader and where Professor Irving was his Head 
of Department from 1961 to 1971. 

Inclusion of a proline (Pro) residue into the peptide 
sequence prevents this mode of co-ordination since 
Pro does not possess an ionizable amide proton ; 
hence it acts as a “break-point” to the co-ordination 
of Cu(I1). This encourages the formation of large 
chelate rings of up to 17 atoms with the peptides 
locked in a bent or folded conformation.2*3 In pro- 
teins /?-turns (regions where the peptide chain folds 
back on itself) give the globular structure necessary 
for biological activity, and it has been shown that 
Pro is the amino acid residue most frequently 
responsible for these fl-turns.4 Recent 13C NMR 
studies of tetrapeptides containing three alanine 
(Ala) residues with one Pro have confirmed the 
importance of Pro in the second position of the 
sequence in the formation of bent or folded con- 
formations.’ Potentiometric and spectroscopic 
studies of Cu(I1) complexes of the corresponding 

45 
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tetrapeptides containing glycine (Gly) in place of between Cu(I1) and the tetrapeptides with Pro in 
Ala have shown quantitatively how the Cu(I1) ion positions 1, 3 and 4 (but not in position 2) have 
can lock the peptide in this folded conformation.2V3 previously been studied spectroscopically.” 
Peptides which can act as neurotransmitters fre- 
quently contain one or more Pro residues,6 and it EXPERIMENTAL 
has been suggested that Cu(I1) ions could activate 
these molecules by locking them in biologically 
active conformations.7 

Organic sYntheses 

To pursue these suggestions we have extended The peptides based on Pro-Pro-Gly were syn- 
the study of tetrapeptides containing Pro with three thesized by standard liquid-phase methods using 
Gly residues to cover peptides containing paired Bu’-OCO-L-Pro (t-Boc-Pro), L-Pro-CH,-Ph * HCl 
Pro residues. The series of peptides of general for- (Pro-Bzl - HCl) and Gly-CH2-Ph * HCl (Gly- 
mula (Pro-Pro-Gly), where n = 1,2 or 3, has been Bzl * HCl) as starting materials. The syntheses are 

outlined below : 

Pro Pro Gly 

t-Boc OH HCl*NH Bzl 

t-Boc BZl 

t-Boc OH HCI.NH2 Bzl 

t-Boc BZl 

t-Boc OH 

HCI.NH OH 

synthesized and their Cu(II) complexes studied po- 
tentiometrically and spectroscopically. A number 
of biologically active peptides contain the subunit 
-Pro-Pro-Gly, e.g. bradykinin, a smooth muscle 
stimulant, starts with the sequence Arg-Pro-Pro- 
Gly- . * -, and the head activator neuropeptide of 
hydra starts with p-Glu-Pro-Pro-Gly- - .-.* One of 
the simplest sequences containing this subunit is 
found in the neuropeptide Nereidine which has been 
isolated from the cerebral ganglion of the poly- 
chaete annelid (marine worm) Nerezkg This peptide 
shows specific physiological activity in the inhi- 
bition of sexual differentiation, and in the somatic 
changes associated with the epitoky of the worm, 
and tests are available to examine the activity of 
model peptide fragments in vitro for hormonal 
activity. lo The study of the pep tide Nereidine gave 
a fraction which showed a high hormonal activity, 
and which contained the hexapeptide Pro-Pro-Gly- 
Pro-Pro-Gly, and the sequence -Gly-Pro-Pro-Gly- 
appeared to be the active portion. l1 Hence, the pep- 
tides selected should be good model compounds. 

In addition we have studied the analogues of the 
tetrapeptides based on Pro-Gly-Gly-Gly but which 
contain Ala residues instead of the Gly residues.’ 
These were chosen because the tetrapeptides are 
based on optically active amino acids (i.e. L-Ala) 
rather than the inactive Gly, and so should show a 
more organized conformation. In addition they 
have been studied by 13C NMR.’ Complexes formed 

C-protected derivatives (in chloroform solution) 
were neutralized with triethylamine before coup- 
ling. Coupling reagents were dicyclohexylcarbo- 
diimide (Merck) and 1 -hydroxybenzotriazole 
(Aldrich). Benzyl groups were removed by hydro- 
genolysis using 10% Pd on charcoal as catalyst 
and t-Boc was cleaved using HCl (4 mol dme3) 
in dioxan. The tripeptide was purified by gel 
filtration (Sephadex G 15, eluant, water) and 
lyophylized. Percentages of amino acid residues 
(Pro: Gly = 2: 1) were confirmed by amino acid 
analysis. 

Oligomers of this tripeptide, (Pro-Pro-Gly), and 
(Pro-Pro-Gly),, were obtained by the same pro- 
cedure. 

The tetrapeptides Pro-Ala-Ala-Ala, Ala-Pro- 
Ala-Ala, Ala-Ala-Pro-Ala and Ala-Ala-Ala-Pro 
were prepared as described previously.’ 

Potentiometric studies 

Stability constants for H+ and Cu*+ complexes 
were calculated from titration curves carried out at 
25°C using total volumes of 1.52 cm3. Alkali was 
added from a 0. l- or a 0.25-cm3 micrometer syringe 
which had been calibrated by both weight titration 
and the titration of standardized materials. Changes 
in pH were followed using a glass electrode cali- 
brated in H+ concentrations with HC104.13 All sol- 
utions were of ionic strength 0.10 mol dme3 (KN03) 
and peptide concentrations of 0.003 mol dmp3. Cal- 
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culations were made with the aid of the SUPER- 
QUAD computer program.14 This allows for the 
refinement of total ligand concentrations, and was 
able to confirm the agreement between calculated 
values and those found from Gran plots.” A further 
advantage of this technique is that the con- 
centration of free acetate, a frequent impurity in 
peptide samples, could be measured and allowance 
made for this in the calculations.3 The only peptide 
containing a significant concentration of acetate 
ions was Pro-Pro-Gly. The validity of the technique 
is confhmed by the observation that the stability 
constants calculated for this ligand are entirely com- 
patible with those found for the comparable 
ligands. In all cases duplicate or triplicate titrations 
were carried out at Cu : L ratios of 1: 1 and 1: 2. 
The standard deviations quoted were computed by 
SUPERQUAD and refer to random errors only. 
They give, however, a good indication of the 
importance of the particular species in the equi- 
librium. 

Spectroscopic studies 

Solutions were of the same concentrations as 
those used in the potentiometric studies. Absorp- 
tion spectra were recorded on a Beckman UV5240 
spectrophotometer and circular dichroism (CD) 
spectra were measured on an automatic recording 
spectropolarimeter, JASCO-J-20. All CD spectra 
are expressed in terms of As (.s, - e,). Electron para- 
magnetic resonance spectra were obtained on a 
JEOL JES-ME-3X spectrometer at liquid-nitrogen 
temperature and 9.13 GHz. 

RESULTS AND DISCUSSION 

Peptides with two Pro residues: the Pro-Pro-Gly 
series 

The series of three peptides Pro-Pro-Gly, (Pro- 
Pro-Gly), and (Pro-Pro-Gly), was studied since 
these are the fragments studied in work on 
Nereidine.” 

Protonation constants are given in Table 1. 
Values for the protonation of the amino group are 
almost independent of chain length, and only a 
little above that for Pro-Gly, as would be expected. 
Protonation of the carboxylate is favoured in the 
longer chains, possibly as a result of conformational 
differences, but the small differences found cannot 
intluence the stabilities of the copper complexes. 

Cu(I1) complex stability constants are also given 
in Table 1, together with those for Pro-Gly,“j while 
the species distribution curves for 1: 1 and 3 : 1 pep 
tide : metal mixtures are given in Fig. 1. Spec- 

troscopic data for 3 : 1 peptide : Cu(I1) mixtures are 
given in Table 2. 

With Pro-Pro-Gly at low pH the first complex to 
form is the [CuL] species. This will be co-ordinated 
through the terminal amino nitrogen and the oxy- 
gen of the neighbouring peptide carbonyl group to 
give a 1N complex, comparable in structure to that 
found with, for example, Gly-Gly. However with 
these ligands containing the Pro-Pro fragment the 
[CuL] species has a much larger pH range of exis- 
tence than with Gly-Gly, as demonstrated in Fig. 1. 
This is a result of the “break-point” effect of the 
Pro residue in position 2. Since this residue does 
not possess an ionizable peptide amide proton it 
cannot form a [CuH_iL] complex comparable to 
that formed by Gly-Gly. Rather the only way to 
form a chelated complex through a peptide amide 
nitrogen is to bond to the peptide link of the Gly 
residue, the third residue in the chain. The species 
so formed will then be an NN complex spanning the 
first and third residues to form an eight-membered 
chelate ring as shown in Fig. 2. Co-ordination 
through the carbonyl oxygen of the first peptide 
linkage (as in [CuL]) is impossible on steric ground 
when both Pro residues are of the same chirality. 
The species so formed would be expected to be less 
stable than the [CuH_ iL] species with Gly-Gly but, 
as with Ala-Pro-Ala-Ala studied below, the con- 
formation of the Pro residue would bring the co- 
ordinating centres suthciently close together to 
allow easy bonding to the Cu(I1). This chelation is 
represented quantitatively by log K; in Table 1, 
and is comparable to that with Ala-Pro-Ala-Ala. 

Since the [CuH_ iL] species does not possess any 
further ionizable peptide protons, the [CuH_,L] 
species which forms above pH 10 must be the result 
of hydrolysis of a co-ordinated water molecule, and 
is therefore still an NN complex. This is supported 
by the value for the protonation constant 
(1ogK; = 9.96), which is very close to that found 
for the comparable reaction with Ala-Ala-Ala-Pro 
(9.83) (see Table 1). As an alternative to the for- 
mation of a [CuH_,L] species, [CuL] could co-ordi- 
nate a second peptide molecule to give the bis com- 
plex [CuL& This species would be an NN complex 
but would not contain any Cu-N- covalent bonds. 
Such a species formed between pH 6 and 8 in 1: 1 
peptide : Cu(I1) mixtures where it was only a minor 
species in the absence of excess peptide (see Fig. l), 
and was similar in importance to the comparable 
species formed by Ala-Pro-Ala-Ala (see Fig. 3). In 
the presence of excess peptide (e.g. 3 : 1 mixtures) 
this bis complex becomes the major species over the 
pH range 7-9.5, and the [CuH_,L] complex is never 
predominant (see Fig. 1). As a result the spec- 
troscopic data in Table 2 show charge-transfer 
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Table 1. Proton and Cu(I1) complex stability constants at 25°C and I = 0.10 mol dme3 (KN03), with 
estimated standard deviations in parentheses 

Peptide 

log&l_ 

H+ complexes 

log BH*‘ log KrilL 

Pro-Pro-Gly 
(Pro-Pro-Gly), 
(Pro-Pro-Gly), 
Pro-Gly” 

Pro-Ala-Ala-Ala 
Ala-Pro-Ala-Ala 
Ala-Ala-Pro-Ala 
Ala-Ala-Ala-Pro 

Ala-Ala-Ala’ 
Ala-Ala-Ala-Alad 

9.15(l) 
9.13(l) 
9.11(l) 
9.06 

8.37( 1) 
8.283(3) 
8.202(4) 
8.200(3) 

8.08 
8.13 

12.32(l) 
12.57(2) 
12.48(3) 
12.16 

11.5(l) 
11.594(7) 
11.542(8) 
11.361(6) 

11.44 
11.65 

3.17 
3.44 
3.37 
3.10 

3.1” 
3.311 
3.340 
3.161 

3.36 
3.52 

Cu2+ complexes 

Log /I values 

Pa [CuH- ,L] DH-&I [CuH_,L] DLI 

Pro-Pro-Gly 
(Pro-Pro-Gly), 
(Pro-Pro-Gly), 
Pro-Gly” 

Pro-Ala-Ala-Ala 
Ala-Pro-Ala-Ala 
Ala-Ala-Pro-Ala 
Ala-Ala-Ala-Pro 
Ala-Ala-Ala” 
Ala-Ala-Ala-Alad 

Pro-Pro-Gly 
(Pro-Pro-Gly), 
(Pro-Pro-Gly), 
Pro-Gly 

Pro-Ala-Ala-Ala 
Ala-Pro-Ala-Ala 
Ala-Ala-Pro-Ala 
Ala-Ala-Ala-Pro 
Ala-Ala-Ala-Alad 

6.05(2) - 1.75(5) -11.71(3) 
6.27(l) - 1.38(3) -11.49(l) 
5.83(4) - 1.92(6) - 11.86(4) 
6.64 2.63 -6.85 

5.59(l) -0.21(3) -7.47(4) 
5.01(l) - 2.64(4) - 11.69(3) 
5.33(3) -0.20(l) - 10.18(4) 
5.27(4) -0.36(2) - 7.56(2) 
4.64 0.18 -6.45 
4.77 -0.45 -8.09 

Stepwise protonation 
constants of complexes’ 

-16.1(l) 
-21.35(3) 
- 19.70(2) 
- 17.39(3) 
- 18.75 
- 17.33 

log K; log K; log K; 

7.81 9.96 
7.65 10.11 
7.75 9.94 
4.01 9.48 

5.80 7.26 8.6 
7.65 9.05 9.66 
5.53 9.98 9.52 
5.63 7.92 9.83 
5.22 7.64 9.24 

ll.OO(3) 
11.19(2) 
10.63(10) 

9.04( 1) 

’ Reference 16. 
b Unreliable since standard deviation large. 
’ Reference 17. 
dReference 18. 
‘K: = [CuL]/[CuH_,L]~, K; = [CuH_,L]/[CuI_,L][, and K; = [CuH_,L]/[CuH_,L][H]. 
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6.0 8.0 lO.0 6.0 8.0 10.0 

P” PH 

Fig. 1. Species distribution curves for Cu(II) complexes [O.OOl mol dm-’ Cu(II)]: (a) Pro-Pro- 
Gly : Cu = 1: 1, (b) Pro-Pro-Gly : Cu = 3 : 1 with d-d band maxima, (c) (Pro-Pro-Gly), : Cu = 3 : 1 

with d-d band maxima, and (d) (Pro-Pro-Gly), : Cu = 3 : 1 with Ad band maxima. 

bands characteristic of Cu t NH= co-ordination 
only (280-290 nm), although the band in the visible 
region (630650 nm) is characteristic of NN co- 
ordination to Cu(I1). It was difficult to gather 
reliable spectroscopic data above pH 9.5 as a result 
of solubility problems. The same problem arose at 
pH 10 in the potentiometric titrations, suggesting 
that the species [CuH_,L] has a low solubility in 
water. 

The spectroscopic studies therefore conhrm the 
potentiometric results. This is demonstrated for the 
CM transition energy in Fig. 1, where it is seen that 
the flat portion of the curve of absorption maximum 
against pH coincides closely with the range of exis- 
tence of the NN complexes. This is also supported 
by the ESR spectra reported in Table 2. 

Results for the Cu(I1) complexes of the peptides 
(Pro-Pro-Gly), and (Pro-Pro-Gly)3 are surprisingly 
similar to those with Pro-Pro-Gly. The spectra are 
almost completely superimposible, and the stability 
constants are remarkably similar, giving very simi- 
lar species distribution curves (see Fig. 1). There are 
small differences in the magnitudes of the constants, 
probably as a result of differing chain formations 

as the peptide chain length increases, but these have 
only a minor effect on the species actually found. 
These results suggest that the mode of co-ordi- 
nation is independent of chain length and that the 
only co-ordinating centres are the amino-terminal 
nitrogen atom and the peptide nitrogen of the first 
Gly residue. At first sight this is surprising since co- 
ordination through the carboxylate oxygen would 

R = CH2CO; 

Fig. 2. Donor centres in the [CuH_,L] complex of Pro- 
Pro-Gly. Co-ordination around the Cu(II) ion may be 
either cis or trans, although tram co-ordination intro- 
duces considerable strain. For conformational reasons 
co-ordination of the carboxylate oxygen also introduces 

Stlilill. 
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Table 2. Spectroscopic data for Cu(I1) complexes of peptides containing the Pro-Pro- subunit : 
peptide : Cu(I1) = 3 : 1 

Peptide PH 

Major 
species 

ESR 
Visible 1 CDL 

(;) 
(nm) 

E [A& (EI - &)I 

Pro-Pro-Gly 4.7-6.0 rc’a 

6.5-9.5 w9l 

> 10 [CuH-*L] 

(Pro-Pro-Gly), 5.0-6.0 WA 

6.5-9.5 DLI 

> 10 

(Pro-Pro-Gly), 5.0-6.5 Pa 

6.5-9.0 OLl 

> 10 [CuH_,L] 

[CuH _,L] 

654 (-0.003) 
270 (-0.03) 

650 (105) 680 (+0.004) 
535 (-0.001) 
280 ( - 0.02) 

630 (60) 670 ( - 0.005) 
290 (-0.007) 

685 (-0.01) 
280 (-0.01) 

650 (95) 670 (+0.003) 
560sh (+) 
280 ( - 0.05) 

630 (70) 690 (-0.006) 
280 (-0.02) 

665 (-0.005) 
272 (-0.03) 

660 (105) 680 (+0.002) 
580 (-0.001) 
280 (-0.04) 

625 (70) 675 (-0.005) 
280 (-0.02) 

146 

160 

170 2.265 

150 

160 

172 2.262 

152 

158 

2.318 

2.270 

170 

2.328 

2.271 

2.321 

2.269 

2.260 

be expected in the [CuH_,L] complex of Pro-Pro- 
Gly, but not in those of the hexa- and nonapeptides. 
However, a study of scale models shows that this 
carboxylate can co-ordinate only by introducing 
considerable strain into the chelate ring as a result 
of the conformation of the two Pro rings which 
force the Gly terminal away from potential planar 
co-ordination sites on the copper (see Fig. 2). 
Hence, the thermodynamic contribution of car- 
boxylate co-ordination would be small. In all cases 
the proton ionization to give the [CuH_,L] species 
is a result of water hydrolysis, hence the values for 
this ionization (e.g. K;) are very similar. 

Peptides with one Pro residue : the Pro-Ala-Ala-Ala 
series 

Protonation constants are presented in Table 1 
in addition to those of Ala-Ala-Alal and Ala-Ala- 
Ala-Ala. ‘* The value of log&, (i.e. imino or amine 
protonation) is greatest with the Pro residue in posi- 
tion,l of the tetrapeptide chain, and gradually falls 
to a “base” value of log KHL = 8.20 as the Pro residue 
is moved along the chain. This value is close to that 

for Ala-Ala-Ala-Ala (8.13).” It has been shown by 
‘H NMR19 and IRZo techniques that, in organic 
solvents, the folded conformation of alanine oli- 
gopeptides predominates, and that di- and tri- 
peptides containing alanine in their zwitterionic 
forms adopt intramolecularly hydrogen bonded 
folded conformations even in aqueous solution.2’ 
More recently a combined CD and 13C NMR inves- 
tigation has shown that the presence of a Pro resi- 
due in positions 2 and 4 of a tetrapeptide favours 
the formation of folded conformations, while Pro 
in position 3 favours unfolding. Ionization was 
accompanied by a distinct increase in the amount 
of folded conformation independently of the posi- 
tion of the Pro residue within the tetrapeptide 
chain.’ This could be the source of variations in 
carboxylate protonation constants, although the 
value for Pro-Ala-Ala-Ala does seem to be abnor- 
mally low. However, with this tetrapeptide the stat- 
istics of the computer fit were poor below pH 4, 
although they were good above this value. Errors 
in the value for KHZL would have no influence on 
stability constants of the copper complexes. 

Cu(I1) complex stability constants are also given 
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Fig. 3. Species distribution curves for Cu(I1) complexes (peptide : Cu = 1 : 1, 0.001 mol dm-‘) : (a) 
Pro-Ala-Ala-Ala, (b) Ala-Pro-Ala-Ala, (c) Ala-Ala-Pro-Ala, (d) Ala-Ala-Ala-Pro, and (e) Ala-Ala- 

Ala-Ala.18 

in Table 1, together with stepwise protonation con- 
stants. Species distribution curves for 1: 1 pep- 
tide : copper mixtures are given in Fig. 3, together 
with those calculated for tetraalanine. In all cases 
four complexed species were characterized in the 
pH range 4-10, namely [CuL] (a 1N complex), 

[CuH_,L] (NN), [CuH_,L] (NNN) and [CuH._,L] 
(NNNN). In addition a [CuLJ complex was present 
with Ala-Pro-Ala-Ala. These species are the same 
as found with the analogous ligands based on Gly.* 

The species distribution curves con&m the essen- 
tially similar behaviour between peptides based on 
Gly and those based on Ala. Pro-Ala-Ala-Ala, as 
expected, behaves similarly to Ala-Ala-Ala-Ala, 
since it has three secondary peptide nitrogens and, 
hence, can form an NNNN complex, while Ala- 
Ala-Ala-Pro resembles Ala-Ala-Ala, having only 
two successive secondary nitrogens. The most 

important resemblance is when -Pro- is in the 
second position, when formation of the [CuH_,L] 
species is delayed until above pH 7. On the other 
hand, when it is in the third position this species 
becomes the predominant complex over the pH 
range 6-10. Hence, the tctrapeptides containing Ala 
residues confirm the “break-point” effect identified 
clearly in the Gly analogues.* In fact, comparison 
of the species distribution curves with those for the 
Gly analogues shows the effect to be even more 
marked with the Ala peptides. For example, with 
Ala-Ala-Pro-Ala the [CuH_,L] complex is more 
significant than with the Gly analogue, while the 
[CuH_,L] species is less significant. 

The species distribution curves for Cu(I1) com- 
plexes with Pro-Ala-Ala-Ala and Ala-Ala-Ala-Pro 
anticipated in the spectroscopic study” are shown 
to be reasonably accurate, but there are significant 
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differences with Ala-Ala-Pro-Ala. This is probably 8. 
a result of difficulties in interpreting the spec- 
troscopic data which suggested two different NN 
co-ordinated species over the pH range of 5-10, and 
failed to identify an NNN species at high pH. The 9. 
[CuH_,L] complex @INN) is never a major species 
[see Fig. 3(c)], and would be difficult to detect spec- 

1. 
’ 

troscopically unless the optimum pH (9.5) was 
selected. This [CuH_,L] complex was detected spec- 
troscopically with Gly-Gly-Pro-Gly,* which 11. 
behaves very similarly to its Ala analogue. 
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Abstract-Interactions in aqueous solution of caffeate with copper( zinc(II), iron(I1) 
and iron(II1) have been investigated. Virtually instantaneous and complete reduction of 
iron(II1) was observed. Glass electrode potentiometry was used to determine the speciation 
and corresponding formation constants of caffeate with each of the other three metal ions 
named. Conditions were : temperature, 25°C ; ionic strength, 0.100 mol dm- 3 with respect 
to chloride. Values obtained for the logarithms of the stepwise protonation constants of 
the singly protonated dianion of caffeate (L2-) are 8.72 and 4.41. The titration data carried 
out in the presence of the three metal(I1) ions can be explained by postulating the major 
complexes : LCu, log /I,, o = 6.02; LCuHXr, logBi,_r ~0.25; L~CU~HI.~, log/?,,_, = 
0.97 ; LZnH 1 I, log/I,,_, = -3.03; L,ZnH!;, log/?,,_, = -5.51; LFe, log/?,,, = 
3.86;LFeHr,,logB,,_, = -3.83;L3FeH!;,log/13,_,= - 6.14, togetherwithavariety 
of minor species. Complexation in the major species involves, predominantly, chelation 
by the catecholic site of caffeate whereas coordination to the carboxylate group to- 
gether with catechol-type chelation featured amongst the minor species. The tendency of 
copper(I1) to form oligonuclear complexes is evident. A single dinuclear iron(I1) complex 
was also found amongst the minor species. 

The bioavailability to plants of metal ions is greatly 
influenced by coordinating ligands which may be 
present in the soil or in the synthetic nutrient solu- 
tions in which the plants grow.’ To contribute to 
the understanding of the role of complexation in 
the uptake of metals by plants, we are undertaking 
chemical speciation studies by means of computer 
simulation of soil and nutrient solutions.2.3 

Of special interest are phenolic compounds that 
tend to be exuded by the roots of certain plants 
when subjected to conditions under which the avail- 
ability of iron is adversely affected.4-6 The most 
important of these phenolic compounds is trans- 
3-(3+dihydroxy phenyl)-propenoic acid.’ Caffeic 
acid is believed to participate not only in the trans- 
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port of iron from the surrounding soil solution to 
the roots but also in the reduction of iron(II1) to 
iron(I1). 5 In this regard it has been established that 
the bioavailable form of iron is the iron(I1) aquo 
ion.’ Apart from this, caffeic acid can also poten- 
tially form complexes with various other metal ions 
that occur in nutrient and soil solutions. Thus, it 
forms an essential component for inclusion in our 
computer-based speciation models. There is how- 
ever a paucity of data in the literature for caffeate- 
metal-proton complexes. For this reason we have 
undertaken the investigation described in this 
paper. 

EXPERIMENTAL 

Chemicals 

Caffeic acid (Aldrich) was purified by double 
recrystallization from water. (Found : C, 60.3 ; H, 
4.5%. Calc. for C9Hs04: C, 60.0; H, 4.5%.) 0.1 
mol dm- 3 hydrochloric acid was prepared from 
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Merck Titrisol ampoules and standardized against 
borax (Merck, G.R.) which had been recrys- 
tallized and stored as described by Vogel.’ Sodium 
hydroxide solutions were freshly prepared at fre- 
quent intervals by dilution of the contents of Merck 
Titrisol ampoules under nitrogen. These solutions 
were standardized against potassium hydrogen 
phthalate (Merck, G.R.) as well as with the stan- 
dardized hydrochloric acid. Zinc(B) chloride solu- 
tion was made up by dissolving accurately weighed 
amounts of granulated zinc metal (Merck, G.R.) 
in concentrated hydrochloric acid (BDH, “Aris- 
tar”). The dissolution process was facilitated by 
adding a piece of platinum foil to the solution. 
Copper(I1) chloride solution was made up from the 
dihydrated cupric chloride salt (Merck, G.R.). 
Iron(II1) chloride solution was made up by dilution 
of a 60% (w/v) ferric chloride solution (BDH, 
Analar). Both the copper(I1) and iron(II1) chloride 
solutions were standardized against EDTA (B. 
Owen Jones) according to the procedure described 
by Schwarzenbach. lo The EDTA was standardized 
against the aforementioned zinc(I1) solution. 
Iron(I1) chloride solutions, free from iron(II1) as 
indicated by the spot test with potassium thio- 
cyanate, ’ ’ were obtained by dissolving accurately 
weighed quantities of iron powder (Merck, G.R.) 
which had just previously been reduced at 500°C 
under hydrogen in freshly degassed, refluxed con- 
centrated hydrochloric acid (BDH, “Aristar”). All 
of the solutions were prepared using carbonate-free 
boiled out, glass-distilled water, and were made up 
to a total chloride concentration of 0.100 mol dm- 3 
using solid sodium chloride (BDH, “Aristar”). The 
acid content of the metal chloride solutions was 
determined by titration with standardized sodium 
hydroxide using the method of Gran.” The acid 
content of the iron(II1) chloride solution was deter- 
mined by difference after passing through a cation 
exchange column [BDH, Amberlite IR-120(H)]. 

Potentiometric measurements 

Protonation constants for caffeic acid and for- 
mation constants for the ligand-metal complexes 
were determined by potentiometric titrations car- 
ried out in Metrohm EA876-20/-50 titration vessels 
maintained at 25 +O. 1°C. The electrodes were two 
Metrohm EA109 glass electrodes used alternately, 
and a Metrohm EA404 calomel reference electrode 

* &qr refer to the general complex LpMgH,, where 
L = ligand, M = metal ion and H = proton. When 
r = - 1, this refers to proton removal from the complex 
or to hydroxyl ion addition. 

containing a saturated sodium chloride solution 
(BDH, “Aristar”) as electrolyte. A nitrogen atmos- 
phere, purified as already described,13 was main- 
tained in the titration vessel during the titrations. In 
the protonation constant determinations, solutions 
containing caffeic acid, sodium hydroxide and 
chloride were titrated with hydrochloric acid- 
chloride solution, followed by the reverse titration 
with sodium hydroxide-chloride solution. This par- 
ticular sequence was followed owing to the greater 
ease of dissolving caffeic acid in alkaline compared 
with acid solutions. The titrants were added from a 
Metrohm Dosimat E635-20 piston burette con- 
trolled by a Metrohm Titroprocessor E636, which 
also measured and recorded the emf of the cell, 
together with the corresponding volume of titrant 
added. The data obtained were used to calibrate the 
electrodes and determine the protonation constants 
simultaneously. l4 

For the complexation titrations, caffeic acid in 
sodium chloride-sodium hydroxide solutions was 
first titrated with hydrochloric acid-chloride sol- 
ution as described in the previous paragraph. 
Immediately following this, accurately measured 
quantities of metal chloride solutions were added 
from a Metrohm EA274-50 manual piston burette. 
The solutions were then titrated “back” towards 
the basic region with sodium hydroxide-chloride 
solution. This two stage procedure had the advan- 
tage of providing protonation data which were used 
for calibrating the electrodes in situ, specifically for 
each individual titration. 

Computations 

The caffeate protonation constants and the elec- 
trode calibration parameters were determined 
by applying the programs MAGEC14 and MINI- 
QUAD” alternately to the relevant titration 
data, according to the procedure already 
described. l4 

The complexation data were initially processed 
by the program ZPLOTi6 in order to obtain exper- 
imental formation curves of zobs vs -log [free 
ligand], and subsequently by MINIQUAD in order 
to obtain “best’‘-fitting chemical models and refined 
formation constants cS,,.* To facilitate hypothesis 
testing, the formation constants corresponding to 
the finally chosen chemical models were used to 
generate theoretical formation curves of z=i, vs 
-log [free ligand] by means of the program 
PSEUDOPLOT. I7 The degree of matching between 
the experimental and the theoretical formation 
curves gave a measure of the validity and the accu- 
racy of the proposed chemical models. Lastly the 
constants corresponding to the finally proposed 
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chemical models were processed by the program 
HALTAFALL” to give profiles of the distribution 
of each complex species as a function of pH. 
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Satisfactory statistical fits of the parameters to 
the data were indicated by reasonable values of 
the MAGEC objective function (0.012 cm6), the 
MINIQUAD R-factor (0.0043) and x2 (23.9). 
Values found for the two protonation constants are 
presented in Table 1 together with literature values 
for the same and various related ligands. Allowing 
for variation in ionic strength and background 
medium the agreement between our protonation 
constants and those determined by Timberlake” is 
quite acceptable. The sites of protonation were 
ascertained by comparison of our constants with 
those for the other ligands included in Table 1. In 
this respect catechol was an obvious choice for the 
catecholate site, and acetate was selected as a suit- 
able model of the carboxylate group of caffeate. 
The values in Table 1 indicate that KF corresponds 
to protonation of either one of the catecholate oxy- 
gen atoms and KY refers to protonation of the car- 
boxylate group. It should also be noted that the 
catecholic proton of caffeic acid is somewhat more 
acidic than that of catechol itself, which might sug- 
gest some electron-withdrawing effect of the car- 
boxylate moiety being operative across the double 
bond of the side chain. This does not seem to be the 
case with 3,4-dihydroxy hydrocinnamic acid, which 
has a fully saturated side chain, the value for 
log KY being close to that for catechol. 22 

RESULTS AND DISCUSSION 

Protonations 

Several forward and reverse titrations of caffeic 
acid were carried out over a pH range of about 2- 
12, with total initial concentrations of the ligand 
ranging from 0.0038 to 0.0187 mol dme3. No 
attempt was made to determine the first pro- 
tonation constant of the trianion of caffeic acid 
[which probably has a pK1 of ca 13 (cf. catechol’ 9)] 
because of uncertainties arising from deviations of 
the glass electrodes from Nernstian behaviour to- 
gether with a non-constant ionic strength of the 
solution for pH > 12. Therefore in this paper 
the ligand species L2- is taken as the dianion (1). 

1 

The very strong basicity of the third dissociable 
proton has been attributed mainly to electrostatic 
attraction of the nearby negative charge and, to a 
smaller extent, to hydrogen bonding between the 
hydroxyl and phenoxide groups.20 All the titrations 
gave superimposable curves of Zoobs vs -log [H+], 
indicating the formation of solely the monomeric 
protonated species HL- and H2L (i.e. no evidence 
for any oligomeric species could be found). 

Complexations 

Meaningful titrations of the iron(III)-caffeate 
system could not be carried out successfully owing 
to rapid reduction to iron( as indicated by 1 ,lO- 
phenanthroline spot tests. ’ ’ Even in the initial, very 
acidic solutions, reduction of the iron(II1) was 
found to be appreciable. On the other hand, 

Table 1. Logarithms of the stepwise protonation constants (K,H)” for caffeateb 

Medium T 
Ligand Log KY Log K,” d Log K3” d (mol dm- ‘) (“C) Reference 

CafFeate 8.72 0.002 4.41 0.002 0.1 Na[Cl] 25 This study 
(dianion) - 8.76 4.49 0.05 KNO, 25 21 

Catecholate 13.05 9.229 - 1.0 KNO, 25 19 
12.08 9.37 - 0.1 KC1 25 28 

3,CDihydroxy 11.6 9.36 4.56 0.1 NaClO, 30 22 
hydrocinnamate 

Acetate 4.499 - - 0.1 Na[Cl] 25 24 

a K.” is defined here as the associative constant, i.e. for the reaction : 

LH,+H = LH,,,, 

with n = 0, 1 or 2. 
b Literature constants for related ligands are included for comparison. d = standard deviation of log KF. 
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titrations with iron( copper(I1) and zinc(I1) pre- 
sented no problems. A series of replicated titrations 
of caffeate with the latter three metal ion species 
were carried out using initial total ligand and total 
metal concentrations covering the ranges 0.0034- 
0.0275 and 0.0021-0.0038 mol dmm3, respectively. 
This resulted in ligand : metal ratios ranging from 
1 : 1 to 5 : 1 for iron( 7 : 1 for copper( and 
10: 1 for zinc(H). In the cases of iron(I1) and 
z.inc(II), precipitation occurred early in the 1 : 1 
ratio titrations and these data were thus discarded. 
The pH values ranged from 3.3 to cu 7 for 
copper( 6-9 for zinc(II), and 5-8.5 for iron(I1). 
The purpose of using such varying initial con- 
centrations was to facilitate the search for not only 
binary complexes but also protonated, hydroxo and 
oligonuclear species. Indeed, although titrations 
with identical starting conditions gave super- 
imposable formation curves indicating good exper- 
imental reproducibility, titrations with different 
ligand : metal ratios gave non-overlapping for- 
mation curves in fact as exemplified by copper(I1) 
in Fig. 1 a large degree of back-fanning was 
observed for all three systems studied. This feature 
indicates the presence of not only mononuclear 
binary complexes but also of hydroxo species. 
Much of the back-fanning is, however, probably 
attributable to the loss of the very basic third dis- 
sociable proton of the ligand on complexation. This 
is, of course, indistinguishable from the formation 
of hydroxo species. Further, because of the exist- 

ence of two potential coordinating sites on the 
ligand, the formation of oligonuclear hydroxo com- 
plexes was considered to be plausible. Hence, 
numerous combinations of the stoichiometric 
coefficients p, q and I were tried for the three metal- 
caffeate systems in applying MINIQUAD to the 
potentiometric data. Metal hydrolysis reactions of 
the sort described by Baes and Mesmer” were 
incorporated into every chemical model tried. 
The most consistent sets of complexes found 
for the three metal-caffeate systems, together 
with their respective formation constants, standard 
deviations, MINIQUAD R-factors and x2 values 
are presented in Table 2. Also given, for the pur- 
poses of comparison, are formation constants taken 
from the literature for the catechol-metal ion and 
3,4-dihydroxy hydrocinnamate-metal ion systems. 
No caffeate-metal ion formation constants have 
been reported in the literature except for the 21- 2 
complex with copper(II which was, however, not 
found, although it was searched for in the present 
study. 

The validity of the three chemical models was 
illustrated by excellent matching of the experi- 
mental Zobs vs -log [L2-] points with the corres- 
ponding theoretical formation curves as generated 
PSEUDOPLOT using the refined formation 
constants given in Table 2. This can be clearly 
seen for example in the case of the calIeic acid- 
copper(I1) system presented in Fig. 1. Figures 
24 show typical species distributions for the 

3.0 4.0 5.0 6.0 7.0 6.0 9.0 

-LOGCL’-1 

Fig. 1. PSEUDOPLOT formation curves calculated from the caffeate-proton and calTeate-copper(II) 
formation constants in Tables 1 and 2, plotted together with experimental ZPLOT points. Initial 
concentrations (lo- 3 mol dm- 3, of ctieic acid and copper( respectively, are : 3.38 and 3.75 ( x ), 

6.57 and 3.08 (+), 7.81 and 2.75 (A), and 15.05 and 2.08 (0). 
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4.26 4.81 5.36 5.91 6.46 i.01 

-LGGCH+l 

Fig. 2. Distribution of species in the copper(II)-caffeic acid system. Total concentrations (lo-’ mol 
&I-~) are: copper( 2.03; and caffeic acid, 8.62. Species: (1) LMH, (2) LM, (3) LMH- ,, (7) 

LM*H_ ,, (9) L3M2H_,, and (10) L,M,H_,. 

copper(I1 j, zinc(IIb and iron(II+affeate systems 
as functions of pH. 

The complexes suggested in Table 2 are all chemi- 
cally plausible and may, through reference to Figs 
2-4, be roughly divided into major and minor spec- 
ies. As a broad generalization, it is to be expected 
that major species would tend to involve, pre- 
dominantly, chelation of the metal ions by the more 
strongly coordinating catecholate site on the caIIe- 
ate ligands, whereas coordination to the carboxy- 
late moieties would tend to appear more commmonly 
and, in some cases, concomitantly with catecholate 

2.04 

Fig. 3. 
dm- ‘) 

chelation, amongst the minor species. In the 
range of lower pH values,the major species formed 
by all three metals are mono complexes, being 
11- 1 in the case of zinc(II), 110 in the case of 
iron( and both 1 F 0 and 1 1 - 1 in the case of 
copper(I1). The iron(I1) 11 - 1 species occurs 
towards higher pH values and the zinc(I1) 110 com- 
plex appears as a minor species. Our 1 1 - 1 con- 
stants for copper(II)caffeate and zinc(II)-caffeate 
compare favourably with those reported in the 
literature for complexation of these metal ions by 
catechol, indicating chelation of the metal ions by 

5.98 6.57 7.19 7.80 8.42 9.03 

-LGGCH+l 

Distribution of species in the zinc(IINaffeic acid system. Total concentrations (lo-’ mol 
are : zinc(II), 2.60 ; and caffeic acid, 26.1. Species : (2) LM, (3) LMH_ ,, (4) LIMH_ 1, (5) 

L,MH_,, and (6) L,MH_,. 
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.oo 
5.40 6.03 6.66 7.29 i.92 6 

Fig. 4. 
dm- ‘) 

-LGGtH+l 

Distribution of species in the iron(II)-caffeic acid system. Total concentrations (lo-’ mol 
are: iron( 2.98 ; and caffeic acid, 14.9. Species: (2) LM, (3) LMH_ ,, (4) L*MH_ ,, (6) 

L3MH_*, and (8) LM2. 

the fully deprotonated catecholate moiety of caffe- 
ate. The alternative of complexation at the car- 
boxylate group of caffeate with a completely depro- 
tonated catecholic site is very unlikely, considering 
the pH regions (4 12) in which the complexes 
occur. Although our constants for the iron(II)- 
caffeate 1 1 - 1 complex does not agree closely with 
the literature value for the corresponding iron(II)- 
catecholate complex (see Table 2), it is felt that the 
range of existence of the former complex, namely 
pH 6-9, approximately, tends to favour cate- 
cholate-type chelation over carboxylate com- 
plexation, in conformity with the 1 1 - 1 copper(I1) 
and zinc(II)-caffeate complexes. As far as the 110 
caffeate complexes are concerned, the most likely 
structure seems to be with chelation at the singly 
protonated catecholate site and the carboxylate 
group deprotonated. Although this mode of com- 
plexation has not been reported for the copper(I1) 
catechol system,‘3’1g it has been found for the 
copper(II~3,5di+butylpyrocatechol and iron 
catechol systems.‘g Furthermore, our formation 
constant for the iron(II)caffeate 110 complex 
compares quite favourably with that reported 
in the literature for the corresponding iron(II)-cate- 
cholate complex, I9 taking into account the differ- 
ences in ionic strength and background medium 
between the two respective investigations. Com- 
plexation by the carboxylate group of caffeate, with 
the catecholate site singly protonated, seems 
unlikely in view of the significant differences 
between our 110 metal-caffeate constants and cor- 
responding metal-acetate constants reported in the 
literature.24T25 Structures for the 110 metal-caffeate 

complexes with chelation at the completely depro- 
tonated catecholate site and protonation of the car- 
boxylate group are thought to be unlikely, at least 
towards higher pH values, for the following 
reasons. Figures 2-4 indicate the 110 com- 
plexes to be present in significant concentrations up 
to pH values of 7, 7.8 and 8.5 for the copper(H), 
zinc(I1) and iron(H) systems, respectively. In con- 
trast, a protonated carboxylate group is expected 
to be essentially non-existent at pH values greater 
than 6.5. At lower pH values a microspecies with 
protonated carboxylate could contribute towards 
the 110 macro-stoichiometry, however. The minor 
species (11 l), which is unique to copper(I1) amongst 
the caffeate complexes listed in Table 2, could have 
one of three possible structures. The first, with 
metal-ion complexation at the fully protonated cat- 
echolate site is intuitively unlikely as the cor- 
responding species in the catecholate-copper(II) 
system was searched for but not found.13 Fur- 
thermore, the carboxylate moiety of caffeate is 
likely to be protonated in the pH region in which 
the 111 complex exists. The logarithmic equilibrium 
constant for the reaction : 

Cu2+ +HL- +LCuH+ 7 

namely, 1.75, is virtually identical to the logarithm 
of the formation constant of copper(I1) with 
acetate.24 This agreement lends support to a struc- 
ture in which complexation occurs at the car- 
boxylate group with a fully protonated catecholate 
site. A third possible structure with complexation 
at the singly protonated catecholate site and with 
the carboxylate group protonated is, however, also 
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quite likely, because the 111 complex is seen from 
Fig. 2 to exist over the same pH region in which 
the 102 protonated ligand species, LHI, is found. 
Furthermore, the logarithmic equilibrium constant 
for the reaction : 

LCu+H++LCuH+, 

namely, 4.44, is virtually identical to the logK7, 
corresponding to protonation of the carboxylate 
group of caffeate. This lends support to the third 
alternative because the foregoing considerations of 
various possible structures for the 110 caffeate com- 
plexes of copper( zinc(I1) and iron(I1) tend to 
favour those with chelation at the singly protonated 
catecholate site and a deprotonated carboxylate 
group. 

Mononuclear bis(caffeate) complexes appear 
only as relatively minor species, and of zinc(I1) and 
iron(I1) only, not of copper(I1). Mononuclear tris- 
(caffeate) complexes appear in our chemical 
models as major zinc(H) and iron(I1) species. In 
the light of the foregoing arguments regarding the 
mono(caffeate) complexes, it is thought that the 
predominant complexation mode in the bis and tris 
complexes is metal chelation at the catecholate site, 
resulting in coordination numbers ranging from 4 
to 6. 

Towards higher pH values, the only major 
copper(I1) complex of caffeate that we have found, 
is the dinuclear species (32 - 3). This, together with 
the minor copper(I1) complexes (23 - 2 and 12 - 1), 
occurring in the lower-pH range, illustrate the tend- 
ency of copper(I1) to form oligonuclear complexes 
with ligands possessing two coordination 
sites. ’ 3,26*27 In these complexes, the copper(I1) plays 
the role of a link between adjoining ligands. Since 
the caffeic acid molecules in the copper(I1) com- 
plexes (32 - 3 and 23 -2) are completely depro- 
tonated, it seems likely that all the catecholic sites 
are involved in the complexation. With regard to 
the copper(I1) complex (12 - 1) and the analogous 
minor iron(H) species (120) it seems self-evident 
that a metal ion is coordinated at each end of the 
ligand molecule. 
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Abstract-The biochemistry of zinc is now beginning to be understood. The background 
to this understanding is a deep knowledge of the chemistry of the element. In this article I 
shall show some of the ways in which evolution has searched for and found the outstanding 
potential of zinc in catalysts. As a background an analogy is drawn with man’s efforts to 
evolve analytical methods of high selectivity for the estimation of zinc. The article also 
illustrates some of my own interests in zinc which started in Professor Irving’s laboratory. 

The biochemistry of zinc must start from a firm 
basis in the chemistry of zinc. My first detailed 
knowledge of that chemistry was during my earliest 
days as a research student and pupil of Professor 
Harry Irving. I came to him in 1947 with a deter- 
mined interest in trace elements and he set me a 
problem in analysis and the understanding of ana- 
lytical method. (He had previously been my tutor 
in inorganic chemistry.) The problem was to be 
the understanding of the estimation of zinc by the 
extraction method, followed by calorimetry, using 
the organic reagent dithizone. The close relation- 
ship between analytical chemistry and the selective 
principles behind trace-element function in biology 
was soon obvious, and I have never forgotten that 
lesson. Even if we look at the coordination sphere 
of the complex between zinc and dithizone 

( s J 
>Zn 

N/’ 2 
S 

we see two interesting features: (1) the sulphur- 
nitrogen coordination, and (2) the tetrahedral 
geometry. We shall refer to both again and again. 

There was little known of the structural chemistry 

* R. J. P. Williams was an undergraduate at Merton 
College, Oxford (1944-l 948), taught inorganic chemistry 
by Dr Irving, and did his Part II and D.Phil. with Irving. 
He was a tutor and lecturer at Wadham College, Oxford 
(19551972), before becoming the Napier Royal Society 
Research Professor at Oxford. 

of zinc in 1947, nor indeed of its thermodynamics 
and kinetics. However, earlier work on extraction 
and analytical methods had demonstrated that zinc 
was not the element which reacted at the lowest pH 
with almost any reagent. This distinction belonged 
to other metals such as mercury, lead, perhaps 
silver, and, if oxidation could be avoided, copper. 
Thus, zinc was not a very powerful binding reagent. 
Curiously (to us at the time) this power of binding 
was exactly the pattern of the Qualitative Analysis 
Tables which I had learnt at school and which Dr 
Irving had taught for some time in undergraduate 
chemistry. All chemists should know these Tables. 
Mercury, lead, silver and copper are precipitated 
before zinc by almost any reagent, e.g. sulphide. 

61 

Inspection of the literature showed that, in fact, 
of all the known analytical organic reagents for 
metal ions none reacted more readily with zinc than 
with copper. However, none reacted more readily 
with manganese than with zinc. With this hint of 
the appearance of a metal ion series of reactivities 
we had to stop and think, since there could have 
been two reasons why metal ions might combine in 
a preferred order. The first is a matter of affinity 
(thermodynamics) and the second a matter of speed 
(kinetics). In 1947 it was not apparent that any of 
the analytical methods depended on the estab- 
lishment of equilibrium. In fact it fell to me under 
Irving’s guidance to demonstrate by experiment 
that the observed series was due to equilibrium not 
kinetic controls. Dr Irving and I showed this by 
using a shaking machine working over many hours 
to produce equilibrium in the extractions of metal 
ions by dithizone. We showed then that the affinity 
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for dithizone at equilibrium with metal ions was in 
the order of divalent ions : 

Zn<Cu>Ni>Co>(Fe)>Mn>Mg 

= Ca = zero. (1) 

Now it was just at this time that Jannick Bjer- 
rum’s fine thesis became available to us. In it he 
demonstrated that equilibrium binding constants 
could be determined in a single phase, water, for 
the interaction of metal ions with neutral ligands. 
The order for ethylenediamine was the same as that 
given above. Thus, we knew that the order did not 
depend on a phase change (extraction or pre- 
cipitation) but that there was a fundamental ther- 
modynamic order of interaction energies which was 
also not dependent on the donor atom, oxygen, 
nitrogen or sulphur (each shown separately) ; was 
not dependent on the anionic character of the 
ligand ; and was not dependent on solvent. Others, 
especially Mellor and his group in Australia, and 
Calvin and his group in U.S.A., were approaching 
the same conclusion. The problem lay in the fact 
that, although the above order was (almost) uni- 
versal, any persistent regularity disappeared if data 
for mercury, lead, cadmium or other ions were 
included in the series. 

Dr Irving and I discovered the reason for the 
simplicity of the order (1). The metal ions in the 
order are of very similar size, but their electron 

affinities change smoothly along the series to a 
maximum at copper(I1) and fall back at zinc. 
Inclusion of ions of different sizes confuses the 
description since now readius and ionization energy 
changes are randomly scattered. In Fig. 1 is plotted 
the function z/r against the ionization energy from 
metal ions to the divalent state. The “a”/“b” classi- 
fication, sometimes unwisely called the hard/soft 
classification, falls out immediately and so does the 
Irving-Williams series. Following the evidence of 
analytical extraction procedures we had uncovered 
a very simple rule of great general use, i.e. series (1). 
The rule is almost independent of ligand type, the 
number of ligands bound, of ligand geometry, and 
of stereochemistry. The fact that there was a 
correlation with two central-field parameters, 
ionization energy and z/r, meant that it was 
independent of crystal (ligand) field angular pola- 
rization, though this adds a term which in octa- 
hedral geometry follows the series : 

Mn<Fe<CocNi>Cu>Zn. (2) 

Just as it is a mistake to use soft and hard as a 
classification of “a” and “b” metal ions so is it a 
mistake to overstress the contribution of angular 
polarization energies to the energy of complex ion 
formation. It is a fact, as we showed in our very 
early papers, that series (1) not (2) dominates spec- 
troscopic perturbations of ligand spectra in com- 
plexes, i.e. their IR and UV spectra, and the effect 

/,. kJ mol-’ 

Fig. 1. Plot of z/r against ionization potential for divalent ions showing the classification of metal 
ions and the Irving-Williams series. 
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of metal ions as Lewis acids in catalysis. Therefore, 
the polarization of the ligand by the metal follows 
order (1). I return to these points later since they 
must be appreciated if the subtle nature of the use 
of zinc in biology is.to be understood. 

Now the background to metal ion-ligand afhnity 
has been given it should also be noticed that the 
differences in the Irving-Williams order increases 
as the polarizability of the donor atom increases in 
the series : 

O<N<S. 

This means that there is an increase in selectivity of 
organic reagents such as dithizone (N,S) over 8- 
hydroxyquinoline (N,O). Again, this is a lesson of 
immediate applicability to biological systems. It 
means that combinations of N- and S-donors can 
be used to select out powerfully transition metals 
and B-subgroup metals from A-subgroup metals 
and that they can also be used to select one trans- 
ition-metal ion from another. Again, curiously this 
follows from the way in which the Qualitative 
Analysis Tables instruct one to proceed. [The classi- 
fications in those Tables are in fact of necessity the 
classifications of elements in biology (Table l).] The 
basic idea is the removal of one element, e.g. copper, 
by one reagent, sulphide, by a phase transfer pre- 
cipitation before the determination of a second 
metal, e.g. zinc, in the residual phase. Further metal 
ions are precipitated as carbonates, an 0-ligand. An 
example is the precipitation of copper as a sulphide at 
pH < 2 in Group IIA of the Qualitative Analysis 
Tables followed by filtration. The precipitation of 
zinc sulphide is at pH = 10 in Group IVA of the 
same Tables. This shows the large difference 
between zinc and copper sulphide chemistry. Cal- 
cium and magnesium are analysed later by oxygen 

atom donors. The implication as far as this article 
is concerned is that biological systems must be able 
to use a variety of organic ligands to complex metal 
ions, to control pH in different compartments, and 
to transfer ions from compartment to compartment 
in order to keep elements away from one another. 
In turn, this implies that biological systems have 
local equilibria and use boundaries, membranes, to 
keep different reaction possibilities under kinetic 
separation. Biological systems pump ions and com- 
pounds across membranes which permits isolation 
of reactions just as a separation procedure in analy- 
ses, e.g. precipitation, uses the removal of one 
phase, an organic solvent or a precipitate, to carry 
one set of compounds into a separate set of reaction 
possibilities. However all these possibilities are pre- 
conditioned by binding affinities as revealed in the 
Irving-Williams series. 

Before passing on we note that pumps can be 
devised and are so devised in biology that they 
recognize shape. The use of the energy of transfer 
through a membrane depends on a triggering kinetic 
step. It does not then matter if two compounds bind 
equally in a thermodynamic sense so long as, for 
example, the one which is tetrahedral can trigger 
but the one which is octahedral can not. A tetra- 
hedral zinc complex may traverse the membrane 
because it is pumped unidirectionally after trigger- 
ing, but an octahedral nickel complex is unable to 
pass the membrane at all since it fails to trigger the 
energy source. In biology the shape of complex ions, 
of ions themselves, of small molecules, of proteins 
and so on decides the compartment into which they 
are pumped. We shall see that zinc is readily sep- 
arated and put in its place by the use of binding 
energies and the curiosities of its stereochemistry 
(Fig. 2). 

Table 1. Classification of cations in biological systems” 

Na+, K+ 
Charge-carriers 

Mobile 
Oxygen-anion 

binding 
Weak complexes 

Very fast 
exchange 

Mg*+, Ca*+ 
Structure formers 

and triggers 
Semi-mobile 
Oxygen-anion 

binding 
Moderately strong 

complexes 
Moderately fast 

exchange 

Zn2+ Fe, Cu, Co, MO 
Super-acid Redox catalysts 

catalysts 
static static 
Nitrogen/sulphur Nitrogen/sulphur 

ligands ligands 
Strong complexes Strong complexes 

No exchange No exchange 

“R. J. P. Williams, In Current Topics in Bioenergetics (Edited by A. Sat&i), Vol. 3, p. 
80. Academic Press, New York (1969). 

* R. J. P. Williams, R. Inst. Chem. Rev. 1968, 1, 13. 
‘B. L. Vallee and R. J. P. Williams, Chem. Br. 1968,4, 397 ; R. J. P. Williams, In The 

Enzymes (Edited by P. D. Boyer, H. Lardy and K. Myrback), Vol. 1, p. 391. Academic 
Press, New York (1959). 
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Fig. 2. Transport of zinc complexes in and out of cells. 
P is any protein carrier or enzyme, MT is metallothionine. 

THE DISPOSITION OF ZINC 
IN BIOLOGICAL SPACE 

General inspection of the biological systems 
shows that, whereas copper is rejected by cells from 
internal compartments especially the cytoplasm, 
zinc is not. In general zinc is pumped into vesicles 
in the cytoplasm or is held in the cytoplasm. In 
general copper is pushed into totally extracellular 
spaces. Copper becomes the catalyst (in enzymes) 
for extracellular oxidations while zinc becomes 
associated with control and triggering reactions in 
vesicles, e.g. hormonal release, as well as directly 
with some special enzymes for digestion (see Table 
1 and Fig. 2). The observed distribution of high zinc 
gives a very good clue to its utilization, especially 
against the background of its chemistry. 

KINETIC CONSIDERATIONS 

The work Dr Irving and I carried out did not 
only reveal the thermodynamic order, the Irving- 
Williams series, and the basis of a wider appreci- 
ation of stability constant data in solution such 
as the introduction of high-spin-low-spin changes 
within the series, e.g. that of the complexes of the 
dipyridyls, and the importance of stereochemistry 
but it nearly gave us a crystal field theory too. We 
clearly observed that the involvement of the empty 
orbitals of the d-shell at nickel affected the number 
of ligands taken up equally. It fell to Dr L. E. Orgel 
to show us the proper theoretical framework for 
these observations. We did observe another feature 
of the reactions of complex ions-some were faster 
than others. It was the work of Eigen and Taube 
which gave the underlying explanations once again 
in terms of d-shell filling. This gave a quite new 

order, that of the rates of substitution of ligands 
around a metal ion : 

Zn, Mn > Cu > Fe > Co > Ni > low-spin systems. 

Notice that zinc is placed in the very fast reacting 
groups. 

Now in any reaction system we can reduce the 
rate expression to a dependence on several steps : 
(1) the formation of the appropriate units in a 
complex, (2) the formation of the correct ster- 
eochemistry in that complex, (3) the readiness of 
the system to pass along a set of reaction inter- 
mediates, and (4) the ease of disruption of the final 
products. We should also add two other con- 
siderations : (5) the absence of alternative unwanted 
paths, and (6) the spatial separation of the reaction 
system from other such systems could be desirable 
so that only one set of transformations is carried 
out in one part of space. Without much mental 
effort an overview of the value of zinc hi a reaction 
system begins to appear. (1) It binds well though not 
as well as copper. (2) It has very selective stereo- 
chemical possibilities which can be altered easily 
since it has no strong preferences for a field of given 
symmetry-no ligand field terms. (3) It exchanges 
ligands rapidly. (4) It can release rapidly ligands 
which are chemically changed, i.e. the products. (5) 
It does not take part in redox reactions. (6) It is 
readily transferred into special compartments using 
(1) and (2) together with pumps. Add to this 
background the fact that zinc is quite soluble in 
water at pH = 7, and is therefore available to 
biology, and we have an ion, zinc, which is pref- 
erable to almost any other cation to be the favourite 
choice as an acid-base catalyst in water on grounds 
of availability, power and absence of redox prop- 
erties. Biology uses zinc for just these three reasons. 
Before looking further at the catalytic potential of 
zinc we must observe that its binding potential and 
lack of redox properties are extremely valuable in 
other respects. Because it binds strongly to, say, 
thiolate groups and does not catalyse their 
oxidation, it protects them. This is common in the 
cross-linking of rubbers. Biology will be seen to use 
this protection of thiolate groups in a number of 
ways. We discuss catalysis first. 

ZINC ENZYMES 

Figure 3 shows the pattern of reaction rates for 
zinc enzymes when the zinc is substituted by other 
metal ions. The Irving-Williams order of Lewis acid 
strength has disappeared but not the binding 
strength to the isolated enzyme. Clearly stereo- 
chemical requirements dominate thermodyn- 
amics in this enzymic rate series and there is a clear 
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Fig. 3. Plot (below) of the rates of Lewis acid catalysis 
by free metal ions of model substrates. Shown above is 
the rate of catalysis by metallo-enzymes in which the 
native zinc has been replaced by a series of other metal 

ions. 

demand for cations which do not prefer octa- 
hedral geometry, i.e. zinc and cobalt. We can 
draw somewhat convincing reaction pathways, e.g. 
for carbonic anhydrase (Fig. 4) which show how 
nicely zinc can aid any catalysis by its fast switches 
in stereochemistry and by its polarizing power, e.g. 
in hydroxide generation. I think however that if it 
had been discovered that copper(I1) was at the heart 
of carbonic anhydrase we could have drawn equally 
convincing diagrams of its reaction patterns since 
it has a greater polarizing power and reacts rapidly. 
After all, it is at the heart of superoxide dismutase. 
Intrinsically, copper(I1) is a better Lewis acid cata- 
lyst. The use of zinc to the exclusion of copper in 

most hydrolytic enzymes has led to the perfecting 
in a zinc enzyme of a pathway peculiar to zinc 
chemistry but zinc was not chosen for its catalytic 
potential alone. It was selected for the absence of 
redox reactions. In fact there are no acid-base reac- 
tions in biology which are catalysed by copper 
enzymes. There are a few apparent acid-base trans- 
formations where the metal ion in the enzyme is not 
zinc, but there is the suggestion here that some of 
these at least go by free-radical paths which zinc 
can not assist, e.g. diol rearrangements (cobalt in 
B, I), decarboxylations (iron-sulphur), and hydroxy 
acid rearrangements, aconitase (iron-sulphur). 
Zinc dominates in all the simple reactions such as 
ester, amide, ether hydrolyses of biology, and it is 
here where oxidation must be avoided. 

The organic chemist may well ask “but why use 
zinc at all?” when most hydrolytic enzymes are good 
catalysts without any metal ion. Here the organic 
chemist is not observing his own chemical systems 
closely. The catalysis of reactions in organic chem- 
istry can use extremes of pH so that H+ and OH-, 
even RO-, are useful free attacking groups. How- 
ever it is not infrequent for the organic chemist to 
switch to the use of A1C13, ZnCl, etc. as Lewis acid 
catalysts when he can not control pH, e.g. in organic 
solvents. Why did he not choose to add organic 
acids and bases as catalysts? The simple answer 
is that there are no organic compounds of simple 
construction which show the high and highly 
exposed electron affinity of tri- (aluminium) and 
divalent (zinc) metal ions even in organic solvents. 
Rutting it bluntly, organic chemistry does not sup- 
ply good attacking groups for either acid or redox 
reactions at neutral pH. This is the function of metal 

Fig. 4. Proposed outline scheme for the catalysis of the CO,+H,O reaction by the zinc enzyme 
carbonic anhydrase. 
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Table 2. Comparison between zinc and non-zinc enzymes” 

Reaction 
Zinc-dependent 

enzyme substrate 
Metal-independent 
enzyme substrate 

Hydration 
Protein hydrolysis 

Phosphate ester hydrolysis 
RNA/DNA hydrolysis 
RNA/DNA polymerase 
fl-Lactamase 
Aldolase 
Phospholipase 

COz, levalinic acid 
Carboxy-terminal, amino- 

terminal and dipeptides 
Terminal phosphate 
Non-specified nucleotides 
No specific base 
Penicillins 
Several aldols 
(C) Lipid esters 

None 
Endopeptide 
None(?) 
Phosphate transfer 
Ribonucleotides 
None 
Penicillins 
Several aldols 
(A) Lipid esters 

a Generally zinc is employed when the substrate is small, e.g. CO,, or when the reaction 
is non-specific, e.g. alkaline phosphatase, RNA polymerase and terminal proteases. 

ions or bare H+ and OH-. Let us look at acid-base 
catalysis more closely. 

Molecules can be broken rapidly in catalysed 
steps only by readjusting the bond energies along a 
pathway. There are two ways of doing this : (1) the 
bonds can be twisted and stretched, or (2) neigh- 
bouring attacking groups can be introduced. Both 
modes are catalytic. Metal ions are helpful as are 
any binding modes in (1) but they are unique in 
(2). Enzymes formed from organic units can only 
supply very many binding centres for purpose (2) 
and poorish attacking groups. It follows that if 
a substrate has many points of attachment to an 
enzyme it can be twisted and torn apart by an 
organic template which recognizes the shape of the 
intermediate better than that of the substrate and, 
with a little help from friendly disposed but weak 
organic acids and bases, e.g. in chymotrypsin, which 
breaks large peptides. However, if the reaction 
involves a small molecule then the binding must be 
through very simple attachment, distortion of the 
substrate is difficult, and catalysis now requires 
good attacking groups, e.g. zinc. Zinc can activate 
the smallest of molecules, H20, the participant in 
all hydrolyses. Thus we observe that it is in the 
hydrolytic reactions of small substrates that zinc is 
most used (Table 2). (These points are general to 

the functional use of all metal ions in biological 
catalyses.) 

I do not want to press on with a detailed dis- 
cussion of the catalytic chemistry of zinc in 
enzymes. I believe this to be but one area of interest 
and there are possibly two other areas of zinc action 
in biology which merit further analysis : (1) pro- 
tection of thiolates, and (2) triggering. Before pass- 
ing to these points, however, I would not like three 
features of the binding of zinc in enzymes and other 
proteins to be missed (Fig. 5). The zinc is invariably 
bound to more than one nitrogen or thiolate, and 
is bound by at least three groups in total to give it 
chelate stability and closely adjusted stereo- 
chemistry in the site. If zinc were bound to a 
smaller number of groups it would not be bound 
with sufficient strength for permanent (irreversible) 
attachment. The binding in enzymes is linked to 
the fold energy of the protein so that the zinc is 
cooperatively fixed to its site-it does not exchange 
readily from the enzymes. Note that the zinc 
enzymes have tight /?-sheet folds (Fig. 6). The stereo- 
chemistry in the enzymes is carefully tuned to 
make function optimal-the entatic state tuning of 
Vallee and Williams, but minor adjustments are 
permitted to allow flow along a reaction pathway. 
I shall not elaborate further but I would remind the 
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Fig. 5. Different, entatic, geometries of zinc in enzymes. Left : carboxypeptidase, and middle : carbonic 
anhydrase @I) and alcohol dehydrogenase (S). The right-hand structure shows zinc as a cross-linking 

agent. 
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best known is the keratin filaments of the tails (fla- 
gellae) of such cells as sperm. Here zinc helps to 
generate a stable yet flexible structure for the motor 
of this cell. Note that the male reproductive tract is 
full of zinc-is this to help to keep sperm healthy 
and moving? 

Fig. 6. Outline structure of Cu/Zn superoxide dismutase 
showing the b-barrel. 

Recently Klug and coworkers have described an 
impressive example of zinc cross-links in a trans- 
criptase factor. Some 9 or 10 zinc atoms are bound 
in a repeated domain of a protein which in turn 
binds to DNA. The on and off reactions of zinc 
may well be related to the conformations of the 
protein and its interaction energies with the DNA. 
Thus zinc could control transcription. We are 
reminded of two series of experiments. The first 
showed that zinc is essential for growth of humans 
and zinc deficiency causes developmental retar- 
dation. The second showed that if zinc is replaced 
by other elements such as cobalt or manganese in 
Euglena grads growth media then the genetic 
machinery suffers some peculiar irregularities. 

reader of the tricks used in analytical chemistry. Dr 
Irving’s favourite, using organic reagents and phase 
transfer to generate selective determinations of 
metal ions, is very closely akin to biology’s use of 
organic binding groups not only to control metal 
ion functions but where they are used and their 
usefulness. 

Finally there are the uses of zinc in some quite 
peculiar structures such as the tapetum of the eyes 
of animals with night-vision. Here the zinc is in 
crystals of zinc cysteinate, it is said. Another use is 
in the stabilization of the “teeth” of the larvae of 
insects such as locusts where it is thought the zinc 
acts as cross-link of phenolate polymers in a form 
of sclerotin. 

CROSS-LINKING BY ZINC ZINC CHEMICAL TRIGGERS 

Zinc cross-linking is not too unusual in intra- 
cellular enzymes. In fact the use of zinc to stabilize 
a structure is useful in that it can replace the con- 
ventional biological cross-links formed from oxid- 
ized dithiols, -!3-S- bridges, in the extracellular 
medium. Zinc then provides a centre free from one- 
electron reactions, which other metals and disul- 
phide could not do, and inside the cell, which is a 
reducing medium. The cross-links are often now in 
fact from one RS- to another through zinc, and the 
zinc site is frequently in the middle of four such RS- 
groups, e.g. in alcohol dehydrogenase and aspartate 
transcarbamylase (Fig. 5). An alternative cross-link 
known in one enzyme, the Cu/Zn superoxide dis- 
mutase, uses a number of imidazoles, here four 
again in an approximate tetrahedron. In this last 
case the zinc is close to the copper at the active site 
and directly generates the ligand geometry around 
the copper (Fig. 6). Copper is in a truly entatic 
condition brought about in part by the zinc. A 
recent example of unknown importance as yet is the 
finding of zinc in cytochrome oxidase. 

A way of triggering a biological system is to 
remove an inhibitor. The simplest examples are the 
breaking of chemical bonds in proenzymes to give 
enzymes. Thus an inhibitory peptide is broken away 
from prochymotrypsin, i.e. chymotrypsinogen, to 
give chymotrypsin. This process is quite sluggish, 
involving the breakdown of covalent bonds. An 
alternative mode of triggering of this kind is by the 
breaking of ionic bonds, and naturally this involves 
metal ions. Although the following case is not 
known to be true it looks extremely plausible. 

The use of cross-links in enzymes is to be con- 
trasted with the use in other kinds of protein. The 

It is now known that many enzymes which break- 
down storage proteins to release pcptide hormones 
are thiolate- and zinc-dependent. Such enzymes 
must be stored ready for use but this has its risks 
since the thiolates can be readily oxidized. A sol- 
ution to this problem is to store them with the 
protein which contains the hormonal peptide in the 
presence of zinc which both protects the reactive 
site and inhibits oxidation. The zinc binding must 
be weak, say two bonds only so that dissociation is 
fast. In other words a container is needed and a 
compartment (vesicle) in which there is a somewhat 
concentrated zinc solution. The zinc is protective 
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but to be so and readily released it has to be in only 
moderately strongly held and therefore in fairly 
high concentration, say lop7 M free zinc ions, in 
order to function. The situation is unlike that in the 
above zinc enzymes when the zinc is a catalytic 
component and is bound almost irreversibly with 
a constant of lo- lo M, although the two modes of 
action are not mutually exclusive. Now this hypoth- 
esis explains immediately the high concentration of 
zinc in many peptide hormone containing vesicles, 
e.g. in the brain (endorphins) and the pancreas 
(insulin). It also explains the presence of high zinc 
in parts of the sperm and pollen which require pro- 
teases to trigger many events-e.g. fertilization. 
However, the use of zinc in this way needs a mode 
of concentrating the zinc in the vesicles-a zinc 

Pump* 

THE ZINC PUMPS 

The way in which zinc is removed from cells to 
vesicles is unknown. Metallothionine (see Fig. 2) 
may well be used to export zinc completely from 
the cell. The same protein is used to expel both 
copper and to trap cadmium. Thus, metallothionine 
is one substrate for the pumps. However, zinc goes 
into compartments where there is no copper. We 
must suppose that there are special transport pumps 
for the zinc since we know that zinc is in high 
concentration in very local biological volumes- 
vesicles. We have not yet found this pump. 

The control of zinc levels in a cell may also be 
through the protein metallothionine. It is known 
that this protein has a four metal atom and a three 
metal atom cluster in two separate domains. All the 
metal ions are tetrahedrally coordinated to four 
thiolate groups so that the metals generate a fold. 
Without the metal ions the protein is in a random 

(ADP. P) 
ATP 

coil. The general picture of the function of metal- 
lothionine is given in Fig. 3. The zinc-free protein 
can pass information to DNA. If the zinc con- 
centration rises, or the copper or cadmium con- 
centrations rise, the protein is removed from the 
DNA and the RNA for production of protein is 
transcribed. The excess metal is bound. If it is cop- 
per or cadmium it is exported probably via lyso- 
zymal vesicles. If it is zinc it is pumped into other 
vesicles for use with proteases for example. 

ZINC MECHANICAL TRIGGERS : 
REMOTE TRIGGERS 

The way in which calcium triggers the calmodulin 
proteins has been outlined in essential detail. It is a 
very similar mechanism to that for the triggering of 
hemoglobin allosteric conformations by the iron 
high-spin-low-spin switch. We have proposed that 
the triggering of the pumps for ion transfer is 
similar. In each case the selective binding of, 
respectively, calcium, oxygen, protons, sodium or 
calcium, or indeed any channel-opening or pump- 
regulating molecule, depends upon the rearrange- 
ment of helical rods (Fig. 7). These proteins are not 
built from extended p-sheets as are most enzymes 
(Fig. 6). The essential difference between an 
extended sheet and a set of helices is that a sheet 
provides the more stable long-range two-dimen- 
sional order while the rod gives only a one-dimen- 
sional long-range order. (Note that a two-stranded 
sheet is a useful flexible device.) It is easier to rotate 
rods than sheets and, since the sheets are often 
closed round in enzymes by loops, it is easier to slide 
rods. Rods not sheets are the essence of mechanical 
devices in man’s machines, and for very good 
reason. The mechanical not the catalytic devices of 
biology are based therefore on helical rods probably 

r ATP (ADP + P) 

HINGE 

Fig. 7. Proposed scheme for the trigger action of a helical protein. A metal ion such as calcium binds, 
and by so doing twists and displaces the helices. The displacement drives an enzyme to a new state. 

The device can be used in reverse to transport ions using the energy of the enzyme reaction. 
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of necessity. Enzymes can not be so simply based 
on helices alone since the rods in proteins are 
weakly cross-linked for the most part by hydro- 
philic forces of poor directional quality and do not 
give a framework for selectivity. We shall turn 
attention away from the enzyme structures which 
are relatively rigid to the more loosely constructed 
proteins. 

METAL ANTAGONISMS AND 
REPLACEMENTS 

The elements most similar to zinc are cobalt(I1) 
and cadmium. There is no problem from cobalt in 
living systems since it is rare, but it is an extremely 
valuable probe atom since its spectroscopic prop- 
erties and its general chemical similarity with zinc 
allow it to be functional and observable. This type 
of isomorphic replacement is very similar to that 
observed in spinels, being dependent on size and 
stereochemistry. The easy introduction of the larger 
cadmium ion into zinc sites is somewhat adjustable. 
Unfortunately this substitution can lead to major 
problems in uivo. Cadmium poisoning is one of 
several man-made diseases grouped together under 
pollution. Metallothionine offers considerable pro- 
tection, as one would expect from the simple analy- 
sis tables, since CdS is precipitated in Group II but 
not ZnS. Cadmium can be readily determined using 
dithizone, which brings us back to the beginning 

of this article and my research work started under 
Dr H. Irving. 

CONCLUSION 

I hope, Harry, that you enjoy this article. It has 
some (probably too much) of the personal pro- 
vocative approach which you typify. I hope that it 
contains some of the disciplined constraints which 
you taught. I think it is thoughtful, reflective and 
cheeky. The study of chemistry or biochemistry is 
not dull but full of surprise, and there is the need 
for flexibility of thought. If my article is to be a 
compliment to you then I truly hope that it contains 
these elements. The supervisor is the father of the 
pupil and inheritable characteristics are inevitably 
transferred. Apart from my research, I have also 
tried to see to it through my pupils-your grand- 
children-that the inheritance does not die out. 
They are responsible for much of the work in which 
I have been involved. As far as the family tree of 
the chemistry rather than the people is concerned, 
zinc dithizone was the father of this article. 

Acknowledgements-I have not provided references for 
this article since they can all be obtained from reviews of 
zinc biochemistry in many review series on bio-inorganic 
chemistry. I am grateful to the editors of Endeuvour for 
permission to reproduce several figures from my article 
in Endeavour, New Series, 1984,8,65, which also has the 
necessary references. 
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Abstract-Tin(I1) chloride has played a central role in the non-instrumental analytical 
chemistry of the platinum group metals, the characteristic reaction between tin(I1) chloride 
and platinum(II/IV) chloride having been documented for more than 180 years. The intense 
colour of hydrochloric acid solutions containing small amounts of Pt(II/IV) and tin(H) 
chloride constituted one of the first trace calorimetric methods for the dete~ination of Pt 
in the sub parts per million range. Similar spectrophotometric methods of trace analysis 
for Rh have been known for more than half a century. Remarkably the detailed nature of 
the interaction of tin(H) chloride with the platinum group metals has only been elucidated 
relatively recently, and there is evidence of recent renewed interest in platinum group 
metal complexes involving the &Cl; moiety as ligand. We wish here to give a brief 
history of the use of tin(I1) chloride in the analytical chemistry of the platinum group 
metals, highlighted by some of our recent work involving the selective i~obili~tion of 
chloro(trichlorostannato)platinum/rhodium complex anions by polyurethane foams as a 
means of separation and pr~~on~ntration of small amounts of Rh and Pt. 

HISTORICAL PERSPECTIVE 

The characteristic reaction between tin(B) chloride 
and gold(II1) chloride in dilute aqueous solution 
certainly ranks alongside one of the earliest quali- 
tative calorimetric methods for the detection of 
small quantities of Au. The discovery of the “purple 
of Cassius” is attributed to one Dr A. Cassius,’ at 
Leyden, in the year l&3.* Although the analytical 
potential of the “purple of Cassius” was probably 
not initially recognized, nor indeed of interest, ’ the 
purple-red colouration produced when a solution 
containing gold~1~ chloride is treated with tin(I1) 
chloride had already become well-established as a 
sensitive method for the detection of traces of Au 
in mid-nineteenth-~nt~ textbooks of qualitative 
chemical analysis. 3*4 The nature of the precipitated 

* KRK was appointed lecturer in the newly established 
Department of Analytical Science at UCT under the 
Headship of Professor H. M. N. H. Irving (1979-1984). 
Author to whom correspondence should be addressed. 

“purple of Cassius” remained poorly understood 
long after its discovery, although evidence that the 
purple colour was essentially due to a form of col- 
loidal metallic Au dates to 1780. ’ Nevertheless it 
was to be more than a century before Schneider 5 and 
Zsigmondy6 clearly established the true colloidal 
nature of the “purple of Cassius” as well as the 
conditions for its formation. Presently it is generally 
accepted that the “purple of Cassius” consists 
mainly of tiely dispersed metallic Au, adsorbed 
onto an insoluble form of hydrous stannic oxide,1*6 
Essentially then, the formation of the “purple of 
Cassius” by reaction between tin(B) chloride and 
gold(III) chloride may be described as redox in 
nature, although this view is probably an over- 
simplification in the light of recent evidence of the 
formation of complexes of gold involving Au-Sn 
bonds,’ in which the SnCl, moiety behaves as a 
Lewis acid. 

Althou~ we have not been able to establish a 
definite link between the “purple of Cassius” and 
the discovery of a similarly characteristic reaction 
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between tin(H) chloride and platinum(II/IV) chlor- 
ide, it seems reasonable to postulate that such a link 
exists. W. H. Wollaston, one of the early pioneers in 
the chemistry of Pt,8 first reported the characteristic 
red-brown colour produced when an acid solution 
of platinum(II/IV) chloride is treated with excess 
tin(I1) chloride in 1804.9 Evidently the intense 
blood-red colour so produced was rapidly adopted 
as a sensitive qualitative spot test for the presence 
of Pt, alongside the “purple of Cassius”. 3*4 Indeed, 
the tin(I1) chloride spot test for traces of Pt still 
enjoys prominence in present-day texts,“,’ ’ as one 
of the more sensitive tests available, 25 x lop9 g Pt 
being easily detectable. 

Early attempts to elucidate the nature of the reac- 
tion between Pt salts and tin(I1) chloride were 
undoubtedly influenced by comparison with studies 
of the “purple of Cassius”. Nevertheless, WGhler 
and Spengel lz recognized that the red reaction 
product was extractable into ether, thus ruling out 
a possible coloidal suspension of finely divided met- 
allic Pt. On the other hand, the idea of reduction of 
platinum(II/IV) to a metallic state by tin(I1) chlor- 
ide seems so firmly lodged, that recently revised 
text-books,“,” still regard Pt as being reduced to 
“colloidal Pt” or “to the elementary state”. The 
extractable nature of the intensely red Pt-Sn com- 
pound(s) was later exploited by Wiilbing who, in 
1934, not only demonstrated a quantitative col- 
orimetric method for the determination of small 
amounts of Pt, but also utilized an ethylacetate 
extraction procedure to separate Pt from other 
noble metals. ’ 3 

Nearly two decades later, Ayres and Meyer 
undertook a series of detailed spectrophotometric 
investigations of the reaction between tin(I1) chlor- 
ide and Pt, l&” Pd15 and Rh” in HCl. Attempts to 
understand the nature of these chromogenic reac- 
tions’4’15 went in hand with a critical evaluation of 
these calorimetric methods for the determina- 
tion of some of the platinum metals. 18*i9 Such 
studies convincingly established the utility of tin(I1) 
chloride as a calorimetric reagent for the micro- 
determination of Pt(II/IV) by measuring the 
absorption maximum at A,,,,, = 310 nm (molar 
absorptivity 3.95 x 104). The reductive power of 
tin(I1) chloride undoubtedly influenced these early 
attempts to characterize the red Pt-Sn reaction 
product(s). Thus, Ayres and Meyer postulated the 
formation of a tetrapositive [PtSn4C1414+ cation, in 
which Pt was thought to be reduced to a zerovalent 
state. ” This confusion is understandable, since it 
has only recently been shown conclusively that 
some platinum group metals in their highest com- 
mon oxidation states, viz. Pt(IV), Rh(II1) and 
Ru(IV), are certainly reduced to lower formal oxi- 

dation states, Pt(II),*’ Rh(I)*’ and Ru(111/11)** by 
tin(I1) chloride in aqueous HCl solution. Although 
complete reduction of Pt (and Rh) by tin(I1) chloride 
is possible under more forcing conditions in HCl, 
the circumstances under which this occurs have yet 
to be clearly demonstrated. On the contrary tin(I1) 
chloride is thought to stabilize Pt(I1) to further 
reduction by molecular hydrogen (see below).23,24 

The true nature of the highly coloured species 
formed by reaction of Pt(II) and Rh(II1) with tin(R) 
chloride was first revealed by two independent 
groups. In the same year, Stolberg and co- 
workers, 25 as well as Davies et uI.,*~ showed that 
complex Pt(I1) and Rh(II1) anions containing 
SnCI; moieties could be precipitated with bulky 
cations. Thus Cramer et al.*’ isolated compounds 
such as red [(C6H5)sPCHJ],[Pt(SnC13)5] and yellow 
[(C6H3)3PCHJ2[PtC12(SnCI,)2], along with neutral 
[Pt(P(C,H,),),(SnCl,)Cl], while Davies et ~1.~~ 
reported isolation of [(CH3)4N14[Rh2Sn4C114]. 
These preliminary reports were soon followed by a 
detailed investigation by Young et al.,*’ in which 
the syntheses and properties of a considerable num- 
ber of neutral and anionic complexes of Pt, Rh, Ir 
and Ru with tin(I1) chloride, were reported. In each 
of these compounds a direct M-Sn bond was pos- 
tulated, involving the SnCI; moiety as ligand. An 
X-ray diffraction study of the unusual [(C,H,), 
PCHJ,[Pt(SnClJ,] complex confirmed directly 
the trigonal bipyramidal structure of the penta- 
kis(trichlorostannato)platinum(II) anion, showing 
discrete Pt-Sn bonds (mean length 2.54 A).28 
This report was followed shortly by the X-ray crys- 
tal structure of a highly unusual trigonal bipy- 
ramidal Pt-Sn cluster (C8H 1 2)3Pt(SnC13)2 in which 
the Pt atoms form a triangle, capped by two Sn 
atoms (Pt-Sn distances 2.80 A).29 The latter struc- 
ture clearly illustrates the uncertainty in the formal 
oxidation state of the Pt atoms ; a simplistic view 
yields an oxidation state of +2/3 per Pt atom, 
assuming Sn(I1). 

Tin(I1) chloride as reducing agent 

At this point it may be appropriate to emphasize 
the dual role of tin(I1) chloride both as reducing 
agent as well as ligand in the form of the SnCI; 
moiety. Although to our knowledge relatively little 
work has been undertaken concerning redox reac- 
tions with the platinum group metals in general, it 
has been established that Pt(IV) in HCl is certainly 
rapidly reduced by tin(I1) chloride according to an 
overall rate law: - WVdt = kdWW1CS~(II)1~ 
where kobs = 473+22 dm3 mall’ s-’ at 297 K.*O 
This reduction is followed by a slower complex 
formation in which the Pt(I1) state appears to be 
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stabilized to further reduction (see below). In the 
case of Rh(III), Ir(IV) and Ru(III/IV) reduction to 
Rh(I),” Ir(III)30 [or Ir(I)12’ and Ru(III/II)~‘-~~ is 
also known to occur, but no detailed kinetic studies 
have appeared. The circumstances under which 
reduction does occur are in any event not fully 
understood as it appears for example that Rh(II1) 
is only reduced to Rh(1) in the presence of sufficient 
excess tin(I1) chloride, 2 ’ in order to stabilize the 
Rh(1) by complex formation with &Cl;. The 
behaviour of PdfII) on the other hand resembles 
that of Au(II1) most closely, in that the reaction 
of PdCl:- with tin(II) chloride in HCl leads to the 
formation of transient red-brown and yellow com- 
plexes of probable formulation [PdC14-n(SnC13),]2- 
(n = l-4),34 followed by the formation of an 
unstable dark green hydrosol, from which ulti- 
mately metallic Pd may be recovered. This hydrosol 
of Pd is not extractable into organic solvents such 
as 4-methyl~ntan-Z-one (MIBK). Since the chlo- 
ro(trichlorostannato)platinum(II) complex anions 
may be readily extracted into MIBK, this differ- 
ence between Pd(I1) and Pt(I1) may be conveniently 
exploited for the quantitative separation of these 
two metals by extraction with MIBK in the presence 
of a reasonable excess of tin(I1) chloride. Figure 1 
shows the dist~bution of equimolar amounts of 
Pt(I1) and Pd(I1) (3 x lo-* mmol) between 2.4 mol 
dmp3 HCl containing an excess (3 x IO- ’ mmol) 
SnCl, and various mixtures of MIBK and n-hexane 
[% (v/v)]. Extractions were performed 20 min after 

mixing of solutions, during which time the Pd 
hydrosol is fully developed. By controlling the HCl 
concentration, the amount of tin(I1) chloride 
present, the contact time and the organic-phase 
composition, quantitative separation of Pt(I1) from 
a IO-fold molar excess of Pd(I1) is readily possible. 

Tr~~hlorostan~ato anion as &and 

Interest in Pt(I1) complexes involving the tri- 
chlorostannato ligands was probably encouraged by 
the discovery reported in 1963 that solutions con- 
taining chloro(t~chlorostannato)platinum(II) com- 
plex anions readily catalyse homogeneous hydro- 
genation of ethylene and acetylene at room tem- 
perature and low H2 pressures.25 Following this 
early report of the catalytic properties of Pt-Sn 
complexes, the highly selective hydrogenation of 
oils such as methyl linolenate to unconjugated 
dienes has been studied in detai1,23 while homo- 
geneous olefin hydroformylation catalysis by pla- 
tinum(H) group IVB metal halide complexes has 
been examined.24*35 Recently Saito et al. proposed 
a rhodium-tin(I1) chloride catalytic system for pho- 
to-enhanced dehydrogenation of propan-2-01. 36*37 
The latter system shows promise in the quest to 
convert solar energy into useful chemical energy, in 
the form of hydrogen. The role of tin(I1) chloride 
in these catalytic systems is not completely under- 
stood, although actively under investigation. 38 It is, 
however, generally agreed that the SnCl; ligand: 

2 

0” 

4 0 20 40 60 80 100 

%iv/v~ MIBKI Hexone 

Fig. 1. Distribution coefficients (log 0,) of Pt(I1) and Pd(II) between 2.4 mol dm- 3 HCl and various 
mixtures of MIBK in n-hexane [% (v/v)], in the presence of excess tin(H) chloride at 295 K [Sn(II) : 

A4 = 10 (M = mol Pt+Pd)]. 

-2 
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(a) stabilizes Pt(II) to reduction by H2 to the metallic 
state with the formation of complex hydride 
species,23,24 and (b) the strongly “rc-acid” nature of 
the S&l; ligand 39 labilizes the often kinetically 
inert complexes of the platinum group metals to 
ligand substitution. 

A consequence of (a) above is the facile formation 
of a variety of platinum group metal complex 
hydrides4’ such as [Pt(SnC13),w3- and 
H21r(SnC13)(PPh,),. In this context, we have 
recently observed the formation of a transient com- 
plex hydride species of Rh, on simply extracting 
rhodium(II1) chloride from dilute HCl containing 
excess tin(I1) chloride into 4-methylpentan-2-one. 41 
This species is best formulated to be 
[RhH(SnC13)4C1]3- on the basis of ’ 19Sn NMR evi- 
dence. Incidentally, the advent of routine multi- 
nuclear Fourier transform (FT) NMR has resulted 
in great advances in the chemistry of the platinum 
group metals involving the trichlorostannato 
ligand, since two naturally occurring isotopes, ’ ’ 7Sn 
and 119Sn, both have spin Z= 4 and, at 7.61 and 
8.58% natural abundance, respectively, are easily 
observed by modern FT NMR spectroscopy.42 
Consequently many authors have used ’ 19Sn-{ ‘H}, 
31P-{ ‘H} and 195Pt-{ ‘H} NMR spectro- 
scopy to elucidate the fundamental solution 
chemistry of Pt(I1) complexes involving the SnCl; 
ligand.38*43-46 Similar studies involving Rh36,37s4’ 
and Ru30*47 have been reported. 

In the realm of analytical chemistry, the strong 
truns effect of the SnCl; moiety as ligand (com- 
parable to CN- and CO),39 has been usefully 
exploited as a catalyst of ligand substitutions in 
the usually kinetically inert platinum group metals. 
Thus a number of solvent extraction schemes for 
the platinum group metals by a variety of organic 
extractants have utilized tin(I1) chloride as a reduc- 
ing as well as a “labilizing” agent.48 The extractive 
separation of Rh from Ir by diphenylthiourea is 
catalysed by tin(I1) chloride for example, and 
appears to be quantitative only in the presence of 
the latter reagent.4v Similar use of tin(I1) chloride 
was reported by Mojski : So the extraction efficiency 
of Pt, Rh, Ru and Ir by triphenylphosphine from 
HCl into 1 ,Zdichloroethane is considerably 
increased in the presence of tin(I1) chloride. 
Although the role of tin(I1) chloride in promoting 
rapid ligand substitutions of the inert platinum 
group metals is undisputed, the mechanism of the 
“labilizing” effect of tin(I1) chloride sometimes 
involves the extraction of complexes containing the 
SnCly ligands. In this context we have shown that 
the extraction of PtCl:- by triphenylphosphine in 
the presence of tin(I1) chloride involves the transient 
formation and extraction of [Pt(SnCl,)Cl(PPh,),] 

and [Pt(SnCl,),(PPh,),] into the organic phase, fol- 
lowed by eventual disproportionation of such spec- 
ies, with back extraction of tin(II/IV) chloride into 
the aqueous phase.” 

POLYURETHANE FOAM EXTRACTIONS 
OF THE PLATINUM 

GROUP METALS 

Flexible polyurethane foams are ubiquitous in 
everyday life, the remarkable versatility of this poly- 
mer having prompted the manufacture of a myriad 
of products for a wide variety of applications. In 
1980, about 3 x lo6 tons of urethane polymer was 
consumed worldwide. j2 The versatility of this poly- 
mer has recently been extended into the realm of 
analytical chemistry by the discovery of Bowens 
that flexible polyurethane foams have the capacity 
to absorb a large variety of organic and inorganic 
substances. Amongst the various types of metal 
complexes that are sorbed by the polyurethane 
polymer is a group of highly polarizable complex 
anions such as AuCl; and FeCl;, and a host of 
other transition-metal thiocyanate complexes 
including those of Rh, Pt and Pd. 54 The continuing 
interest in the use of polyurethane foams in the 
separation and pre-concentration of a large range 
of substances is underscored by the publication of 
a monograph” and a CRC handbooks6 devoted 
entirely to this subject. 

We have recently reported an efficient method for 
the semi-selective sorption of Pt(I1) from dilute 
hydrochloric acid in the presence of sufficient tin(I1) 
chloride.57 Detailed studies have been carried out 
involving the sorption of Pt(I1) and Rh(II1) from 
HCl by polyurethane foams in the presence of 
tin(I1) chloride, and it is some of these results we 
wish to report briefly here. 

Chloro(trichlorostannato)platinum(II) complex 
anions are rapidly and efficiently sorbed by poly- 
urethane foams from 0.5-5.0 mol dmp3 HCl 
solution. The maximum sorptive capacity of 
the foam with respect to platinum [C(Pt)] depends on 
the temperature, HCl concentration, the Sn(I1) : 
Pt(I1) ratio, as well as the presence of alkali earth 
metal cations, notably Kf . The presence of K+ ions 
has a marked depressive effect on the value of C(Pt). 
Table 1 shows some typical C(Pt) values at 25 and 
40°C for a variety of solution conditions. Evidently 
even at relatively low Sn(I1) : Pt(I1) mole ratios (Q 
in solution, considerable quantities of Pt are sorbed 
by the foam. Furthermore, we have found that, at 
1.0 mol dm- 3 HCl, the amount of Pt sorbed per 
unit mass of foam reaches a peak at a value of R, = 
4-5, only to decrease slightly and level off at R, > 10 
(Fig. 2). By simultaneous monitoring of the quan- 
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Table 1. Maximum sorptive capacity of polyurethane foam (cf. 
Fig* 2) for Ft(II) in 1 .O mol dm- 3 NC1 untying tin(I1) chloride, 

measured for various initial Pt(II) concentrations 

75 

Maximum capacity {mol kg- ‘) 

T = 25°C T=4O”C 

WI 
018 cmT3) Sn(II)Pt 2 5 2 5 

50 0.39 0.50 0.26 0.44 
100 0.51 0.59 0.39 0.60 
150 0.57 0.58 0.48 0.65 
200 0.68 0.66 0.52 0.61 

tity of Sn that is coextracted with the Pt, we have 
dete~ned the average mole Sn : Pt ratio of species 
sorbed by the foam (R&. As may be seen from Fig. 
2 the value of l$ tends to 5 in the presence of 
sufficient Sn(I1) in solution. 

These data suggest that the species preferen- 
tially sorbed by the polyurethane foam is the 
[Pt(SnCl,)5]3- complex anion. Nelson and AlcockS 
have recently re-examined the crystal and solution 
structure of [(C~H~)~PCH~]3~t(SnCl~}~], and 
found that the pt(SnC1,)J3- anion retains its tri- 
gonad bipyra~dal structure in sofution. Further- 
more, these authors found no “%n and “‘Pt NMR 
evidence of ~(SnC13),]3- dissociating into pro- 
ducts such as [pt(SnC1,)J2- or ~t(SnCl,),Cl~2- in 

acetone solutions. We have previously examined 
the solvent extraction of PtCl:- in the presence of 
SnC12 from HCI into MIBK.59 Examination of an 
MIBK extract [obtained from 2 M HCi with 
Sn(I1): Pt(I1) = IO] by means of 186.5MHz ‘19Sn 
NMR showed evidence of only a single set of reso- 
nances at 303 K ; [li(” 19Sn) = - 127.9 ppm rela- 
tive to (CH~~~Sn, ‘~(19s~-‘i9Sn~ = 16,028 Hz, 
2J(1 “Sn-i r9Sn) = 6252 Hz]. This resonance may be 
assigned to the [Pt(SnCl~)~]3- complex anion on the 
basis of very similar spin-spin coupling data from 
the work of Nelson [‘J(1g5Pt-“9Sn) = 16,030 Hz, 
‘J(’ i 7Sn-’ 19Sn) = 6230 Hz]. 58 

It is thus reasonable to postulate that, in the case 
of polyurethane foam extractions, a similar species 

6 

Fig. 2. Variation of the maximum sorptive capacity [Cm)] of polyurethane foam [prepared from 
~l~ropylene oxide (MW 3400) arid an 80: 20 (v/v) mixture of 2,4- and 2,6-toluene diisocyanate] 
toward Ft(II) in 1.0 mol dme3 HCl at 298 K as a function of the &@I): pt mole ratio (RJ. Also 

shown is the Sn : Pt mole ratio, as observed on the foam (R& 
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Table 2. Recovery and separation of Pt(I1) and Ir(IV) by polyurethane 
foam from 2.0 mol dmw3 HCl at room temperature, in the presence of 

sul-hcient tin(I1) chloride 

Platinum” Iridiumb 

Taken Found Taken Found 

(mg) (mg) (mg) (mg) 

0.25 (n = 10) 0.23+0.01 - 
0.50 (n = 10) 0.51+0.03 - 

1.00 (n = 10) 1.03f0.06 - 
2.50 (n = 7) 2.52 IfrO.06 2.46 2.41 f 0.08 
l.OO(n=5) 1.00+0.01 9.85 9.55 kO.4 
0.10 (n = 6) 0.095 f 0.006 9.85 9.82 f0.3 

“Platinum found sorbed by 400-mg block of foam. 
b Iridium left in solution. 
“Sn(I1) : M mole ratio, M = Pt + Ir. 

Conditions 

Sn(II)/M 
ratio” 

30 
30 
30 
30 
30 
30 

may be involved, especially in view of the observed 
Sn : Pt ratios found on the foam. 

On a more practical level, we have found that 
small amounts of Pt can be quantitatively sorbed by 
polyurethane foams as a means of pre-con- 
centration of this metal. The P&loaded foam may 
then be readily dissolved in hot HNO,HCl for 
subsequent analysis. In this way 250 pg Pt may 
readily be recovered from a 250-cm3 solution by a 
lOO-mg block of foam, representing a concentration 
factor of ca 2.5 x 103. Table 2 shows some of the 
results of Pt separation and recovery experiments. 
It is clear that, in the presence of sufficient Sn(II), 
satisfactory recoveries of up to 100 pg Pt per 200 
cm3 solution are achieved even in the presence of a 
102-fold molar excess of Ir(IV) in 2 mol dmp3 HCl. 

Rhodium(iI1) chloride reacts fairly rapidly with 
tin(I1) chloride, and in a similar fashion to Pt(I1) 
in dihtte HCl, a variety of Rh(II1) and Rh(1) 
chloro(trichlorostannato)rhodium(III/I) complex 
anions are formed.2’,26,27 We have examined the 
extraction of rhodium(II1) chloride from dilute HCl 
containing sufficient tin(I1) chloride into MIBK6’ 
In this manner, Rh may be readily separated from 
Ru and Ir, since the formation of correspond- 
ingly extractable chloro(trichlorostannato)ruthen- 
ium and chloro(trichlorostannato)iridium does not 
occur at room temperature. On this basis, it might 
be expected that polyurethane foams should sorb 
chloro(trichlorostannato)rhodium complex anions. 
This expectation is amply confirmed by results 
shown in Fig. 3. 

In contrast to the sorption of Pt, it appe: -9 that 
a greater excess of tin(I1) chloride results i* -r 
increasing amount of Rh being sorbed bT .I 
(cf. Fig. 2). Furthermore, analysis of F of 

samples loaded foam yields Sn : Rh ratios in the 
range 3.6-4.5, suggesting that a variety of chloro- 
(trichlorostannato)rhodium(III/I) species may be 
simultaneously sorbed by the foam. Such an idea 
is supported by an ‘19Sn NMR study of an MIBK 
extract of an HCl solution containing RhC13 * 3H20 
and excess SnC12. We have found that at least seven 
sets of ‘19Sn resonances are observable in MIBK 
extracts obtained under various conditions :” of 
these, [Rh(SnC13)&113- [6(‘19Sn) = - 117.5 ppm, 
‘J(103Rh-1’9Sn) = 558 Hz, 2J(117Sn-119Sn) = 1943 
Hz], [Rh(SnC13)&12]3- [6(119Sn) = -209.6 ppm; 
1J(103Rh-119Sn) = 587 Hz, 2J(117Sn-119Sn) = 2216 
Hz], and [Rh(SnC13)3C13]3- [6( ‘19Sn) = - 369.3 
ppm, 1J(‘03Rh-“9Sn) = 731 Hz, 2J(‘17Sn-“9Sn) = 
3034 Hz] have been positively assigned in good 
agreement with the work of Saito.21 In addition, 
as already referred to above, we have also identi- 
fied a hydrido species [RhH(SnC13)&113-, in the 
MIBK phase.41 It is thus reasonable to pro- 
pose that a qualitatively similar distribution of spec- 
ies may be sorbed by the polyurethane foam, as 
suggested by the observed trends (Fig. 3). We have 
carried out a detailed study of the optimum con- 
ditions of sorption of chloro(trichlorostannato)- 
rhodium(I/III) complexes by polyurethane foams, 
and found that rhodium may quantitatively be 
separated from iridium and ruthenium by this 
means. Details of this work are, however, to be 
published elsewhere. 6’ 

In conclusion, we have found that small amounts 
of Pt(II/IV) and Rh(II1) are remarkably efficiently 
removed from dilute HCl containing a reasonable 
excess of tin(I1) chloride by means of polyurethane 
foams. Neither Ir(IV) nor Ru(III/IV) is appreciably 
retained by the polyurethane polymer under similar 
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Fig. 3. Sorptive capacity of polyurethane foam toward Rh(III)[C(Rh)] as a function of the Sn(I1) : 
Rh(II1) mole ratio (&) from 2.0 mol drnp3 HCl at 313 K. 

conditions, hence a clean separation of Pt and Rh 
from Ir and Ru is possible. Preliminary work indi- 
cates that the immobilized Pt and Rh may be con- 
veniently stripped from the polyurethane foam by 
hot (60°C) 2.5-5.0% (v/v) cont. HCl in ethanol, 
leading to essentially quantitative recovery of the 
noble metal. The presence of relatively large 
amounts of base metals such as Cu, Zn, Ni, Co, Mn 
and Fe does not significantly affect the immo- 
bilization of Pt and Rh in the presence of tin(I1) 
chloride by polyurethane foam. Finally the Sn may 
be removed from either Pt or Rh by distillation of 
the volatile SnBr4 at relatively low temperatures. 
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Abstract-Complexation of Pd2+ by CN- in ‘q h uid ammonia has been studied by means 
of IR and Raman spectra of the solutions. Stepwise complexation occurs up to the square- 
planar 4 : 1 species. In the 2 : 1 step truns-Pd(CN), is initially formed at subambient tem- 
peratures but slowly equilibrates (t ,,z = 6 h) at 293 K into a mixture containing both the 
cis and the fruns isomers. The 2 : 1 and 4 : 1 complexes appear to be thermodynamically 
very stable. All the 11 C-N stretching modes of vibration of [(NH,),Pd(CN)]+, 
cis- and tr~ns-[@H~)~Pd(CN)~], [(NH,)Pd(CN),]- and Ed,]- have been observed 
and assigned. There is no spectroscopic evidence for multinuclear complexation involving 
bridging CN- groups. 

We report on the complexation of palladium(I1) by 
cyanide ligands in liquid ammonia. This work forms 
part of a much wider area of our investigations 
which encompasses a vibrational spectroscopic, as 
well as an electrochemical, attack on the problem 
of identifying the various species which occur when 
cations and anions or ligands interact in liquid- 
ammonia solutions. 

In most protonic solvents, such as water and the 
lower alcohols, the cyanide salts of heavy metals 
are insoluble. In previous papers we have shown 
how liquid ammonia is particularly useful as a 
medium for the study of water-insoluble metal 
cyanides in solution. For instance, the stepwise 
complexation by CN- of silver(I)2 and mercury(I1) ’ 
can be followed in the Raman, usually between 200 

* For Part XVI see Ref. 1. 
t As an undergraduate at Keble College, Oxford 

(1954-1958), J. B. Gill was tutored in inorganic chemis- 
try, and was supervised for Part II of his B.A. degree, 
by Dr Irving. After a period in industry and Edinburgh 
University, he joined Professor Irving again at Leeds 
University in 1965 as a Lecturer in the Department of 
Inorganic and Structural Chemistry. P. Gans was 
appointed in 1964 by Professor Irving as Teaching 
Fellow in the Department of Inorganic and Structural 
Chemistry and became a Lecturer in 1966. 

$ Author to whom correspondence should be addressed. 

and 300 K, by collecting the spectra of a range of 
solutions at different ligand : metal ratios. 

The complexation scheme of silver by cyanide 
is complicated because it involves both geometry 
changes on the silver(I) centre and equilibria 
between linkage isomers. Ligation of mercury(I1) by 
cyanide in ammonia contrasts with that on silver(I) 
because complexation occurs by the simple stepwise 
replacement of ammonia molecules in the tetra- 
hedral inner coordination sphere of the Ag+ ion. 
Like AgCN and Hg(CN)2, Pd(CN)2 is also soluble 
in liquid ammonia. A high solubility of these cyan- 
ides is favoured because the metal cations possess 
high energies of solvation in liquid ammonia, much 
greater than the corresponding values for the aque- 
ous system. All three compounds have high lattice 
energies, and a consideration of these together with 
their solvation energies indicates that ammoniation 
of Ag+, Hg2+ and Pd2+ cations is a highly enthalpi- 
tally favoured process. Thus, ligation of the three 
metal cations, even by powerful and strong donor 
ligands, might be expected to be competitively at a 
disadvantage compared with the solvation process. 
This is not the case for the ligation of Ag+ and 
Hg- by the CN- anion in ammonia :3 in Ag+- 
CN- mixtures, log K, N 7, log Kz N 9, and 
log& N 1.5. However, it is the case for phosphines, 
and for thiocyanate, for which further ligation is 
not detectable either spectroscopically4 or poten- 
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tiometrically3 after the first step: for SCN--Pd’+ 
mixtures, 1ogKr - 0.7. 

Our earlier papers have described some of the 
methods used to identify ion-associated5 and com- 
plexed species 1*2,4 in ammonia solutions from their 
Raman spectra. To facilitate analysis of the spectra 
we established our own methods of computer- 
assisted curve resolution (VIPER),6s7 and smooth- 
ing and derivative convolution processes. * These 
assist in : (i) the identification of the species present, 
and (ii) a much improved estimation of the positions 
of the bands which underly the spectral profiles. In 
the work presented here we have obtained Raman 
spectra from solutions of cyano-palladium(I1) com- 
plexes at various [CN-]/[Pd2’] ratios (5). It should 
also be noted that for the first time we have been 
able to bring into use the new techniques which we 
have been developing to facilitate measurement of 
IR spectra of liquid-ammonia solutions at ambient 
temperatures.’ Principally, it is through the use of 
IR spectroscopy that we have been able to observe 
and monitor the kinetically slow process of ligand 
exchange which occurs in the cyano-palladium(I1) 
system in liquid ammonia. 

EXPERIMENTAL 

The techniques for examining the Raman spectra 
of solutions in liquid ammonia have been de- 
scribed previously. 1*2,4 Ammonia solutions of 
Pd(NH3)4(N03)2, at concentrations of ca 
300 = R = (mol NH,)/(atoms of Pd), and KCN 
were sealed in round glass tubes at various S. The 
Raman spectra were recorded within 24 h of the 
preparation of the mixtures, and thereafter at inter- 
vals of time up to about 4 months. All the tech- 
niques we normally apply to obtain good spectra 
with maximm signal: noise ratio and minimum 
band distortion were used. The spectra, recorded on 
our modified Coderg RSlOO Raman spectrometer, 
were calibrated against a Hg line at 2187.7 cm- ‘. 

IR spectra were obtained in our new pressure 
cell. This contains CaF2 windows in a piston- 
cylinder assembly constructed within a block of 
the thermoplastic Kel-F. This material is resistant to 
attack by ionic solutions in liquid ammonia, though 
it should be noted that it is destroyed by solutions 
of alkali metals in ammonia, A full report on the 
construction and the use of the cell for analytically 
quantitative IR determinations is presented else- 
where.9 This includes a description of the method 
of solvent spectrum subtraction. 

Spectra were recorded on a Pye-Unicam ratio- 
recording SP3-300 IR spectrometer using a cell 
pathlength of 50 pm. Each spectrum was collected 
as nine coadded scans on a Hewlett-Packard 9845A 

computer. The solute spectra were studied in 
absorbance units after subtraction of the back- 
ground (solvent spectrum) from the spectra of the 
solutions. Spectra were recorded at intervals of 
approximately 0, 1, 2, 4, 8, 12, 24, 36, 48 and 72 h 
after the preparation of the solutions. 

The salts were recrystallized from liquid 
ammonia. 

RESULTS AND DISCUSSION 

Following reports in the literature’ O on the coor- 
dination of ligands around the Pd2+ ion in both the 
solid state and in aqeuous solutions’ ’ there is no 
reason to assume that any coordination arrange- 
ment other than a square-planar array of CN- 
groups exists around Pd2+ in liquid ammonia. All 
our spectroscopic evidence supports this. The IR 
and Raman spectra of the CN--Pd2+ set of com- 
plexes in ammonia consists of bands which all lie 
between 2125 and 2152 cm- ‘. In those solutions in 
which the ratio of S < 4 no band due to free cyanide 
ligand is observed in the region around 2056 cm- ‘, 
but immediately the solution composition exceeds 
S = 4 a band appears at this frequency. From this 
we can conclude that the formation of [pd(CN)4]2- 
is thermodynamically a very favourable process in 
liquid ammonia, and that no further complexation 
occurs beyond the 4 : 1 stage. 

Both the Raman and the IR spectra were scanned 
to 2350 cm- I. The absence of features due to C-N 
stretching vibrations, in regions other than those 
indicated above, provides good spectroscopic evi- 
dence that no multinuclear species containing 
bridging CN- groups form in the system. 

The observed spectra are compatible with a step- 
wise process of addition of CN- ligands to the Pd2+ 
metal ion. However, this is complicated by a slow 
exchange reaction which manifests itself in changes 
observed in the spectra in the course of 2-3 days. 
We have monitored these changes in the IR spectra, 
but we have used the Raman data to identify band 
positions because of the better resolution which can 
be achieved with the latter. It was impractical to 
follow spectrum changes with time in the Raman. 

All the nine bands listed in Table 1 have been 
identified in the Raman spectra, but only five bands 
can be positively identified in the IR spectra. 
Attempts were made to identify underlying features 
in the IR spectra by computer-assisted curve fitting, 
but extensive overlapping of bands, their relatively 
low absorbances (.s - 2 mol- ’ m’), and the low 
resultant signal : noise ratios in the solvent-sub- 
tracted spectra led to a high correlation between 
band parameters.” None the less,it was clear from 
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these attempts at curve resolution that more than 
five bands should be used to describe the IR spectra. 

Assuming that linkage isomerism may be 
excluded, it is only at the 2 : 1 stage of complexation 
that isomerism is possible, i.e. cis- and truns- 
[(NH,),Pd(CN),]. The species formed in the step- 
wise addition of CN- to Pd*+ should give rise to a 
possible total of eight Raman and seven JR bands 
if the system just passes through the cis isomer, and 
seven Raman and six IR bands if complexation 
involves only the tram species. Because nine Raman 
bands and at least five IR bands can be identified we 
conclude that both cis- and truns-[(NH,)IPd(CN)2] 
can be found in the solutions with compositions 
S < 2. To describe this pattern of complexes in 
the equilibria up to the 4 : 1 stage a total of nine 
Raman and eight IR bands, representing a total of 
11 C-N stretching vibrations, are required. These 
must include six coincidences, and four mutual 
exclusions. 

Description of the Raman spectra 

S = 0.5. Two bands are observed at 2141 cm-’ 
(D/E) and 2134 cn- ’ (H) : both are polarized [E 
(p = 0.02), and H (p = O.l)]. Because band H, at 
the lower frequency, is twice as intense as band E 
we identify it with the A, C-N stretching vibration 
of WHM'WN)I+ . 

S = 1.0. The same two bands, D/E and H, are 
observed but the intensity of band D/E is substantial- 
ly increased relative to band H, and the assignment 
of band E to a 2: 1 species is consistent with the 
attribution of band H to [(NH3)sPd(CN)]+. No 
significant change is found in this spectrum with the 
passage of time. 

S = 1.12 and 1.5. The relative intensity trends 
observed in the spectra of the solutions at S = 0.5 
and 1 .O continue in those spectra taken within 24 h 
of the preparation of the solutions, but a third band 
at 2145 cm-’ (C) appears at a somewhat lower 
relative intensity. Band C increases in relative inten- 
sity as Sincreases. Spectra taken 7-14 days after the 
preparation of these solutions change completely 
to become simple two-band spectra. Although the 
lower-frequency band H remains a substantive part 
of these spectra the peak of the feature at 2 142 cm- ’ 
(D) is shifted slightly with respect to the band at 
2141 cm- ’ (E), and therefore can be identified as a 
separate feature. 

S = 2.0 and 2.1. Three peaks, all of which change 
their relative intensities with time, appear in the 
spectra. The band of maximum intensity coincides 
in frequency with band D (observed in the spectrum 
of a solution at S = 1.5 left to stand for several 
days). The highest-frequency band at 2145 cn- ’ is 

in the same position as band C observed soon after 
an S = 1.5 solution has been mixed. After several 
days band C is reduced in intensity relative to the 
feature at 2141/2142 cm-‘. Band H which is still 
seen in these spectra is markedly lower in relative 
intensity that it is in the spectra of the solutions at 
lower S. It is important to note that the polarization 
ratio of band H is appreciably higher @ = 0.2) for 
these solutions. After a period of 14 days no further 
changes are observed in the spectra. Four Raman 
bands are required to be attributed to the vibra- 
tions of [(NI-I,),Pd(CN)]+, and cis- and trans- 
[(NH,),Pd(CN),]. We have already assigned band 
H to the A,-vibration of the first of these. On the 
basis of its polarization (p = 0.02), and that we 
might expect the trans effect to determine the pre- 
ferred species, we assign band D (clearly identified 
in the spectrum of a solution at S = 1.5 after several 
days) to the A,-vibration of trans-[(NH,),Pd(CN),], 
leaving the two bands at 2145 cm-’ (C) and 2141 
cm-’ (E) to be assigned to the cis-[(NH,),Pd(CN),] 
isomer. Here assignment poses a problem be- 
cause the bands at 2142 cm-’ and 2141 cn-’ 
severely overlap each other and polarizibility 
measurements cannot assist. However, we believe 
that there is some degree of depolarization in this 
region. Also the band at 2142 cm-’ (D) is fairly 
symmetrical in the spectra taken after several days. 
Thus it is not unreasonable to infer that band E at 
2141 cm- ’ is a relatively weak feature of the spectra 
severely masked by band D. Because the band 
at 2145 cn- ’ is highly polarized (p = 0.04) we 
are inclined to make a tentative assignment of 
band C to the polarized AI-vibration of cis- 
[(NH,),Pd(CN),] leaving the depolarized (?) band 
E at 2141 cn- ’ assigned to its B,-mode. 

S = 2.5 and 3.0. The spectrum at S = 2.5 exhibits 
four distinct features at 2148 cn- ’ (B), 2145 cn- ’ 
(C), 2142 cn- ’ (D and/or E), and 2134 cm- ’ (H or 
I). In the perpendicular polarized spectrum bands 
B, C and D disappear leaving a broad flat-topped 
region between 2140 and 2132 cm-‘. This signifies 
the existence of two further bands, one at 2136 cn- ’ 
(G), the other coincident in frequency with band 
H at 2134 cn- ’ (I). Band G does not contribute 
sufficiently to the parallel polarized spectrum to 
make itself apparent through the spectral envelope, 
but its presence in the perpendicularly polarized 
spectrum indicates that it is a comparatively weak 
feature with a non-zero polarization ratio. We are 
fortunate in being able to identify an additional 
band I at ‘2134 cm-’ by means of the increase in 
polarization ratio (from p = 0.2 to p = 0.5) at this 
frequency with increase in S from 2.0 to 3.0. At 
S = 3 bands B, C, G and I are observed ; these 
change in relative intensities in the manner which 
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might be expected as a 2 : 1 gives is promoted to a 
3: 1 species. Using the polarization properties we 
assign band I to the depolarized B,-vibration of 
[(NH,)Pd(CN),]-, leaving the bands at 2148 cm-’ 
(B) and 2136 cm-’ (G) to be attributed to its two 
A ,-vibrations. 

S = 3.5 and 4.0. Two bands, not observed in the 
spectra described above, appear at 2150 cn- ’ (A) 
and 2138 cn- ’ (F), in an intensity ratio of 6 : 1. 
Band A is a highly polarized intense feature 
@ = O.Ol), whilst band F is depolarized. They are 
obviously attributable to the symmetrical A,, and 
the B,, stretching vibrations respectively, of square- 
planar pd(CN),]*- . The absence of any feature, 
other than bands A and F, leads us to conclude that 
complexation to [pd(CN)#- is complete at 
S = 4.0 and that this complex is thermo- 
dynamically very stable. 

S = 6.3. No further change occurs in the spec- 
trum when S is increased above 4, but it is to be 
noted that a band due to free CN- appears at 2056 
cm- ’ as early as S = 4.1, indicating that stepwise 
complexation is complete at the 4 : 1 stage. 

Description of the IR spectra 

IR measurements have enabled us to assign the 
two Raman-inactive bands. They have also enabled 
us to monitor the changes in solution composition 
at ambient temperature during the first 2 days after 
preparation. At S < 2 the spectra change signi- 

ficantly up to about 50 h ; at S = 3 changes are 
complete within 3 h. Five different bands can be 
clearly discerned and the directions in which they 
change with time are shown in Table 2. 

S = 1 and 2. Three features are identifiable at 
2141 cn-’ (E), 2134 cm-’ (H) and 2127 cm-’ 
(K). Relative to the band at 2134 cm-‘, which we 
associate with the C-N stretching frequency of 
[(NH,),Pd(CN)]+ because of its coincidence with 
band H of the Raman spectra, the intensities of 
both the other bands change with time ; the band 
at 2141 cm-’ increases and that at 2127 cm-’ 
decreases. No band is observed in the Raman at as 
low a frequency as 2127 cm-‘, and accordingly we 
can unambiguously assign band K to the Raman- 
inactive B,, vibration of truns-[(NH,),Pd(CN)J 
The highest-frequency band at 2141 cm- ’ could (on 
the basis of coincidences with Raman frequencies) 
be associated with band E (the B,-vibration of cis- 
[(NH,),Pd(CN),]. After considering the direction 
of the changes in the relative intensities of bands E 
and K we conclude that trans-[(NH,),Pd(CN),], 
which forms after the solutions are mixed, reduces 
in concentration with time giving way to some cis- 
[(NH,),Pd(CN),]. The overall increase in intensity 
of the band at ca 2141 cm-’ (in the Raman) is 
consistent with an increase in the concentration of 
the cis isomer. Concurrently the band at 2142 cm- ’ 
due to the tram isomer, in parallel with band K, 
decreases in relative intensity. The increase in inten- 
sity of the feature E compared with the cor- 

Table 2. Bands observed in the IR spectra of solutions containing CN- ligands mixed with 
Pd*+ cations in liquid ammonia at 293 K“ 

Band B E H 
Frequency (cm- ‘) 2146 2141 2134 
Assignment [(NH ,)Pd(CN) 31- cis-[(NH,),Pd(CN),] [(NH 3) J’WWI + 
Symmetry A1 B, Al 

S=l I 
s=2 T I 
s=3 I 
s=4 

Band I J K 
Frequency (cm- ‘) 2134 2128 2127 
Assignment [(NH ,)Pd(CN) 31 - PWN,l*- truw[(NH,),Pd(CN)d 
Symmetry A, EU BI” 

S=l 
s=2 : 
s=3 I 1 
s=4 I 

“Arrows indicate the direction of intensity changes of the component bands with time. With 
solutions at S = 1 and 2 there is no detectable change after 50 h ; for S = 3, it is 4 h. 
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responding loss of intensity under the K feature is 
good evidence for slow replacement of the tram by 
the cis isomer. Assessments of the changes in the 
band areas suggests an approximate half-life for the 
cis-trans interconversion of about 6 h. After about 
50 h all three bands (E, H and K) are present in the 
spectra, and we conclude that the system contains 
an equilibrium which includes [(NH,),Pd(CN)]+ 
and both cis- and trans-[(NH3)2Pd(CN)2], and per- 
haps some [(NH,)Pd(CN),]-. 

S = 3. At this composition changes in the spectra 
are complete within 3 h. A small feature is suggested 
on some of the profiles at ca 2136 cm- ’ to 
support the assignment of band G (found in the 
Raman) to [(NH,)Pd(CN),]-. The most distinctive 
new feature is the relatively small band at 2146 
cm- ‘. This should be associated with band B seen 
in the Raman at 2148 cm- ’ and assigned to the A 1- 
vibration of [(NH,)Pd(CN),]-. As this band is of 
relatively low intensity it is tempting to suggest that 
the proportion of [(NH,)Pd(CN),]- in a solution 
of S = 3 is relatively low, and, because the principal 
components of the mixture are the 2 : 1 isomers and 
[(NH,)Pd(CN),]-, that the third stepwise stability 
constant K3 is comparatively low. 

S = 4. This spectrum consists of a single sym- 
metrical band at 2128 cm- ’ (J). Because this is 
absent from the Raman spectra we can unam- 
biguously assign it to the doubly-degenerate E,,- 
mode of square-planar [Pd(CN),]‘-. 

CONCLUSIONS 

(1) The Raman and IR spectra of mixtures of 
Pd2+ and CN- in liquid-ammonia solutions have 
enabled frequencies to be assigned to all the 11 
C-N stretching vibrations of the five square- 
planar complexes as follows : 

2150 cm-‘, Ai,, [Pd(CN),]*- ; 
2148 cm’, Al, [(NH,)Pd(CN),]- ; 

2145 cm-‘, A,, cis-[(NH,),Pd(CN),]; 
2142 cn- ‘, A,, trans-[(NH,)2Pd(CN)2] ; 

2141 CII- ‘, B1, cis-[(NH,),Pd(CN),]; 
2138 cm-‘, Big, [Pd(CN,)]‘- ; 
2136 cm- ‘, B1, [(NH,)Pd(CN),]- ; 
2134 cm-‘, Al, [(NH,),Pd(CN)]+ ; 

2134 cm-‘, A,, [(NH,)Pd(CN),]- ; 
2128 cm-‘, E,, [Pd(CN),]‘- ; 

2127 cm- ‘, B1,, trans-[(NH,),Pd(CN)2]. 

(2) A slow interconversion of trans- 
[(NH 3) zPd(CN) 21 and cWNH&Pd(CN)zl 
(t 1,2 N 6 h) can be followed in the IR spectra. This 
results in a solution at equilibrium containing 
WHMWWI+ and both the cis and trans iso- 
mers. 

(3) Complexation of Pd2+ by CN- in liquid 
ammonia does not proceed beyond the 4 : 1 stage. 

(4) The relative intensities of component bands 
in the spectra suggest that the formation steps to 
the 2: 1 and 4: 1 species are thermodynamically 
favoured processes. 

(5) There is no spectroscopic evidence for the 
existence of multinuclear complexes with bridging 
cyan0 groups. 

Acknowledgements-We are grateful to the Science and 
Engineering Research Council for a Research Grant 
(GR/B/00817) towards the cost of the IR spectroscopic 
and computer equipment, for the provision of a Post- 
graduate Studentship to DM, and to Goodfellow Metals 
who gave support as the Cooperating Body. 

1. 

2. 

3. 

4. 

5. 
6. 
7. 
8. 

9. 

10. 

11. 

12. 

REFERENCES 

P. Gans, J. B. Gill and G. J. Earl, 1. Chem. Sot., 
Dalton Trans. 1985, 663. 
P. Gans, J. B. Gill, M. Griffin and P. Cahill, J. Chem. 
Sot., Dalton Trans. 1981, 968. 
Y. M. Cheek, P. Gans and J. B. Gill, J. Chem. Sot., 
Chem. Commun. 1985,628. 
P. Gans, J. B. Gill and M. Griffin, J. Chem. Sot., 
Faraday Trans. 1 1978,432. 
J. B. Gill, Pure Appl. Chem. 1981, 53, 1365. 
P. Gans and J. B. Gill, Appl. Spectrosc. 1977,31,451. 
P. Gans, Comput. Chem. 1977, 1,291. 
P. Gans and J. B. Gill, Appl. Spectrosc. 1983, 37, 
515. 
P. Gans, J. B. Gill, Y. M. Cheek and C. Reyner, 
Spectrochim. Acta 1986,42, 1349. 
A. G. Sharpe, The Chemistry of Cyan0 Complexes 
of the Transition Metals, p. 244. Academic Press, 
London (1976). 
G. J. Kubas and L. H. Jones, Znorg. Chem. 1974,13, 
2816. 
P. Gans and J. B. Gill, Anal. Chem. 1980,52, 351. 





86 P. S. HALL et al. 

of chloroform using a stream of warm dry air. On 
addition of dry n-hexane (20 cm3) to the point of 
cloudiness, the product was precipitated. The pro- 
ducts, truns-[PtX,(CO)(L)] (X = Cl or Br ; L = an 
or Him) were isolated by vacuum filtration, 
washed with n-hexane and stored over silica gel in 
a vacuum desiccator (< 0.1 mmHg) at - 5°C. 

(b) Preparation oftrans-ptX,(CO)(py)] (X = Cl or 

Br) 

trans-[PtX,(CO)(py)] (X = Cl or Br) was pre- 
pared from trans-[PtX,(C,H&py)] (X = Cl or Br) 
as described in (a), except that n-hexane (10 cm3) 
was added before the cloudiness occurred, and the 
resulting solution was placed over silica gel in a 
large partly evacuated desiccator and stored at 
-5°C overnight, during which time the solvent 
evaporated resulting in the formation of needle- 
like crystals of truns-[PtX,(CO)(py)] (X = Cl or Br) 
which were collected and stored as described in (a). 

(c) Attempted preparation of trans-[PtX,(CO)(pz)] 
o( = Cl or Br) 

(1) Attempts to prepare trans-[PtX,(CO)(pz)] 
(X = Cl or Br) from trans-ptX,(C,H&pz)] using 
the method described in (a) resulted in the forma- 
tion of the bridged complex trans-[Pt2X,(CO),(pz)] 
in quantitative yield. 

(2) H[Pt(CO)X,] (X = Cl or Br) (1 mmol), pre- 
pared as described by Gribov et a1.,6 was dissolved 
in chloroform. Reaction of this solution with pyra- 
zine in various molar ratios always resulted in the 

formation of truns-[Pt,X,(CO),(pz)], while the ad- 
dition of a large excess of pyrazine (> 10 mmol) 
resulted in the formation of trans-[ptxZ(pz)J. 7 

(3) Crystals of [ptCl,(CO)&, prepared as 
described in the literature8*9 were dissolved in chloro- 
form and allowed to react with pyrazine, in various 
molar ratios. All attempts resulted either in no reac- 
tion or in the formation of either trans- 
fPt2C14(CO),(pz)] or trans-[ptC12(pz)J. 

(4) The salts [NR,][PtX,(CO)] (X = Cl or Br, 
R = Pe or Bu:) were prepared as described by 
Browning et al. lo Reaction of these salts with pyra- 
zine, in various molar ratios, resulted either in no 
reaction or in the formation of truns-ptX&z)d. 

(d) Preparation of trans-[Pt2X,(CO),( (X = Cl 
or Br) 

l?Gww2cPa was prepared from 
[Pt,X,(C,H&(pz)] as described in (a), except for the 
fact that larger volumes of chloroform (- 70 cm’) 
are required to dissolve the ethylene complexes. 

The purity and composition of all the compounds 
were determined by microanalysis (C, H and N) 
(Table 1). The deuterated complexes were similarly 
prepared using the following labelled compounds 
supplied by Merck, Sharp & Dohme (Canada) Ltd 
(isotopic purity in parentheses) : ammonia-d, (99%), 
aniline-d, (98%), and imidazole-d, (98%) ; and the 
following compounds supplied by BOC Prochem 
Ltd: pyridine-d, (99%) and pyridine-d, N-oxide 
(98%). The deuteroimine groups of 1,2,4,5-tetra- 
deuteroimidazole (Him-d,) undergo rapid exchange 

Table 1. Analytical data 

Compound 

Calculated 

% c %H %N 

Found 
Molecular weight 

% C % H % N (mass spectrum) 

trurzs-[PtCl,(CO)(an)] 21.7 1.8 3.6 21.8 1.9 3.7 386 
trans-[PtCl,(CO)@yO)] 18.5 1.3 3.6 18.6 1.3 3.5 b 

trans-[PtCl,(CO)@y)] 19.3 1.4 3.8 19.2 1.4 3.8 372 
trans-[PtCl,(CO)(NH,)] 
trans-[PtCl,(CO)(Him)] 

trans-[PtBrz(CO)(an)] 
trans-[PtBr,(CO)@yO)] 
trans-[PtBr,(CO)@y)] 
trarzs-PtBr,(CO)(NH,)] 

3.9 1.0 4.5 4.0 1.0 4.5 
3.3 1.1 7.7 13.3 1.1 7.7 

7.7 1.5 2.9 17.6 1.5 2.9 
5.1 1.1 2.9 15.1 1.1 2.9 
5.6 1.1 3.0 15.7 1.1 3.1 
3.0 0.8 3.5 3.0 0.8 3.5 

310 
361 

474 
6 

460 
398 

trans-[PtBr,(CO)(Him)] 10.7 0.9 6.2 10.7 0.9 6.2 449 

tram-[Pt,CI,(CO),(pz)] 10.8 0.6 4.2 10.9 0.6 4.2 666 
trans-[PtzBr,(CO),(pz)] 8.5 0.5 3.3 8.7 0.6 3.3 842 

“Based on 19’Pt “Cl and 79Br. 
‘Greater m/z odserved. 
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in aqueous or ethanolic solution to yield complexes 
containing 2,4,5&ideuteroimidazole (Him-d,). 

The ‘H NMR spectra were run at ambient tem- 
perature on a Bruker WH-90 spectrometer using 
CD,COCD3 as the solvent and TMS as reference. 
The IR spectra were determined as Nujol mulls 
(4000-1500 and 1300-300 cm-‘) or hexachloro- 
butadiene mulls (4000-l 700 and 150&l 300 cm- ‘) 
between CsBr plates on a Perkin-Elmer 983 
s~trophotometer, and as Nujol mulls between 
polyethylene plates (500-80 cm- ‘) on a Digilab 
FTS-16 B/D interferometer. The W spectra were 
determined on a Varian Superscan 3 spectro- 
photometer using CH30H as solvent. Mass 
spectra were measured on a VG Micromass 16/F 
instrument operating in the electron impact mode, 
with electron beam energy = 70 eV, ion-accel- 
erating voltage = 3 kV, and with ion source tem- 
peratures in the range lOO-195°C. Microanalyses 
were performed by Mr W. R. T. Hemsted of the 
University of Cape Town. 

RESULTS AND DISCUSSION 

IR spectra 

The spectrum of each compound was determined 
twice, firstly in the unlabelled form and secondly 
with the ligand (L) in the deuterated form. The 
frequency data and assignments for the internal 
ligand modes of the complexes are listed in Table 
2, while the far-IR frequencies are given in Table 3. 

The internal vibrations of the ligands, L, are 
assigned to those bands which shift significan~y on 
deuteration of L, with more specific assigmnents 
made from their vD/vH ratios. ” Assignments are 
made in relation to the analogous ethylene com- 
pounds’ and earlier use of the vD/vH ratio in com- 
plexes of aniline, ’ I pyridine ’ ’ and imidazole, ’ * 
while the assignments for the pyridine N-oxide com- 
plexes follow those reported from a normal coor- 
dinate analysis of the free ligand. I 3-I 5 

The v(C=G) frequencies were determined in 
chlorofo~, as well as in Nujol mulls. The former 
resulted in a single sharp band, while the latter 
sometimes resulted in splittings which may arise 
from rotational fine structure in the solid state.6 
The simplicity of the IR spectrum in the v(C&) 
region is consistent with truns coordination. 

The far-IR assignments are in good accord with 
previous work “3 ’ 6* * ? on related complexes and the 
6(Pt--C=O) band is at higher frequency than that 
of v(Pt-C) as expected in metal carbonyls.‘8,‘9 
Only one previous IR study of complexes of this 
type has been reported,6 in which Gribov and 

co-workers reported the IR spectrum of trans- 
~~Cl~(CO)~~)]. Two bands were observed in 
the skeletal region, at 532 and 477 cm-‘, both 
of which were attributed to S(Pt-C%O) defor- 
mations. We now attribute these to the defo~ation 
&P&--C&G) and stretching v(pt--C), respectively. 
As expected, the v(Pt-N) frequency is substantially 
lower in the complexes trans-[PtzX,(CO)(pz)] 
(where the pyrazine is bridging) than in the com- 
plexes where similar ligands are terminal, e.g. trms- 

[PtXZ(CG)(PY)l. 

‘H NMR spectra 

The *H NMR data for the complexes are given 
in Table 4. Exa~~tion of the data reveals that 
some of the complexes show 19’Pt-H coupling. The 
complexes trans+PtX,(CO)(Him)] fx = Cl or Br) 
and drub-[PtBr*(CO)~y)] exhibit coupling at 
ambient temperature while trans-[PtCl,(CO)(py)] 
exhibits coupling at reduced temperatures. This 
suggests that ligand exchange is relatively slow in 
the former three complexes, with pyridine being 
more labile in the latter. The above is in direct 
contrast to the analogous ethylene complexes, ‘,*’ 
trff~-FtX*(C*H~)(L)], where exchange is rapid at 
ambient temperature as indicated by an absence of 
19’Pt-H coupling. This emphasizes the weaker 
“tram effect” of carbon monoxide relative to C2H4. 

“‘Pt-H coupling was not observed in the com- 
plexes trans-[PtX,(CO)(L)] (X = Cl or Br, L = py0 
or an), probably because the protons are separated 
by at least four bonds from the platinum atom, 
The absence of coupling in the complexes trans- 
[Pt2X4(C0)2(pz)] may indicate rapid exchange but 
this is not easy to verify since all four protons are 
equivalent when the pyrazine plays a bridging role. 

~~e~~ronic spectra 

The electronic spectral data are listed in Tables 5 
and 6. By analogy with similar complexes pre- 
viously studied21-23 we expect to observe the IE --, 
n*(CO) transition as well as the SdPt -+ x*(CO) 
inverse-charge-transfer and the X- -+ Pt*+ charge- 
transfer bands. In addition, in complexes where L 
is a ligand which has n-electrons present, there is 
the possibility of a 5~Pt-~*~~gand) inverse- 
charge-transfer transition. Since some of the tran- 
sitions overlap, giving rise to broad bands, some 
of the assignments are tentative. We observe the 
previously reportedz3 red shift in the Sd(Pt) -+ rc* 
transition which results from the replacement of 
Cl by Br in the complexes. 
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Table 2. Internal ligand frequencies (cm-‘) and assignments for the complexes trans-[PtX,(CO)(L)] 
and trans-[PtzX,(CO),(pz)] 

x = Cl X = Br 

L Unlabelled L-deuterated Unlabelled L-deuterated Assignment” 

NH3 3292 
3200 

2145 
2139 

(2129)b 
1636 
1535 
1294 
784 

PY 3122 
3110 
3059 

2459 
2427 
2377 
2145 
2138 

(2130) 
1296 
1210 
1073 
505 

2603 
2479 
2359 

2123 2121 

(2133) 
1612 

1483 
‘1451 
1354 
1242 
1218 
1213 
1157 

(2133) 
1571 
1536 
1327 
1238 
894 
845 
839 
835 
830 

1072 983 
1022 1030 
941 804 
760 778 

688 
685 
660 
507 
503 
433 

638 

631 
503 
498 
397 

PYO 3134 2335 
3109 2315 
3083 2308 
3055 2284 
2108 2108 

(2117) 
1615 

1473 
1259 
1245 
1197 

(2117) 
1571 
1549 
1353 
1141 
1248 
1196 

3280 
3201 

2128 

(2126) 
1626 
1529 
1289 
782 

3098 
3075 
3048 
3041 
2126 
2111 

(2128) 
1609 
1599 
1483 
1451 
1352 
1243 

1213 

1160 
1092 
1076 
1020 
870 
762 
758 
692 
689 
660 
507 

440 
437 

3113 
3078 
3063 
3036 
2097 
2052 

(2113) 
1612 

1473 
1262 

1194 

2420 
2369 
2331 
2126 I 

(2125) 1 
1287 
1202 1 
1067 
772 

2599 
2476 
2359 
2331 I 
2126 
2111 

(2128) I 
1568 
1534 
1325 
1238 1 
789 
739 

641 

678 I 

1042 
982 

1033 1 

739 
733 1 
532 
529 } 
559 
504 

403 1 

2395 
2331 
2307 
2284 I 
2101 
2049 

(2113) 1 
1569 
1547 I 
1351 
1145 

1195 

W--H) 

NH2 scissor 

NH2 twist 
NH, wag 

v(C-H) 

v(-) 

v(fing) 

&C-H) 

&-b> 

Y(C--H) 

Wng) 

1/K--HI 

Wing) 

y(r&s) 

(84 
@b) 

(194 
VW 

(14) 
(3) 

(9a) 

(15) 
(18b) 

(12) 
(10’4 
(11) 

(4) 
(6a) 

(16b) 

v(C-H) 

v(ring) + v(N- 

v@ng) 
v(N--o) 

v(ring) 

-0) 
(4) 
(5) 
(6) 
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Table 2. (Cont.) 

x = Cl X = Br 

L Unlabelled L-deuterated Unlabelled L-deuterated Assignment” 

PYO 1186 875 
1173 859 
1156 844 
1153 830 
1094 817 

1068 782 
1053 1040 
1027 1009 
1004 989 

935 765 
831 567 

776 531 
669 657 

an 

598 

3229 
3182 
3123 
3051 
3025 

2121 

(2130) 
1599 

1575 

567 

3229 
3184 
3118 
2390 
2366 
2331 
2144 
2120 

(2130) 
1581 
1573 
1563 

1493 1424 
1471 1380 
1216 1206 
1191 1137 
1178 1173 

1073 842 
1028 822 

767 769 
756 757 
691 657 
643 617 
580 574 
530 531 

Him 3550 3348 
3179 2597 
3157 2369 
3136 2338 
2965 2883 
2847 2597 

1171 
1159 
1156 
1095 
1070 

1056 
1033 
1026 
1004 
967 
933 
830 
814 
804 
773 
673 
637 
591 

3262 
3213 
3108 
3045 
3007 

2119 

(2125) 
1599 
1595 
1569 
1561 
1493 
1466 
1198 
1180 
1162 
1145 
1069 
1029 
973 
909 
798 
760 
742 
691 
578 
554 
483 

3345 
3173 
3153 
3131 
2964 
2849 

875 
858 
843 
829 
787 

1040 
1017 
994 
988 1 
778 
764 
573 
564 
545 
531 I 
655 
636 
573 I 

3263 
3214 
3102 I 
2359 
2331 

I 
2122 

(2125) 1 
1579 

I 
1559 

) 

1377 
1299 
1166 
1135 1 
1158 
1022 
842 
822 
790 
765 i 
749 
764 
738 1 
534 
529 

465 

3343 
2597 
2366 
2336 

I 

(7) 
(18) 

6(C-H) 

(19) 
(8) 

Wnf4 

Y(C--HI 

Wxit) 

VW-H) 

v(C-H) 

v(-) 

v@h) 

NH2 scissor 

vG-&d 

NH2 twist 

6(C-H) 

vbhi9 

IQ% wag 
v(C-H) 

&ring) 
NH z rock 

y(rW 

VW-H) 

v(C-H) 

(27) 
(28) 

89 
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Table 2. (Cont.) 

x = Cl X = Br 

L Unlabelled L-deuterated Unlabelled L-deuterated Assignment” 

Him 2129 2129 
2116 2116 

(2127) (2127) 
1545 1493 
1516 1471 
1510 1452 

1483 
1428 
1328 
1272 
1261 
1225 
1183 
1131 
1096 
1073 
1067 
853 
837 
753 
744 
708 
653 
646 
613 
504 

1429 
1400 
1193 
1283 
945 
978 
896 
876 
867 
828 
820 
772 
739 

729 

707 
589 
582 
521 
497 

~~~-Fbx4w%bz)l 
3120 
3094 
3045 
3023 
2993 
2131 
2082 

(2134) 
1490 
1437 
1422 
1166 
1131 
1122 
1103 
1090 
1013 
977 
823 

2331 
2312 
2299 
2287 
2273 
2131 
2082 

(2136) 
1291 
1172 
1160 
1136 
884 
850 

1095 
1060 
1011 
976 
662 

742 
552 
472 
460 

724 
536 

452 

2123 
2109 

(2121) 
1545 
1515 
1510 
1495 
1479 
1429 
1328 
1271 
1265 
1221 
1191 
1131 
1102 
1072 
1068 
852 
835 
751 
742 
695 
653 
645 
611 
504 

3146 
3115 
3101 
3068 
3051 
2136 
2089 

(2138) 
1493 
1433 
1426 
1172 
1126 
1120 
1104 
1091 

973 
824 
816 
761 
552 

472 

2122 
2109 

I 
v(W) 

(2121) 
1491 

1473 I 

1417 

i 

v(r%r) 
1404 

1373 1291 

1278 &N-H) 

945 

977 
894 
875 &C-H) 

867 
828 
821 1 
774 

738 1 

727 

695 
587 
581 
564 
502 I 

2359 
2341 
2323 
2297 
2277 I 

2135 
2089 

(2139) I 
1297 
1189 
1180 
1174 1 
886 
860 

v(C-H) 

v6-W 

6(C-H) 

v(rW 

’ Band numbers refer to those given in Ref. 1. 
b Values in parentheses are those obtained in chloroform solution. 
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Table 3. Metal-ligand frequencies and ligand isotopically-induced shifts (cm-‘) in the IR spectra of the 
complexes frans-[PtXz(CO)Q] and rrans-[ptzX,(CO),(pz)] 

VW--c> VW--N) 
or v(Pt-0) 

v(Pt--cl) Other 

NH,, Cl 

PY. Cl 

PYO, Cl 

an, Cl 

Him, Cl 

~~~~-Fw,oMP~01 

NH,, Br 

PY, Br 

PYQ Br 

an, Br 

Him, Br 

531(O) 

541(3) 

580(5) 

557(O) 

543(3) 
485(2) 

510(7) 

528(O) 

544(4) 
507(3) 

576(6) 
490(8) 

530(3) 

538(O) 

510(6) 

465(6) 

479(O) 

508( 1) 

484(4) 

538(2) 

486(2) 

481(3) 

488(O) 

511(l) 

493(2) 

479(O) 

493( 1) 

479(7) 

226(13) 

440(23) 
413(20) 

477(17) 
369(11) 

252( 13) 

186(l) 

466(8) 

230(19) 

436(19) 
402(14) 

434(20) 

229(8) 

174(6) 

349( 1) 

353(O) 

352( 1) 

345(O) 

350(O) 

357( 1) 

254(O) 

261(l) 

258( 1) 

254(O) 

271(6) 

259( 1) 

208(3) 
168(3) 
152(l) 
123(O) 

215(2) 
159(l) 
124(l) 

216(2) 
158(l) 
129( 1) 

215(-) 
172(5) 
132(O) 

lOY-) 

162(O) 
128(O) 

99(l) 
84(l) 

151(4) 
126(2) 

205(4) 
174(2) 

99(l) 
90(l) 

185(10) 
102(O) 

80(2) 

222(6) 
180( -) 
134(3) 

219( -) 
207(6) 
165(-) 
149(5) 

196(6) 

97(2) 
85(-) 

144(2) 
100(O) 

88(O) 

a Numbers in parentheses are the shifts (cm- ‘) induced by ligand deuteration. 
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Table 4. ‘H NMR data 

Complex 

Chemical shift @pm) JR-H 

X H, Hb H, Jm-H, JR-IS,, JR-~ 

“b 

“b 

“b 

(III) 

i 
o=c-Pt-NH, 

I 
i 

(IV) 

OIC-Pt- N 

i 
osc--Pt- 

X 

(V) 

HI, “a 

X 
N’ ‘N-Pt-CsO 

i 

Cl 
Br 

Multiplet at 7.36 
Multiplet at 7.42 

Cl 8.73 7.97 8.23 
Br 8.71 7.98 8.23 

Cl 8.78 7.76 8.22 
Br 8.78 7.72 8.18 

Cl 
Br 

4.46 broad 
4.47 broad 

Cl 8.48 7.52 7.40 
Br 8.51 7.53 7.40 

Cl 9.26 
Br 9.17 

17 18 D 
18 18 0 

“Not observed. 
b Coupling observed at 270 K. 



Table 5. UV data for the complexes truns-[PtX,(CO)(L)] and truns- 

Ft2XmMPzll o( = Cl) 

Assignment 

NH3 

PY 

PYO 

an 

Him 

200 
240 
278 

201 
239 
254 
284 

204 
263b 

201 
234 
278 

201 
236 
247 
278 

209 
265 
320’ 

16,605 Cl- -# Pt2+ 
5766 a * n*(CO) 
3228 Sd(Pt) + 7qCO) 

14,942 Cl- -+ pt*+ 
3704 71 -) n*(CO) 
4342 x --) x’k)y) 

894 Sd(Pt) + n*(CO), Sd(Pt) -+ n*(py) 

23,322 Cl- + pt*+ 
14,730 7c + n*(CO), II --r x*(pyo), Sd(Pt) + n*(CO) 

19,233 Cl- --f PtZ+ 
7659 7r + a*(CO), 7c+ x*(an) 
2042 sd(Pt) -+ 7qCO) 

15,748 Cl- + PtZ+ 
4209 II + n*(CO) 
4480 x --t s*(Him) 
2444 Sd(Pt) + x*(CO). 5d(Pt) + n*(Him) 

~r~dR2WC~)2Wl 

28,012 Cl- + Ptz+ 
17,336 7c + s*(pz), ‘II + x*(CO) 

2930 sd(Pt) + x*(co), sd(Pt) + x*@z) 

LI CH,OH used as the solvent. 
b Broad band. 

Table 6. UV data for the complexes truw[PtX,(CO)(L)] and truns- 

Ft2XdWb41 (x = Br) 

L 0 

NH3 

PY 

PYO 

an 

Him 

205 
240 
290 

203 
249 
255 
295 

206 
263b 

202 
238 
282 

206 
242 
255 
290 

213 
263 
318’ 

- 
E Assignment 

34,55 1 Br- -+ Pt2+ 
2675 7r + s*(co) 
1115 Sd(Pt) + 7?(CO) 

29,571 Br- + Pt2+ 
4743 K + n*(CO) 
4902 x + x*(l-JY) 
1107 S&J%) -+ n*(CO), Sd(Pt) + 7rQy) 

38,350 Br- + Pt*+ 
14,792 R --, n*(CO), It + n*(pyO), Sd(Pt) -+ n*(CO) 

34,273 Br- + Pt*+ 
8047 R + x*(co), II + s*(co) 
2077 5cqPt) + n*(co) 

31,187 Br- + Pt*+ 
2859 x --t 7qCO) 
2079 R + n*(Him) 

780 Sd(Pt) --t n*(CO), Sd(Pt) + n*(Him) 

@~-[Pt2Br&Wpx)l 

33,005 Br- + Pt*+ 
18,803 n + ?F(pz), n + nZ(CO) 

2725 Sd(Pt) -+ n*(CO), Sff(Pt) + s*@z) 

0 CHSOH used as the solvent. 
b Broad band. 
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REDOX REACTION ON TREATING fat- OR mer- 
~o(CO),(dppm-PP’)(dppm-P)] (dppm = Ph,PCl&PPh~ WlTH 
Hg(SCN), AND CRYSTAL STRUCTURE OF THE SEVEN- 

COORDINATE PRODUCT wo(CO),(NCS),(dppm-PP’)(dppm-p)] 
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School of Chemistry, University of Leeds, Leeds LS2 9JT, U.K. 

(Received 3 July 1986) 

Ahstract--[Mo(CO),(NCS),(dppm-PP’)(dppm-P)] (dppm = Ph2PCH2PPh2) is formed in 
a rapid and clean redox reaction when fuc- or mer-[Mo(CO),(dppm-PP’)(dppm-P)] is 
treated with Hg(SCN)P : dppm-chelate ring-opening with formation of a heterobimetallic 
species is not observed. The X-ray crystal structure of the product shows the molecule to 
contain seven-coordinate Mo(I1) with “cis” CO groups, both monodentate and chelating 
dppm ligands, and with N-bonded NCS groups. The coordination geometry is intermediate 
between a capped trigonal prism and a capped octahedron. Crystals of [Mo(CO), 
(NCS),(dppm-PP’)(dppm-P)] are orthorhombic, space group Pna2,, with a = 21.583(7) A, 
b = 12.775(4) A, c = 18.484(S) A, and 2 = 4 ; the final R factor was 0.046 for 3181 
observed reflections. 

We have described the reactions of Group VI 
metal carbonyl bis(diphenylphosphino)methane 
(dppm) derivatives of types fat-[M’(CO),(dppm- 

~VWwm-~I1 W ’ = MO or W) or mer- 
[M’(CO)3(dppm-PP’)(dppm-P)] (M’ = Cr, MO or 
W) with labile Rh(1) or Ir(1) carbonyls to give high 
yields of heterobimetallic complexes containing the 
truns,truns-[M’(~-dppm)1M2] (M* = Rh or Ir) skel- 
eton. ’ Similar dppm-chelate ring-opening reactions 
are induced by the treatment of [M*(CO),(dppm- 
PP)(dppm-P)] with copper(I) chloride or iodide, 
or with (Ph,P)AgCN, resulting in stable het- 
erobimetallics of type [M’(CO),&dppm),M2X] 
(M’=Cr, MO or W; M’=Cu, X=Cl or I; 
M2 = Ag, X = CN), and preliminary results show 
that treatment with (Ph3P)AuC1 gives similar het- 
erobimetallic complexes containing a w’(p- 
dppm)2Au] (M ’ = MO or W) frame. 2 Mixed Group 
VI metal-platinum complexes of type [M’(CO),@- 
dppm)2PtH(X)] (M’ = Cr, MO or W; X = Cl or 

* M.Sc. and Ph.D. student with Professor H. M. N. H. 
Irving at the University of Cape Town (1977-1980); 
presently “new blood” lecturer in inorganic chemistry at 
the Department of Pure and Applied Chemistry, The 
Queen’s University, Belfast BT9 5AG, U.K. Author to 
whom all correspondence should be addressed. 

Br) have also been prepared by treating mer- 
w’(CO),(dppm-PP’)(dppm-P)] with truns- 

AND DISCUSSION 

We report here on a different and contrasting 
behaviour when mercury(I1) salts are used: these 
generally oxidize [Mo(CO),(dppm-PP’)(dppm-P)] 
to a mononuclear Mo(II) complex rather than induce 
ring-opening and formation of a heterobimetallic 
species. Thus treatment of fat- or mer- 
[Mo(CO)3(dppm-PP’)(dppm-P)] with HgC12 in 
dichloromethane at 20°C gives [Mo(CO),(dppm- 
PP’),Cl]Cl in good (> 60%) yield, together with 
metallic mercury. We have also prepared this com- 
plex by treating cis-[Mo(CO)2(dppm-PP’)2] with 
chlorine ; the corresponding bromo and iodo com- 
plexes [Mo(CO)2(dppm-PP’)2X]X (X = Br or I) 
have been prepared previously by treating cis- 
wo(CO)2(dppm-PP’)d with X2.4 

Similarly, treatment of either fat- or mer- 
[Mo(CO),(dppm-PF)(dppm-P)] with Hg(SCN)2 
in dichloromethane gives mercury metal and golden 
yellow crystals of the seven-coordinate MO(H) com- 
plex [Mo(CO),(NCS),(dppm-PP’)(dppm-P)] in a 
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very rapid and clean reaction. This complex has 
previously been prepared by treating [MoCI,(CO),] 
with ammonium thiocyanate followed by dppm, 
and our IR data (Nujol mull: vcN 2095 and 2070 
cm-’ , vco 1960 and 1890 cm- ‘) are very similar to 
those reported before. 5 The 3 ‘P-1 ‘H) NMR spec- 
trum of [Mo(CO),(NCS),(dppm-PP’)(dppm-P)] in 
CDzClz (not previously recorded) showed : a doub- 
let at 6 -25.3 ppm, assigned to the non-coor- 
dinating phosphorus atom ; a multiplet at 34.6 ppm 
due to the coordinated phosphorus atom of the 
monodentate dppm ligand ; and a broad hump at 
5.3 ppm, assigned to the chelating dppm phos- 
phorus atoms. At - 50°C this broad resonance was 
resolved into two 1 : 1 : 1 : 1 quartets at - 17.2 and 
28.2 ppm, the temperature dependence of the spec- 
trum presumably a result of ligand scrambling 
about the seven-coordinate molybdenum(I1) centre. 

It seems likely that the Mo(I1) complexes 
described above are formed via Mo-Hg bonded 
intermediates. Treatment of [M(CO),(bipy)] 
(M = MO or W, bipy = 2,2’-bipyridine) with HgX, 
(X = Cl, Br, I or SCN) has been shown to give 
complexes of type [M(CO),(bipy)(HgX)X]. 6,7 These 
M-Hg species were found to be unstable in polar 
solvents, decomposing to give metallic mercury.’ 
Thus we tentatively propose that fat- or mer- 
[Mo(CO),(dppm-PP’)(dppm-P)] initially reacts 
with HgX, to give [Mo(CO),(dppm-PP’)(dppm- 
P)(HgX)Xl, which subsequently decomposes to 
give the observed product and mercury metal. 

Single crystals of [Mo(CO)Z(NCS)z(dppm- 
PP’)(dppm-P)] suitable for an X-ray diffraction 
study were obtained as golden yellow prisms from 
acetone-methanol. The structure (Fig. 1) confirms 

Fig. 1. Molecular structure of [Mo(CO),(NCS),(dppm- 
PP’)(dppm-P)], showing the principal atomic numbering. 

the seven-coordination around Mo(I1) with “cis)’ CO 
groups, both bi- and monodentate dppm ligands, 
and with N-bonded NCS ligands ; all these features 
were predicted from the IR and ‘H NMR data.’ 
The choice of an idealized coordination geometry in 
a seven-coordinate complex is often not simple and 
has been the subject of several recent articles.*-” 
One simple procedure is to compare the interbond 
angles at the metal centre (Table 1) with the values 
computed for various idealized polyhedra. 8, ’ s lz 
This procedure reveals the coordination geometry 
about the Mo(I1) centre to be intermediate between 
a capped trigonal prism [with N(1) in the unique 
capping position, P(l), N(2), P(3) and C(4) in the 
capped quadrilateral face, and P(2) and C(3) in the 
unique edge] and a capped octahedron [with C(3) 
in the capping position, P(2), P(3) and C(4) in the 
capped face, and P(l), N(1) and N(2) in the 
uncapped face]. This geometry is similar to several 
other M(I1) complexes (M = Cr, MO or W) con- 
taining CO and PR3 ligands,’ e.g. [MoCl,(CO), 
(PMeJ%l, ’ 3 and in particular the interbond 
angles at MO in the present structure are very 

Table 1. Bond lengths (A) and angles (“) for 
[Mo(CO),(NCS),(dppm-PY)(dppm-P)], with estimated 

standard deviations in parentheses 

(a) Coordination sphere 
Mo-N( 1) 2.159(7) 
MO--N(~) 2.195(8) 

MO-C(~) 1.96(l) 

M&(4) 1.98(l) 
MO-P( 1) 2.597(3) 
MC-P(~) 2.514(2) 
MO-P(~) 2.554(2) 

N(2)---Ma--C(4) 169.2(3) 
P(l)-MO-P(~) 160.0(l) 
N( l)--MC-P(~) 148.5(2) 

N(l)-Mc-C(3) 140.4(4) 

P(l)_Mo-C(3) 126.3(3) 
P(2)--MO-P(~) 126.2( 1) 

N(2)-MO--C(~) 115.7(3) 

P(2)-Mo--C(4) 107.8(3) 

P(3)--M-C(4) 99.9(3) 
P(l)-MO--C(~) 90.9(3) 
P(l)--MO--N(~) 86.7(2) 
N( l)--MO-N(~) 85.1(3) 
P(I)-MO-N(~) 84.9(2) 

N(lt_Mo--C(4) 84.8(3) 
N(2)-MO--P(~) 81.5(2) 
N(2)--MO--P(~) 79.4(2) 
N(l)-MO--P(~) 77.6(2) 
C(3b-Mo-CX4) 74.8(4) 

P(3)--Mo--C(3) 73.2(3) 

P(2)-Mo--c(3) 71.0(3) 
P( 1 )-MO-P(~) 64.8( 1) 

(continued) 
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Table 1 (continued) 

(b) Ligand geometry (selected parameters) 

N(l)-W) 1.15(l) 

N(2)-C(2) 1.15(l) 

C(l)-S(1) 1.65(l) 

C(2)-S(2) 1.63(l) 

C(3)---o(3) 1.16(l) 

C(4vX4) 1.15(l) 

P(l)--c(5) 1.86(l) 

P(2)--c(5) 1.82(l) 

P(3)--c(6) 1.84(l) 

P(4)--C(6) 1.90(l) 

PUFW 1) 1.834(5) 

PUFC(21) 1.818(5) 

P(2v~(3 1) 1.841(5) 
P(2)-C(41) 1.812(5) 
P(3WX51) 1.840(5) 

P(3)---C(61) 1.833(5) 

P(4)-C(7 1) 1.868(5) 

P(4k--C(81) 1.850(6) 

Mo-NU)--C(l) 175.8(7) 

Mo--N(2k--C(2) 159.7(7) 

N(l)-C(l)-S(l) 178.7(8) 

N(2)-C(2)-%2) 177.4(8) 

M+-C(3F--W3) 176.8(9) 

Mo-C(4W(4) 178.4(8) 

Mo-P(l)--C(5) 92.5(3) 

Mo--P(2)-4~(5) 96.3(3) 

P(u-C(5)-P(2) 96.0(4) 
MO---P(3)--C(6) 112.3(3) 

P(3)-‘J6+P(4) 113.8(5) 

close to those reported for the complex 
[MoC12(CO)z(dppm-PP’)(dppm-P)],‘4 in which the 
introduction of a chelate ring accentuates the dis- 
tortion more towards the capped trigonal prismatic 
than the capped octahedral geometry. 

The Mo-N bond lengths (see Table 1) differ by 
cu 0.04 A with the shorter bond [Mo-N(l)] being 
in the unique capping position of the capped trig- 
onal prismatic structure, and similar differences are 
found in the corresponding Ma-Cl bond lengths 
of the two dichloro complexes mentioned 
above,‘3,14 the shorter bond again being in this 
site. The Mo-P bond lengths (see Table 1) 
are all different, in the sequence MO-P(~) > 
Mo-P(3) > Mo-P(2), and the same pattern 
is found in several related complexes, e.g. 
[MoCl,(CO),(dppm-PP’)(dppm-P)].14 Competi- 
tion for the metal dn electrons presumably lengthens 
the Mo-P(1) and Mo-P(3) bonds, which are 
mutually truns, whereas the Mo-P(2) bond is 
the shortest since it is nearly tram to an NCS group 
which does not compete as strongly for metal dz 
electrons. The Mo-P(1) bond may be the longest 
of the MO-P bonds because it is additionally some- 

what tram to the carbonyl group C(3)-0(3) (see 
Table 1 for angles). The chelate ring angle 
P(l)-C(5)-P(2) of 96.0(4)’ is significantly larger 
in the present complex than in [MoC1,(CO)z(dppm- 
PP’)(dppm-P)], where it is 9O(1)“,‘4 though the pre- 
sent value is in the middle of the range reported 
in a compilation of data for structures containing 
chelating dppm. I5 As in the homologous dichloro 
complex, I4 the four-membered chelate ring is puck- 
ered with the methylene C(5) displaced towards 
N(2) and away from the two carbonyl groups, 
allowing the bulky phenyl rings to avoid unfavour- 
able intramolecular contacts. This puckering can be 
considered to be quite strong as measured by the 
relatively small P(l)-Mo-P(2) bite angle of 
64.8(1)0 and relatively large distance of the meth- 
ylene C(5) atom from the P(l)-Mo-P(2) plane 
(0.67 A) (see Ref. 15 for an analysis of chelating 
dppm stereochemistry). 

It is noticeable that one of the isothiocyanate 
groups is bonded to the metal centre in a markedly 
non-linear fashion [MO-N(2)-C(2) = 159.7(7)“], 
but the angle falls well within the range defined by 
other structural determinations of complexes con- 
taining N-bonded thiocyanate ligands.‘“” The 
smaller Mo-N(2)-C(2) angle [159.7(7)’ com- 
pared to Mo-N(l)-C(l) of 175.8(7)“] within the 
present structure is probably the result of having 
a CO ligand virtually tram [N(2)-Mo-C(4) = 
169.2(3)“] to the isothiocyanate group, the 
resultant decrease in electron density available 
for bonding being reflected in predominance of 

/M 
the resonance form S=C=N rather than 
S-C&-M, though the correlation of N-C 
and C-S distances with the M-N-C angles in 
this structure is not as distinct as in others. 17,‘8 
Steric or packing effects within the crystal 
have also been invoked to explain bent M-N-CS 
angles, ” but there are no intermolecular contacts 
significantly less than the sum of van der Waals’ 
radii in the present structure, and the low crystal 
density (D, = 1.35 g cm- ‘) is indicative of the some- 
what loose packing of the molecules within the 
crystal. 

EXPERIMENTAL 

Reactions were carried out in an atmosphere of 
dry dinitrogen in deaerated, dried solvents. IR spec- 
tra were recorded on a Perkin-Elmer 457 grating 
spectrometer and 3’P-( ‘H) NMR spectra were re- 
corded on a JEOL IX100 instrument operating at 
40.25 MHz and with positive chemical shifts to high 
frequency relative to 85% H3P04. 
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Preparation of [Mo(CO),(NCS),(dppm-PP’) (maximum and minimum transmission factors for 

@mm-PII full data set = 0.89 and 0.83).” 

A stirred solution of fac-[Mo(CO),(dppm- 
PP’)(dppm-P)] (0.200 g, 0.21 mmol) in di- 
chloromethane (8 cm3) was treated with Hg(SCN), 
(0.067 g, 0.21 mmol). The solution turned red 
almost immediately and carbon monoxide was 
evolved. After 30 min of stirring a small volume of 
methanol (ca 3 cm3) was added to aid deposition of 
metallic mercury. The reaction mixture was filtered 
and methanol added to precipitate out golden 
yellow crystals of [Mo(CO),(NCS),(dppm- 
PP’)(dppm-P)]. Yield 0.096 g (44%). Analysis 
found (required) : C, 62.4 (62.6) ; H, 4.2 (4.3) ; N, 
2.6 (2.7)%. A similar yield was obtained when mer- 
[Mo(CO),(dppm-PP’)(dppm-P)] was used as the 
starting material. 

Crystal data 

C54H44M~N202P4S2, A4 = 1036.91, ortho- 
rhombic, a = 21.583(7) A, b = 12.775(4) h;, 
c = 18.484(5) A, U = 5096(2) A3, space group 
Pna2, (No. 33), Z = 4, D, = 1.35 g cm- 3, 
F(OO0) = 2128, graphite-monochromated MO-K, 
radiation, 1 = 0.71069 A, ~(Mo-K,) = 4.93 cm-‘. 
Golden yellow prisms from acetone-methanol. 
Crystal dimensions (distance to faces from centre) : 
0.155 (100, TOO), 0.148 (011, Oii), 0.165 (OTl, Oli) 
mm. 

Solution by Patterson and difference syntheses 
was followed by full-matrix least-squares refine- 
ment with anisotropic thermal parameters for all 
atoms except H and the phenyl ring C atoms, using 
the SHELX program system. lg The phenyl rings 
were refined as rigid groups with idealized De,,- 
geometry, the C atoms having individual isotropic 
thermal parameters and C-C distances of 1.395 A. 
All H atoms, many of which were found in differ- 
ence maps, were included in the calculation at 
idealized positions with C-H hxed at 1.08 A ; their 
isotropic temperature factors were treated as two 
single parameters (for aromatic or methylene H). 
The refinement for 251 parameters converged to 
R = 0.046 and R, = IZW’/~A/XW’~~~F~~ = 0.048, 

employing the weighting scheme w = l/(02Fo+ 
O.O004F,2) to give a flat analysis of variance 
with increasing sin 0 and (F,/F,ax)‘i2. Refinement 
of the alternative enantiomorphic specification 
gave larger R-factors (though not significantly 
so) and the original structure was retained.* A 
final difference map was featureless. Complex 
neutral-atom scattering factors were calculated 
from the analytical approximation and coefficients 
given in Ref. 20. 

Acknowledgements-We thank the SERC for support 
and the University of Leeds for a Fellowship (to A.T.H.). 

Structure determination REFERENCES 

Cell dimensions and their standard deviations 
were obtained by least-squares refinement of 
diffractometer setting angles for 15 automatically- 
centred reflections having 34” < 28 < 39“. Inten- 
sities of 3405 independent reflections (h, k, I; 
4” < 28 < 45”) were measured on a Syntex P2, 
diffractometer in the ~28 scan mode using scan 
speeds, according to a prescan intensity, between 2 
and 29” min- ‘, and with the scans running from lo 
below K,, to 1” above Kaz. The structure analysis 
used the 3181 reflections with I > 2a(Q after cor- 
rection for Lorentz and polarization factors ; 
absorption effects were corrected numerically 

1. 

2. 

3. 
4. 

5. 

6. 

7. 

*Atomic coordinates, thermal parameters, full bond 
length and angle data, and structure factor values have 
been deposited as supplementary material with the Editor 
from whom copies are available on request. Atomic coor- 
dinates have also been deposited with the Cambridge 
Crystallographic Data Centre. 

8. 
9. 

A. Blagg, G. R. Cooper, P. G. Pringle, R. Robson 
and B. L. Shaw, J. Chem. Sot., Chem. Commun. 
1984,933. 
A. Blagg, A. T. Hutton, B. L. Shaw and M. 
Thornton-Pett, Znorg. Chim. Acta 1985, 100, L33. 
A. Blagg and B. L. Shaw, unpublished work. 
A. M. Bond, R. Colton and J. J. Jackowski, Znorg. 
Chem. 1975,14,2526. 
R. Colton and G. R. Scollary, Aust. J. Chem. 1968, 
21, 1435. 
K. Edgar, B. F. G. Johnson, J. Lewis and S. B. Wild, 
.Z. Chem. Sot. A 1968, 2851; P. D. Brotherton, 
J. M. Epstein, A. H. White and S. B. Wild, Aust. 
J. Chem. 1974,27,2667. 
M. P. Pardo and M. Cano, J. Organomet. Chem. 
1984,260,81. 
M. G. B. Drew, Prog. Znorg. Chem. 1977,23,67. 
S. J. Lippard, Prog. Znorg. Chem. 1976, 21, 91; E. L. 
Muetterties and L. J. Guggenberger, J. Am. Chem. 
Sot. 1974, 96, 1748; 1977, 99, 3893; J. K. Kouba 
and S. S. Wreford, Znorg. Chem. 1976, 15, 1463 ; 
1978, 17, 1696; E. B. Dreyer, C. T. Lam‘and S. J. 
Lippard, Znorg. Chem. 1979, 18, 1904; P. Brant, F. A. 



Treatingfuc- or mer-[Mo(CO),(dppm-PP’)(dppm-P)] (dppm = Ph,PCH,PPh*) with Hg(SCN), 99 

Cotton, J. C. Sekutowski, T. E. Wood and R. A. 
Walton, J. Am. Chem. Sot. 1979,101,6588. 

10. D. J. Szalda, J. C. Dewan and S. J. Lippard, Znorg. 
Chem. 1981,20,3851. 

11. C. M. Giandomenico, J. C. Dewan and S. J. Lippard, 
J. Am. Chem. Sot. 1981,103, 1407. 

12. R. Hoffmann, B. F. Beier, E. L. Muetterties and 
A. R. Rossi, Znorg. Chem. 1977, 16, 511. 

13. A. Mawby and G. E. Pringle, J. Znorg. Nucl. Chem. 
1972,34, 517. 

14. M. G. B. Drew, A. P. Wolters and I. B. Tomkins, J. 
Chem. Sot., Dalton Trans. 1977, 974. 

15. P. W. R. Corfield, J. C. Dewan and S. J. Lippard, 
Znorg. Chem. 1983,22, 3424. 

16. A. Ferrari, A. Braibanti, G. Bigliardi and A. M. 
Lanfredi, Actu Cryst. 1965, 18, 367. 

17. A. C. Hazell, J. Chem. Sot. 1963,5745. 
18. J. R. Knox and K. Eriks, Znorg. Chem. 1968,7,84. 
19. G. M. Sheldrick, SHELX-76 Program System. Uni- 

versity of Cambridge (1976). 
20. J. A. Ibers and W. C. Hamilton (Eds), International 

Tables for X-Ray Crystallography, Vol. 4. Kynoch 
Press, Birmingham (1974). 



Polyhedron Vol. 6, No. 1, pp. 101-103. 1987 
Printed in Great Britain 

0277-5387/87 $3.00+.00 
0 1987 Per~mon Journals Ltd 

SILYIA E. CASTILLO-BLIJM and A. GEOFFREY SYKES* 

Department of Inorganic Chemistry, The University, 
Newcastle upon Tyne NE1 7RU, U.K. 

and 

HEINZ GAMSJ~GER 

Institut fur Physikalische Chemie, Montanuniversitlit, A-8700 Leoben, Austria 

(Received 3 July 1986) 

Abstract-Ligand substitution properties of the recently characterized pale-yellow 

lIr(H@)~13+ ion in perchlorate solutions, have been investigated. At 120°C in sealed tubes 
observations on the exchange with H,180 are impaired by a spurious oxidation to purple 
Ir(IV). Over extended periods at 40°C the ion has been shown to be extremely inert, and 
the rate constants for substitution of Cl- into Dr(HzO),$” is estimated to be < 2 x 10e9 
M-’ s-‘. 

The aqua ion of Ir(III), first reported in 1976, is 
now well characterized as pr(I-IzO)d 3+. i-3 Studies 
on hexa-aqua ions remain of fundamental import- 
ance in considering the properties of different oxi- 
dation states. Of particular interest are the trends 
in substitution kinetic behaviour of metals in the 
same group of the Periodic Table. Present findings 
are discussed in the context of the substitution 
behaviour of other metal ions, including 
[A1(H,0),13+ and [Ga(H20)e]3f.4 

EXP~R~~AL 

Materials 

Stock solutions of pr(H,0),]3” (0.02 M) in 2 M 
HClO, were prepared by treatment of [IrCl J3- 
or [IrCl,]‘- (Johnson Matthey) with OH-, pre- 
cipitation of [Ir(OH),(H20),], and dissolving this 
in 0.1 M HC104 as previously described. ‘3’ Final 
purification was from a Dowex ion-exchange 

* A.G.S. was lecturer/colleague of Professor Irving, 
University of Leeds (1961-1971), and moved to the 
University of Newcastle in 1980. Author to whom 
correspondence should be addressed. 

column. The ion was characterized by its UV-vis- 
ible peaks, R (nm) [s (M- ’ cm-‘)] at 310 (32.5) and 
265 (41). Sodium perchlorate, NaC104*H20, and 
sodium chloride (both BDH, Analar) were used 
without further purification. Sodium thiocyanate 
(BDH, Laboratory Reagent) was recrystallized 3 
times from ethanol. 

Kinetic studies 

Solutions of pr(H,0),]3+ (- 4 x low3 M) 
in 1.0 M HC104 containing added “0-en~~hed 
Hz0 were sealed in glass ampoules and placed in 
an oven at 120°C (CARE!). Other studies were at 
40°C with Cl- and NCS- as substituents. The pH 
of the latter solutions was adjusted to values in 
the range l-2 by addition of saturated NaHC03 
(BDH, Analar). The acid dissociation (p&) for 

PMW)d3’ is 4.37.3 The spectrum remained 
unchanged, and it was assumed that no significant 
amounts of carbonate remained. No information is 
available on the spectrum of [Ir(H20)5C1]2+, but 
from the trends observed’ for the formation of 

DWW),C~12+ from [Rh(H20)6]3’ significant 
changes are expected. Formation of thiocyanato 
complexes generally give rise to large absorbance 
changes in the near UV. 
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RESULTS DISCUSSION 

Over intervals of - 3 h at 120°C pale-yellow sol- 
utions of [Ir(H,0)J3+ became purple. The colour 
obtained is the same as that of the Ir(IV) product, 
at present of uncertain molecularity (not mono- 
mer), obtained in electrochemical studies on 
[Ir(H20)J3+, peak at 541 nm.6 The same behaviour 
was observed when solutions were sealed under Na, 
and in a test with Ag+ no Cl- was detected. This 
does not rule out formation of other oxidation 
states of chlorine. It was concluded that high tem- 
peratures are not appropriate for studies over long 
time intervals of the Hz0 exchange on [Ir(H,0),13+. 

At 40°C the following experiments were carried 
out with [Ir(H20)d3’ at 2.3 x 1O-3 M. First with 
[NaCl] = 2.3 M, [H+] = 0.010 M, Z= 3.0 M 
(NaClO,), and then with [NaCl] = 3.7 M, 
[H+] = 0.10 M, Z = 3.9 M, no absorbance changes 
in the 2%350~nm range were observed over 10 
and 15 days, respectively. With [NaNCS] = 1 .O M, 
[H+] = 0.010 M, Z = 2.0 M (NaClO,), absorbance 
changes matched those for a solution with no 

]Ir(H,0),13+ added, and can be attributed to 
side reactions of NCS-.7 Even with the generous 
allowance that the time the Cl- runs were moni- 
tored for is equal to the half-life of the reaction, a 
rate constant of 1.4 x lop8 M- ’ s- I, comparable to 
that for [Rh(H@)6]3+, is obtained. More realisti- 
cally assuming that < 10% reaction occurs in this 
time we fix the rate constant limit for the reaction 
of [Ir(H,0),13+ with Cl- at < 2x lo-’ M-’ s-‘. 
In arriving at this estimate an allowance has been 
made for the conjugate-base [H+]- ’ pathway, 
which it is assumed contributes to the same extent 
as in the reaction with [Rh(H20)6]3+.8 In the latter 
[Rh(H20)sOH]2+ has been shown to be - 6000 
times more reactive than [Rh(H *O) 6] 3+. 

It is concluded from these studies that 

t?r(H@),13+ is extremely inert, probably more inert 
than [Rh(H20)d3+, and therefore the most inert 
of hexa-aqua ions at present known. Substitution 
studies on the &-ions [Co(H@)6]3+ and 
[Rh(H,O),] 3 + have previously indicated significant 
rate law contributions from [H+]- ‘-dependent 
terms. *” Experiments on [Ir(H20),13+ were at pH 
l-2 to gain maximum benefit from such [H+]- ’ 
terms in the rate law. The increase in inertness in 
going from [Co(H,0)6]3+ t0 [Rh(H20)d3+, and 
then to [Ir(H20)6]3+ (see Table l), is in keeping with 
the effect of increasing ligand-field stabilization. lo 
A similar overall trend has been observed for H20 
exchange of the aquapentaammine complexes, 
D(NHMJd313+, [RWHd4H20)13+ and 
[WNH3MHd313f9 although here it is interesting 
that the volumes of activation 1.2, -4.1 and - 3.2 
cm3 mol- ‘, respectively, indicate a possible change 
in mechanism from Id (for Co) towards Z, (for Rh 
and Ir). ’ l-l 3 Participation of some high-spin 

~wJ3*0)613+ cannot be ruled out as a contributing 
factor to the faster rate constants observed for this 
ion. 

In sharp contrast the rate constant (25°C) for 1: 1 
Cl- anation of [Mo(H@)6]3+ (4.6 x 10m3 M-' s-‘) 
is some IO5 times bigger than for [Cr(H20)6]3’ 
(2.9 x lo- * M- ’ SK’), and with NCS- a similar 
ratio is obtained.‘4,15 The low d-electron popul- 
ation, and increase in associative character with 
increasing size (4d > 3d) of the d-orbitals, provides 
a likely explanation. The associative character of 

[Mo(H20)6]3+ is comparable to that of the more 
labile lV(H,0)6]3’ (d*) and [Ti(H20)6]3+ (d’) ions, 
which have Hz0 exchange rate constants (25°C) of 
495 and 1.81 x lo5 s-‘, respectively.4 

Table 1. Comparisons of rate constants for substitution” 

Reaction 
Temperature 

(“C) k Reference 

[Co(H,O) J3+ +Cl- 
[Rh(H,O),]‘+ +Cl- 
[Ir(H,0)J3+ +Cl- 
]Co(NH,),(H,0)13+ +HzO 
[Rh(NH,),(H*O)l’++H,O 
]Ir(NH&(HzO)13+ +H20 

25 <2M-‘s-’ 8 
40 N 10-8M-‘s-’ 9 
40 <2~10-~M-‘s-” This work 
25 5.7 x 10-6 s-’ 11 
25 8.4 x 10-6 s-’ 12 
25 6.1 x lo-’ s-’ 13 

“Contributions from [H+]-‘-dependent terms are not included in the first three 
entries. 

bAn [H+]- ’ contribution of similar proportion to that observed for [Rh(H,0),J3+ 
has been allowed for in this estimate. 
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While it is possible that other hexa-aqua ions 
of early transition metals may be identified, the 
availability of an associative route for ligand ex- 
change means that these are unlikely to be very inert. 
Indeed it is unlikely that there will be a more inert 
II or III state hexa-aqua ion than [Ir(H,0),13+ in 
the Periodic Table, and only if [Pt(H20)6]4f is at 
some time prepared is a more inert ion of this kind 
likely to be obtained. 

3. 

4. 

H. GamsjPger and P. Beutler, J. Chem. Sot., Dalton 
Trans. 1979, 1415. 
A. Hugi, D. Hugi, L. Helm and A. E. Merbach, 
Abstracts of the XXIII International Coordination 
Chemistry Conference, Boulder, Colorado, August 
1984, and personal communication. 
W. Plumb and G. M. Harris, Znorg. Chem. 1964,3, 
542. 

A further comparison of interest is that for Hz0 
exchange (25°C) on [A1(H,0),13+ (1.29 s-‘) and 
[Ga(H,0)6]3+ (403 s-l), where the size of the metal 
ion and electrostatics determine the pattern of 
behaviour observed.4 Both reactions are assigned 
an Zhmechanism from the magnitude of volumes of 
activation (+ 5.7 and +5.0 cm3 mol- ‘, respect- 
ively). This trend also parallels that of characteristic 
rate constants for water exchange on [Zn(H,O),]‘+ 
(3 x 10’ s-l), [Cd(H,0),12+ (2x lo* SK’) and 
[Hg(H20),12+ (2 x lo9 s- ‘).I6 
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RESOLUTION OF TRWDI-IMINE COMPOUNDS OF 
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(2-)-SJvICOBALTATE(III) 

P. S. CARTWRIGHT, R. D. G ILLARDP ad E. R. J. SILLANPti$ 

Department of Chemistry, University College, Cardiff CFl lXL, U.K. 
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Abstract-The resolving agent K3[Co(~-cysu)3] - nH20 [cysu = cysteinesulphinato(2 - )- 
S,w is further characterized: n = 3 or 6 are distinct compounds. A new solid acid of 
composition {H3(H20)3[Co(~-cysu)3]} is described. The new cation tris-5,5’-dimethyl-2,2’- 
bipyridylchromium(II1) is described and its resolution [with those of tris-l,lO-phen- 
anthrolinechromium(II1) and tris-2,2’-bipyridylchromium(III)]. 

Schubert2 studied the reaction between cobalt(II1) 
and L-cysteine in basic aqueous solution, and the 
reaction of the product with hydrogen peroxide. 
Neville and Gorin3 further investigated linkage 
isomerism in the system, showing that bidentate 
cysteine coordinates to cobalt(II1) via the nitrogen 
and sulphur atoms. Gorin et al4 confirmed the 
mode of coordination, rectified some errors in 
Neville’s earlier paper, and suggested the potential 
‘stereoselectivity of the reaction, without further 
investigating it. 

Gillard and Maskill, from chiroptical proper- 
ties, found stereospecific formation of only one 
isomer of the tris-cysteinatocobalt(III) complex. 
Conversion by hydrogen peroxide of thiolate 
to sulphinate ligand was taken as a chemical 
correlation of optical configuration. They fol- 
lowed up Schubert’s observation2 that the potas- 
sium( +)-tris(~-cysu)cobaltate(III) [cysu = cysteine- 
sulphinato(2 -)-S,Nj forms a precipitate with 
[Coen3]Br3 (en = ethylenediamine) by showing that 
this was a diastereomeric salt, containing the 

* For Part XL111 see Ref. 1. 
f R.D.G. was tutored by Professor Irving at St. 

Edmund Hall, Oxford (1956-1960), when an under- 
graduate, and did Part II of the Oxford B.A. and the 
B.Sc. under his supervision. Author to whom cor- 
respondence should be addressed. 

$ Permanent address : Department of Chemistry, Uni- 
versity of Turku, SF-20500 Turku, Finland. 

resolved cation, ( + )[Coen,] 3+. Dollimore and Gil- 
lard6 then used this type of reaction to resolve, 
for the first time, a series of bis- and tris-chelate 
bpy and phen derivatives (bpy = 2,2’-bipyridyl, 
phen = l,lO-phenanthroline), together with the 
complete series [Co(en),(phen)3_x]3+ (x = O-3).7 

More recently, Kane-Maguire and Hallock’ have 
used this versatile resolving agent, which lately 
became available commercially, to resolve the 
[Crbpy 3] 3+ cation, previously partially resolved by 
Mason and Peart,g who employed (-)barium 
tris(catechyl)arsenate(V). 

We now report in detail on the synthesis and 
properties of hydrates of potassium( +)tri@-cysu)- 
cobaltate(II1) and some derivatives, the resolution 
of [CrbpyJ3+ (which had already been described*), 
a resolution of [Crphen313+ with this resolving 
agent for the first time,” and the preparation 
and resolution of a new cation, [Crdmbpy313+ 
(dmbpy = 5,5’-dimethyl-2,2’-bipyridyl). 

EXPERIMENTAL 

Physical measurements 

Electronic spectra were measured with Cary 17 
and Unicam SP8000 spectrophotometers, cali- 
brated for wavelength and absorbance with hol- 
mium oxide and acidified potassium dichromate, 
respectively. ” Circular dichroism (CD) spectra 
were measured using a Jobin Yvon CNRS-Rous- 
se-Jouan Dichrographe III spectrophotometer. IR 
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spectra were recorded, as Nujol mulls, on a Perkin- 
Elmer 783. NMR spectra were run on a Bruker 
WM360 spectrometer. Thermogravimetric analyses 
were obtained with a Stanton Redcroft thermo- 
gravimetric TG 750 balance in a dynamic nitro- 
gen atmosphere at a heating rate of 10°C min- ‘. 
Microanalyses (C, H and N) were performed by the 
microanalytical laboratory, Department of Chem- 
istry, University College, Cardiff. 

General 

All preparations and reactions involving potas- 
sium( +)tris(~-cysu)cobaltate(III) were carried out 
in vessels shielded from direct light. Solvents were 
of reagent grade purity. 

Preparations 

Potassium( +)tris(~-cysu)cobaltate(III). A sol- 
ution of [Co(NH&]C13 (5.34 g, 0.02 mol) in water 
(150 cm’) was deoxygenated (Nz bubbler, 1520 
min) and r,-cysteine (12.12 g, 0.10 mol) and KOH 
(16.84 g, 0.30 mol) were added. The mixture was 
heated in the dark at 70°C until ammonia could 
no longer be detected (- 8 h), then ethanol 
(150 cm’) was added. A green precipitate of potas- 
sium( +)tri@-cysteinato-,!?JVlcobaltate(III) formed 
immediately: the mixture was cooled to 0°C 
filtered very rapidly, and the collected solid washed 
with ethanol (2 x 50 cm3). This still-moist pre- 
cipitate was added slowly (N 1 h) to hydrogen per- 

oxide (100 cm3, 100 vol), keeping the temperature 
below 10°C. The resulting mixture was allowed to 
warm slowly to room temperature during 4 h 
(to ensure complete oxidation). Ethanol (300 cm3) 
was added, and the yellow precipitate of potas- 
sium( +)tris(~-cysu)cobaltate(III) * 6Hz0 filtered 
off and washed with ethanol (2 x 50 cm’). Recrys- 
tallization was done in two ways. (a) If ethanol 
was allowed to diffuse slowly into a concentrated 
aqueous solution of potassium( +)tris(L-cysu)- 
cobaltate(III), then long, hair-like yellow crystals 
of the hexahydrate were obtained (Table 1). (b) 
If recrystallization was done quickly from water- 
ethanol (2 : 1.5 by volume), a more compact 
material was obtained, analysing again as the hexa- 
hydrate. The products were dried for several days 
in uacuo over P205. The yield typically was 3.1 g 
(21.0% based on [Co(NH,),]Cl,). The trihydrate 
was obtained by extended desiccation of the hexa- 
hydrate (28 days) in vacua over P205, the material 
being flutlier and lighter in colour than the hexa- 
hydrate (Table 1). 

The yellow, hair-like material is very soluble in 
water, but insoluble in organic solvents. Attempts 
to modify the morphology of the crystals, i.e. recrys- 
tallizing in the presence of LiBr and urea, failed to 
give anything but hair-like products. 

The complex is formed stereoselectively, the 13C 
NMR spectrum (Table 2) showing only three lines 
of equal intensity, indicating formation of the facial 
isomer, as reported by Dollimore and Gillard.6*7 
Separation of isomers of potassium( +)tris(L-cysu)- 

Table 1, Microanalytical and thermogravimetric results 

Calculated Found 

Complex C H N HZ0 C H N H,O” Residue” 

K,( +)[co(L-cysu),1~ 6H*O 
K,( +)[CO(L-cysu),] - 3H,O 
“H3( +)[CO(L-cysu),] - 3H20” 
Ba,(f)[Co(~-cysu),l,~8H,O 
[Crbipy,](ClO& *iHz06 

[Crbipy,](C1OJj * 2H206 

[CrphenJ(ClO,), * 2H20b 

[Crdmbpy,](C10J9 - 6H,O* 

[Crdmbpy,](ClOJ,-5H,O 
- +MeCNb 

14.7 3.7 5.7 14.6 14.9 3.5 5.5 14.5 47% black powder 
15.8 3.1 6.1 7.9 15.8 3.8 6.1 8.2 37% black powder 
19.0 4.2 7.5 9.5 19.8 4.5 6.9 9.8 17% 
13.7 2.9 5.3 9.1 13.6 3.0 4.5 9.0 57% grey ash 
43.5 3.0 10.2 1.1 43.5 3.3 10.3 1.1 Yellow powder 

(150°C) 
42.1 3.3 9.8 4.2 42.2 2.7 10.1 4.5 Yellow powder 

(15OC) 
46.6 3.0 9.1 3.9 46.6 2.9 9.0 4.0 Golden powder 

(150°C) 
42.8 4.7 8.3 10.6 4.1 4.1 8.0 10.1 Opaque yellow 

flakes (150°C) 
43.8 4.7 9.0 11.0 4.5 4.5 8.9 11.5 Opaque yellow 

cubes (15OC) 

“Thermogravimetric result. 
*Heated only to 150°C owing to explosive nature of perchlorate. 
‘This value includes +MeCN of crystallization. 
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Table 2. “C NMR results (in DzO at 35°C) 

K,(+)[CO(L-cysu),l~6H,O 

Photoreduced K3( +)[CO(L-cysu),] 

6 Assignment 

56.3s Asymmetric carbon 
68.7s Methylene carbon 

176.5s Carboxyl carbon 

56.4~ Unphotolysed complex 
57.4s 
58.0s 
61.4s 
67.8s 
68.2s 
68.8w Unphotolysed complex 

176.8~ Unphotolysed complex 
177.2s 
177.7s 

1 

Carboxyl carbons 
179.0s 
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ccobas’la~elrrr> was attempkbby bon exchange chro- 
matography using QAE Sephadex A-25, but only 
0ne band was obtaSne& tine ctiroptica> proper& 
03 samples withdrawn srrorn 1eatin.g anb traj$ng 
ct!iges 05 ‘r%s bane bting iben&& The CD anfi 
UV-visible spectra of potassium(+)tr~s(L-cysul)- 
coba\1a1e(X\} compared well wXn the WexaYinei‘h 
(Table 3). The hexahydrate showed IR bands at 
(cn- ‘) : 35OOs, 325Os, 3215s, 16OOs, 1305m, 1285w, 
1268m, 1208s, 1188s, 1168s, lllOs, IlOOs, 1063s, 
105Os, 992w, 98Ow, 936s, 93Os, 878m, 871m, 807s, 
756m, 73Om, 69Ovw, 555m, 54Om, 505w, 47Os, 
387m, 340m and 290m. The complex is photo- 
sensitive, the surface of the solid and a solution 
becoming dark orange in sunlight over 72 h. The 
changes in electronic and CD spectra are as those 
reported by Dollimore and Gillard. 6 The ’ 3C NMR 
spectrum is much more complex for this photo- 
reduced complex (Table 2), indicating the pos- 
sible formation of the meridional isomer. However, 
on standing in bright sunlight for 10 days or more, 
the resultant pink solution shows a broad, less 
intense absorption maximum ca 525 mn with a much 
less intense shoulder at 310 nm. The CD spectrum 
shows a small negative peak at 570 mu, together 
with positive and negative peaks at 523 and 464 nm, 
respectively, all with AE values much reduced from 
those of the parent potassium tris(L-cysu)- 
cobaltate(II1) (see Table 3). 

Tris-fat-[L-cysteine~~~~~~~( -)-S,Njcobalt(III). 
Typically, sulphuric acid (0.5 M, 2cm3) was added 
to potassium( +)tris(L-cysu)cobaltate(III) (100 mg 
in 5 cm3 HzO) to give a yellow solid which was 
collected and washed with ethanol and ether. This 
compound is very insoluble in most solvents and 

antiyses as tie acih s&1 jsee T atie ‘1> 05 \!e 
(+)tris(L-cysu)cobaltate(III) anion, (H3(H20)3 
>cD@-Q’ST&z)}. %iS Xib Biifi ShDWS \I\ bi3IldS 

wujd m-iius) a1 (cm- ‘): 349fnn, 32%%1, 32@s, 
32%~ ‘113%m, YiXQs, >4’1os 13705, >295%> ‘1245w, 
IZzZs, II%&, IlUm, II68m, III&, IcI7oni:, RX&, 
103%m, 9%~ anb 932~. 0n pH ‘Ijtiarion ~f$~ta~- 

sium( +)tri&cysu)cobaltate(III) vs acid, pr’ecipi- 
tation began after only 1 mole equivalent of acid 
was added. The identical CD spectrum of the acid 
salt redissolved in base to that of the potas- 
sium( + )tris(L-cysu)cobaltate(III) showed there was 
no change in optical con@uration on acid.&ation. 

Preparation of a Ba2+ salt is easy, by simple 
metathesis, adding an aqueous solution of barium 
chloride to a concentrated solution of potas- 
sium( +)tris(~-cysu)cobaltate(III). However, crystal 
shape remains very similar. The hair-lie, yellow 
material analyses as the octahydrate, Ba3( +)[CO(L- 
cysu),],-8H20 (Table 1). 

Tris-di-iminechromium(III)perchlorate. These 
compounds were made by prior isolation of chro- 
mium(I1) acetate. HClO,, (70 cm3, 1 M) was allowed 
to drip onto chromium(I1) acetate (3 g) in a nitrogen 
atmosphere, and the resulting blue solution of 
Cr(I1) filtered through glass wool into a suspension 
of di-imine (5 g) in water (150 cm3). The dark pre- 
cipitate which formed was collected, washed with 
ethanol, ether and was added to HC104 (100 cm3, 
1 M), with oxygen bubbled through for several 
hours. The yellow precipitate of [Cr(di-imine),] 
(ClO,), * nH,O was then collected by filtration 
and washed with ethanol and ether. The method of 
recrystallization depended on the di-imine present. 
For [Crbpy,](ClOJ, * nH,O, recrystallization was 
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Table 3. Absorption and CD results 

Complex 

Absorption CD 

a & 1 AE 
(mn) (1 mol- ’ cm- ‘) (nm) (1 mol- ’ cm- ‘) 

K,(+)[CO(L-~YS~),I.~H,O” 406 830 
308 33,470 

Final pink photoreduced solution 525 295 
310 7820 

456 261 D(+) 459 -0.94 
428 675 347 - 14.46 
405 937 313 -60.30 
357 6754 263 +6.63 
344 9150 L(-) 459 +1.11 
312 26,580 347 + 16.47 
275 17,650 313 + 75.90 
267 17,865 263 - 12.66 

430 681 
405 846 
355 3524 
318 11,630 
267 55,200 

D(+) 454 +2.42 
437 + 1.95 
326 + 35.43 
284 + 174.18 
274 + 183.00 
259 - 118.00 

L(-) 454 -2.20 
437 - 1.89 
326 -48.80 
284 - 185.71 
274 - 195.16 
259 + 132.20 

480 363 
446 895 
423 1065 
410 989 
368 7690 
356 9890 
322 27,23 1 

287 21,580 

[CrdmbpyJ(ClO& * 5H,O - fMeCN 480 361 
446 901 
423 1059 
410 991 
368 8160 
356 10,560 
322 28,430 
287 19,430 
238 48,990 

435 -3.71 
390 +3.70 
316 + 13.30 
279 - 15.70 

570 -0.20 
523 +0.75 
464 -1.40 

D(+) 477 +0.61 
367 +11.90 
327 +38.25 
299 +5.77 
279 -11.55 

L(-) 477 -0.66 
367 - 16.60 
327 -50.53 
299 - 7.04 
279 + 13.67 

D Literature6 gives 1 (c) : 406 (824), and 308 (29,000) ; I (AE) : 438 (- 3.83), and 274 (- 11.9). 
bLiterature’2 gives 1 (E): 455 (260), 398 (900), and 312 (23,000). Literature’ gives 1 (A&): 460 

(+ 1.1) and 3 15 (70 f 10%) read from very small digram of spectrum. 
‘Literature lo gives 1 (E) : 426 (384). 
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carried out from 0.01 M HC104, yielding two crystal Resolution of A-A[Cr(di-imine)J(ClO&. The 
types. The first-formed crystals were yellow needles, resolutions were performed in two ways with similar 
analysing as n = 2 ; orange crystals began to form results-the compound was either converted to the 
thereafter, with n = 4 (see Table 1). The electronic chloride salt (Dowex FFIP ion exchange resin, Cl- 
spectra of both forms compared with the litera- form) (cf. Kane-Maguire and Hallock’) or a sol- 
ture” (Table 3). ution of the perchlorate salt was used. 

[CrphenJ(ClO,), - 2H20 was quite insoluble in 
0.01 M HC104, and was therefore recrystallized 
from water, giving small, golden yellow crystals. 
Only the dihydrate was formed (Table 1). The elec- 
tronic spectrum (Table 3) compared well with the 
literature,” but the molar extinction coefficients 
measured here were considerably higher. 

The new compound [CrdmbpyJ(ClO& .nH,O 
was first recrystallized from 0.01 M HC104 to 
give flaky yellow plates, analysing as the hexa- 
hydrate (Table 1). Cubic yellow crystals of com- 
position [Crdmbpy,](ClO,), * 5HrO * 4MeCN were 
obtained by dissolving in the minimum amount of 
water-acetonitrile (50 : 50 by volume) and allowing 
slow evaporation of solvents. The complex com- 
pound is soluble in acetonitrile, nitromethane, ace- 
tone, DMF and DMSO, quite soluble in water and 
insoluble in ethanol, THF, dichloromethane and 
ether. [Crdmbpy,](ClO& * 5HrO 6 :MeCN shows 
IR bands at (cm- ‘) : 350Ombr, 2250mw, 1606m, 
1580m, 1508m, 1320m, 128Ow, 1235m, 1148w, 
116Om, 1190sbr, 93Omw, 835m, 7OOw, 665m, 654w, 
621s, 538w, 508w, 440wsh, 422m, 390~ and 366m. 
The electronic spectrum is shown in Table 3 and 
Fig. 1. 

[Cr(di-imine),]X, (1 mmol) was dissolved in 
warm water (100 cm3) and a solution of potas- 
sium( +)&is@-cysu)cobaltate(III) * 6Hz0 (0.367 g, 
0.5 mmol) in 10 cm3 water added. For [Crphen3]X3 
and [Crbpy3]X3, the diastereoisomer (+)[Cr(di- 
imine)3]( +)[CO(L-CYSU)~] was precipitated on cool- 
ing in ice for 10 min, and was filtered off, 
washed with ethanol (25 cm’) and ether (25 cm3), 
and dissolved in 750 cm3 warm (35°C) water, and 
ion exchanged for Cl-. The volume of solution was 
then reduced to 75 cm3 and excess NaClO, added. 
The ( +)[Cr(di-imine)3](C104)3 - nHr0, which sep- 
arated, was then filtered off, washed with ethanol 
and ether, and a large excess of NaClO., added to 
the filtrate, yielding a more optically active product. 
The [Crdmbpy3]X3 gave no diastereomeric pre- 
cipitate in water. In this case, ethanol was added 
slowly until precipitation was complete. The same 
procedure was then adopted, but the more soluble 
diastereoisomer was dissolved in only 100 cm3 
water. 

An excess of NaClO, was added to the original 
filtrate, containing ( - )[Cr(di-imine) 3] 3f, and the 
resulting precipitate collected and washed with 
ethanol and ether. An excess of NaC104 was again 
added to the filtrate to give a more optically active 
product. In all cases, the second crop of product, 
i.e. the more soluble portion, was always the opti- 
cally pure compound. [NaClO, could be replaced 
by NH,(PFJ throughout.] 

1c 

6 

Fig. 1. Electronic absorption (-) and CD (- 
spectra of [CrdmbpyJ3+ in water. 

AE 

-1 

All CD spectral profiles (see Table 3) are con- 
sistent with the (+)[Cr(di-imine)3]3+ cation having 
the M(C,) or A(C,) configuration,‘3 supported by 
the fact6*r4 that each (+)[Cr(di-imir~e),]~’ cation 
forms the less soluble diastereoisomer with the 
( +)[Co(L-cysu),13- anion. 

It appears also from the CD spectra6 that 
( +)[Mbpy313+ (M = Cr, Rh or Co) all have related 
configurations as do ( +)[Mphen313+. 

DISCUSSION 

The usefulness of potassium( +)tris(r_-cysu)- 
cobaltate(II1) as a means of resolving triply 
charged cations has been further extended, pro- 
viding a comparison of configuration within the 
resolved [Mbpy 3] 3 + series (M = Cr, Co or Rh), 
together with a similar comparison within the 
analogous wphen313+ series. 

Schubert’ in his original paper, isolated the tri- 
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hydrate of potassium( +)tris(L-cysu)cobaltate(III) 
whereas Dollimore and Gillard obtained the hexa- 
hydrate. We have obtained both compositions, the 
trihydrate made from the initially formed hexa- 
hydrate by prolonged desiccation in vucuo. The 
structure of potassium( +)&is@-cysu)colbatate(III) 
and its photoreduction product have been probed 
by 13C NMR spectroscopy, and there seems to be 
a change from facial to meridional geometry on 
photolysis. The solid trihydrated tribasic acid con- 
taining (+)tris@-cysu)cobaltate(III) has been char- 
acterized, the IR spectrum showing a shift of the 
carboxyl stretching frequency from 1600 to 1700 
cn- ’ on protonation, a process which was found 
to be reversible, with no loss of optical activity. 

A new cation, [CrdmbpyJ3+, has been prepared 
and resolved, the (+)[Crdmbpy,13+ having a CD 
profile consistent with its having the A(G) con- 
figuration, as well as forming the less soluble 
diastereoisomer with potassium( +)tris(L-cysu)- 
cobaltate(II1). 
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RHODIUM- AND IRIDIUM-MANGANESE CARBONYL 
COMPLEXES CONTAINING BRIDGING Ph2PCH2PPh2 LIGANDS 
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Abstract-Treatment of mer,cis-[MnC1(CO)2(dppm-PP’)(dppm-P)] with [Rh,Cl,(CO),] in 
the presence of CO and PF; gives [Cl(OC),Mn&-dppm),Rh(CO)dPP, which might have 
a bridging chloride ligand. Similar treatment of mer,cis-[MnBr(CO),(dppm-PP’)(dppm-P)] 
gave [Br(OC),Mn(p-dppm),Rh(CO)JPF6 which 3’P-(1H) NMR spectroscopy showed to 
be a mixture of two closely related species. Treatment of mer,cis-[MnC1(CO)2(dppm- 
PP’)(dppm-P)] with [Rh,Cl,(CO),] at - 30°C probably gave [Cl(OC),Mn@-dppm), 
Rh(CO),]Cl but this decomposes above 0°C: the corresponding dibromide was made 
similarly and is somewhat more stable than the dichloride. Treatment of mer,ci.r- 
[MnX(CO),(dppm-PP’)(dppm-P)] (X = Cl or Br) with [IrCl(CO),(p-toluidine)] and CO- 
PF, gave [X(OC)2Mn(~-dppm)21r(CO)2]PF6. Neutral complexes of type B(OC),Mn&- 
dppm),Ir(CO)X] (X and X’ = Cl or Br) are very labile and rapidly decompose to give 
[Ir(CO)(dppm-PP’)2]+ and other (unidentified) products. Treatment of mer,cis-[MnX- 

(CO)2(dppm-P~)(dppm-P)l with [RWWPPhd31 gave IX(OC)Mn(~--dppm)2(yH)(~- 
CO)Rh(CO)] (X = Cl or Br). These heterobimetallic compounds generally showed broad 
3’P-{ ‘H} resonances for the P nuclei bonded to Mn at ca 20°C due to some coupling with 
the 55Mn nucleus (I = $, 100% abundant), but at - 30°C these resonances sharpened up 
due to more rapid quadrupolar relaxation at the lower temperature. NMR and IR data are 
given. 

RESULTS AND DISCUSSION 

In a previous paper’ we showed that man- 
ganese(1) complexes of type [MnX(CO)2(dppm- 
PP’)(dppm-P)] (dppm E Ph2PCH2PPh2) of con- 
figurations la (X = Cl) or lb (X = Br) underwent 
ring-opening reactions with platinum complexes, 
e.g. [Pt(PPh3),] or trans-~tHC1(PPh3)2], to give 
mixed manganese-platinum complexes containing 
the moiety Mn@-dppm)zPt. In the present paper 
we describe similar attempts to effect ring-opening 
reactions with rhodium(I) or iridium(I) carbonyl 
derivatives. 

In preliminary (NMR) studies we found that 
treatment of complexes of types la or b with 
[Rh,Cl,(CO),] or [IrCl(CO)2(p-toluidine)] gave 

* Lecturer (1962), Reader (1966) and Professor (1971) 
in the Department of Inorganic and Structural Chernis- 
try, University of Leeds. Author to whom cor- 
respondence should be addressed. 

cationic heterobimetallics but these were labile (see 
below), and more stable products could be obtained 
by mixing these reactants in the presence of CO and 
a large anion, such as PF;. These salts with PF; 
will be discussed first. 

Treatment of a solution of the chloro complex 
(la) with the equivalent amount of [Rh,Cl,(CO),] 
in the presence of CO and NH4PP6 gave a salt, 
formulated as [Cl(OC),Mn@-dppm),Rh(CO)J 
PF6. The formulation follows from the elemental 
analysis (Table 1) and the spectroscopic data. In 
particular the 3’P-{‘H} NMR spectrum, at 
- 30°C showed a pattern typical of an AA’XX‘M 
spin system (M = lo3Rh) with deceptively simple 
triplets and (‘J(P,Px) + 4J(PAPx.)] = 54 Hz (data 
in Table 2). There was also a resonance due to 
PF;. At higher temperatures the resonance pattern 
of the P nuclei bonded to manganese broaden due 
to a slowing down of the quadrupolar relax- 
ation of the 55Mn nucleus (I = 3, 100% abundant). 
The ‘H-j 3 ‘P} NMR spectrum of [Cl(OC),Mn 
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(,u-dppm)2Rh(C0)2]PF6 showed an AB pattern due 
to the CH2 protons (data in Table 2). The IR spec- 
trum (Nujol mull) of this complex showed bands 
at 1858w, 1885w, 1942s and 1999s cn-‘, indicative 
of terminal c-=0, with the possibility of a weak 
bridging interaction associated with the lowest-fre- 
quency band. Bridging carbonyls are common in 
bimetallic-ydppm chemistry. 2-6 Sometimes the 
bridging is strong and of the “ketonic” type as in 
[C1Pd(~-CO)(~-dppm)2PdCI],2 sometimes it is 
strong and sideways on (a, Z) as in [(OC)2Mn@- 
CO)(~-dppm)2Mn(CO)2],3-5 but frequently it is 
weak, such as in [(OC),Mn(p-CO)(p-dppm),PdBr] 6 
and many other complexes. A band at 225 cm-‘, 
absent from the spectrum of the corresponding bro- 
mide (see below), is tentatively assigned to a bridg- 
ing chlorine, i.e. the cation is formulated as 
[(OC)2Mn(~-Cl)(,u-dppm)zRh(CO)2]+. Treatment 
of the bromo complex (lb) with CO-NH,PF6 
and [Rh,Cl,(CO),] or [Rh2Br2(C0)4] gave a 
corresponding product, [Br(OC)2Mn(p-dppm)2 
Rh(CO),]PF,. 

more stable and was made by treating 
[MnBr(CO),(dppm-PP’)(dppm-P)] with [Rh2Brz 
(CO),] at cu 20°C. The product was obtained 
analytically pure (see Table l), and was character- 
ized by NMR and IR spectroscopy (Tables 1 
and 2). It was stable in dichloromethane solution 
for about 2 h at 20°C but then started to decom- 
pose. Treatment of lb with [Rh,Cl,(CO),] gave a 
product, formulated as [Br(OC),Mn@-dppm)2 
Rh(CO)$l (characterizing data in Tables 1 and 2). 
Details of the preparation of both these com- 
plexes are given in Experimental. We also con- 
verted [Br(OC),Mn(p-dppm),Rh(CO),]PF, into 
[Br(OC),Mn(p-dppm),Rh(CO)JBr by treating it 
with an excess of Me4NBr in a dichloromethane- 
methanol mixture at 21 “C. Details are in Exper- 
imental. 

Elemental analytical data for this complex are 
given in Table 1 together with IR data [v(CO)]. 
The 3 ‘P-{ ‘H) NMR spectrum of this product, at 
-30°C showed it to be a mixture of two closely 
related complexes (data in Table 2) : possibly one 
isomer has bridging Br and the other bridging 
(semi-bridging) CO. At higher temperatures the res- 
onance pattern of the phosphorus atoms bonded to 
manganese broadened due to a slowing down of the 
quadrupolar relaxation of the manganese nucleus. 
The spectra at - 30 and +21”C are shown in Fig. 
1. The ‘H-{ 31P) NMR spectrum of [Br(OC),Mn@- 
dppm),Rh(CO)z]PF6 at +2O”C showed a broad 
AB pattern, which separated into two well-defined 
AB patterns at -20°C [see Fig. 2 (data in Table 
2)]. We find that these products of type p(OC), 
Mn(p-dppm)2Rh(CO)2]PF6 (X = Cl or Br) are 
stable in CH2Clz solutions at 20°C over a period 
of a week (“P-{ ‘H} NMR evidence). Also, from 
NMR evidence, they did not react with NaOPr’, 
NaOMe, H+ or Et,BH- at 20°C. When treated 
with TlBF4 (1 equivalent) and CNMe or CNBu’ 
they reacted to give a mixture of products, which 
we did not separate. 

We also prepared the manganese-iridium cationic 
complexes ~(OC),Mn(ydppm)Jr(CO)2] (X = Cl 
or Br) as the PF, salts, by treating [MnX 
(CO),(dppm-PP’)(dppm-P)] with ~rCl(CO),(p- 
toluidine)] in an atmosphere of CO and in the pres- 
ence of NH4PF,. Preparative details are in Exper- 
imental and characterizing data in Tables 1 and 
2. As with the corresponding rhodium complexes, 
discussed above, the bromide showed the presence 
of two complexes (isomers), whereas the chloride 
showed only one. 

Neutral species of type ~(OC),Mn(~-dppm),Ir- 
(CO)X’] are very labile, more labile than the rho- 
dium analogues. Treatment of [MnBr(CO),(dppm- 
PP’)(dppm-P)] with [IrC1(CO)2(p-toluidine)] gave a 
solid product, formulated as [Br(OC),Mn(p- 
dppm),IrCl(CO)J, which was not obtained pure, 
and in CD2C12 solution decomposed to give 
[Ir(CO)(dppm-PP’)2]+ ‘, and other (unidentified) 
products. Considerable amounts of [Ir(CO)(dppm- 
PP’),]+ were detected by 31P-{ ‘H) NMR spec- 
troscopy ca 10 min after dissolution of 
[Br(OC)2Mn(~-dppm)21rCl(CO)] in CD&l2 at 
20°C. Treatment of lX(OC)ZMnOL-dppm)2 
Ir(C0)2]+ with LiX or Me,NX (X = Cl or Br), did 
not give any detectable quantity of [x(OC), 
Mn(,u-dppm),IrX(CO)] : instead [Ir(CO)(dppm- 

Pp’) 21 + ’ was formed. 
We have also treated [RhH(CO)(PPh3)3] with 

In a 31P-{ ‘H} NMR study we found that [MnX(CO),(dppm-PP’)(dppm-P)] (X = Cl or 
[MnCl(CO),(dppm-PP’)(dppm-P)] (la), when trea- Br) in hot benzene. This gave heterobimetallics 
ted with an equivalent amount of [Rh2C12(CO),I of the expected composition [X(OC),Mn(y 
in CD2C12 at - 3O”C, gave a heterobimetallic con- dppm),RhH(CO)] (preparative details are in Exper- 
taining an Mn@dppm)2Rh moiety in high yield imental and characterizing data in Tables 1 and 2). 
(data in Table 2). However, when allowed to warm In particular the 3’P-{ ‘H} NMR spectra showed 
up, e.g. to above 0°C this product decomposed to AA’XX’M patterns (Table 2). The ‘H-{ 3 ‘P} NMR 
give a mixture, and no bimetallic complex spectra at 21°C showed AB CH2 patterns and a 
was isolated. The corresponding dibromide hydride resonance at 6 ca - 17, with couplings to 
[Br(OC)2Mn(~-dppm)2Rh(CO)2]Br was much lo3Rh of 28-29 Hz. Selective decoupling, ‘H-{ ‘lP), 
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I I I I I I 
60 50 40 30 20 IO 

8 (ppml 

Fig 1 . . 31P-{ ‘H) NMR spectrum of [Br(CO),Mn(p-dppm),Rh(CO)z]PF6 (mixture of two isomers) 
in CD&l2 at: (a) 21”C, and (b) - 30°C. 

of each P in turn gave ‘H patterns of the AA’MP 
and’ XX’MP types, i.e. the hydride is coupled to 
all four P nuclei. This result suggests that the hy- 
dride is bridging. We tentatively formulate these 
compounds as lX(OC)MnkH)@dppm)&- 
CO)Rh(CO)] : one of the bands due to v(C0) is at 
the very low value of 1760 cm- ’ (Table 2), indicative 
of bridging CO. 

EXPERIMENTAL 

All reactions were performed in an atmosphere 
of dry dinitrogen in degassed solvents. Dichloro- 
methane was dried over molecular sieves (type 
4A) and benzene over sodium wire. IR spectra were 
recorded in either Nujol mulls between KBr plates 

or in dichloromethane solution on a Perkin-Elmer 
257 grating IR spectrometer. Unless otherwise 
stated, NMR spectra were recorded on a JEOL 
FXlOO instrument at 99.55 MI-Ix (‘H) or 40.25 MHz 
(3’P) using solvent references as internal standards 
and referenced to TMS or 85% H3P04 as appro- 
priate. 

A solution of [Rh,(CO),Cld (0.020 g, 0.055 mmol) 
in dichloromethane (1 cm3) was added dropwise to 
a stirred mixture of mer,cis-[Mn(CO),(dppm- 
PP’)(dppm-P)Cl]’ (0.100 g, 0.11 mmol) dissolved 
in dichloromethane (10 cm3) and ammonium hexa- 
fluorophosphate (0.18 g, 1.1 mmol) in methanol 
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I 
400 

I 
3.50 

8 (ppm) 

I 

300 

Fig. 2. ‘H-{“P} NMR spectrum of the PCH,P region of [Br(CO)2Mn(~-dppm)2Rh(CO)z]PFh 
(mixture of two isomers) in CD,C12 at - 30°C. 

(10 cm3) with CO bubbling into the solution. Upon 
addition of the [Rhz(CO)JJ2] a bright yellow sol- 
ution resulted which was stirred under CO for an 
hour. The resulting mixture was evaporated to dry- 
ness under reduced pressure. The required product 
was extracted into dichloromethane, the solution 
filtered, and n-hexane added until the solution 
became turbid. This mixture was set aside at - 20°C 
for several hours to give a yellow microcrystal- 
line solid. Yield 0.091 g (68%). The bromo ana- 
logue [Br(CO)zMn(~-dppm)2Rh(CO)2]PFs was 
prepared by a similar procedure from 
mer,cis-[Mn(CO),(dppm-PP’)(dppm-P)Br] and 
[Rh2(C0)&1J or [Rhz(CO),Brj in 78 and 79% 
yield, respectively. 

Using [Rh2(C0)4Br2]. A solution of 
[Rh2(C0)4Br2] (0.023 g, 0.047 mmol) in di- 
chloromethane (1 cm3) was added dropwise to a 
solution of mer,cis-[Mn(CO),(dppm-PP’)(dppm- 
P)Br] (0.100 g, 0.095 mmol) in dichloromethane (5 
cm’) to give a clear yellow solution. n-Hexane was 
then added to precipitate the product which was 
collected and washed with diethyl ether to give a 
yellow microcrystalline solid. Yield 0.091 g (81%). 
The analogous bromide-chloride complex 
[Br(CO),Mn@-dppm),Rh(CO)JCl was prepared 
similarly in 83% yield. 

From [Br(CO),Mn&-dppm)$h(CO)r]PFa. A 
solution of [Br(CO),Mn(p-dppm),Rh(CO)dPF6 
(0.120 g, 0.095 mmol) in dichloromethane (20 cm3) 

was added to a degassed solution of tetra- 
methylammonium bromide (0.240 g, 1.56 mmol) in 
methanol (20 cm3). The volume of the mixture was 
reduced slowly to ca 20 cm3 under reduced pressure. 
The yellow microcrystalline product was collected 
and washed with water, methanol and diethyl ether. 
Yield 0.077 g (69%). 

[Cl(CO),Mn@-dppm)Jr(CO)2]PF6 

A solution of [Ir(CO),Cl(p-toluidine)] (0.043 g, 
0.11 mmol) in dichloromethane (2 cm3) was added 
dropwise to a stirred mixture of mer,cis- 
[Mn(CO),(dppm-PP’)(dppm-P)Cl] (0.100 g, 0.11 
mmol) dissolved in dichloromethane (15 cm3), and 
ammonium hexafluorophosphate (0.087 g, 0.55 
mmol) in methanol (10 cm3), with CO bubbling 
into the mixture. The resulting yellow solution was 
stirred under CO for 1 h. The resulting mixture 
was evaporated to dryness under reduced pressure. 
The required product was extracted into dichlo- 
romethane, the solution filtered, and n-hexane 
added until the solution became turbid. The mixture 
was then set aside at -20°C for several hours to 
give a yellow microcrystalline solid. Yield 0.097 g 
(71%). The bromo analogue [Br(CO),Mn@- 
dppm)zIr(CO)z]PF, was prepared analogously in 
85% yield. 

A solution of [Ir(CO)&l(p-toluidine)] (0.037 g, 
0.095 mmol) in dichloromethane (1 cm3) was added 
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to a solution of [Mn(CO)~(dppm-~~)(dppm-~)Br] 
(0.100 g, 0.095 mmol) in dichloromethane (5 cm3). 
The resultant orange solution was stirred for 2 min 
and evaporated to dryness under reduced pres- 
sure. The resultant solid was triturated with diethyl 
ether to give an orange ~cr~~stal~ne solid. Yield 
0.097 g. 
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I. BACKGROUND 

Phosphazene chemistry? is a well-established field that lies at the interface between inorganic and 
organic chemistry. Its origins can be traced back to the early 1800s when several investigators’” 

* Author to whom correspondence should be addressed. 
t This field was known as phosphonitrilic chemistry in the early literature. 
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isolated and studied two unusual heterocyclic compounds with formulae (NPCl& and (NPCl,), 
from the reaction of phosphorus pentachloride with ammonia or ammonium chloride. 

Since that time, a diverse class of ring systems and linear species has been developed,6 all the 
members of which are characterized by a cyclic or linear skeleton of alternating phosphorus and 
nitrogen atoms, with two side groups attached to each phosphorus. Some typical general structures 
are shown in 14 (Scheme 1). In addition, a subclass exists, comprised of short-chain linear phos- 
phazenes (5-7) (Scheme 1) with terminal phosphorus atoms that bear three end groups. The side 
groups in l-7 can be halogens or a wide variety of organic or organometallic units. 

Perhaps the most striking characteristic of phosphazenes is the existence of extensive polymeric 
series of rings (l-3) and linear chains (5-7) that culminate in very high molecular weight polymers 
(4).“,’ Some of these polymers are known to be linear, but the possibility exists that others are giant 
macrocyclic species. Ping systems that contain up to 40 repeating units have been detected* and 
larger rings are undoubtedly accessible. Short-chain linear species of type 5-7 are known that contain 
up to six phosphorus atoms, but this class almost certainly extends as a continuous series that 
culminates in linear high polymers. A resemblance to the organosiloxane polymeric series will be 
evident. 

Of these three classes of phosphazenes (rings, short chains and high polymers), the least is known 
about the short-chain species. They are generally difficult to synthesize, isolate and study,6 and only 
a few of them have been characterized in detail.’ However, they are valuable because of their role 
as small-molecule reaction and structural models for the high polymers.’ 

The structural chemistry and organic-reaction chemistry of cyclic phosphazenes comprises by 
far the most established branch of this area. The organometallic chemistry is still in the developmental 
stage. An important facet of cyclophosphazene chemistry is its relationship to the high-polymer 
chemistry, since small-molecule rings are excellent models for exploratory reactions that can be 
applied subsequently at the high-polymer level. lo 

The linear or macrocyclic high polymers (4) have been known for only a few years,“-14 but 
already they form the basis of an extensive chemistry and a growing industrial technology.” In a 
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practical sense, the high-polymer chemistry provides the driving force for nearly all modern research 
on phosphazenes. 

Historically, the development of phosphazene chemistry can be divided into three phases. 
Initially, from the 1800s to the 194Os, an emphasis on the Main-Group inorganic chemistry of these 
compounds was evident.6 During this period, the synthesis and hydrolysis reactions of halogeno- 
phosphazenes [structures 1 and 2 o< = Cl)] were developed.16 

Beginning in the 1950s and extending into the early 197Os, the second phase involved the 
development of the organic chemistry of cyclophosphazenes. 17-24 Most of this work revolved around 
the nucleophilic substitution reactions of chlorocyclophosphazenes such as (NF’C12)3 (8) or (NFClJ4 
with reagents such as simple alkoxides, aryloxides, or primary or secondary amines. Examples of 
these transformations are shown in the formation of 9 and 10 (Scheme 2). Much of this chemistry 
involved studies of the substitution mechanisms (SN1 or &2), and the patterns of halogen replace- 
ment (gem or nongem, and cis or trans), often aided by NMR analysis and, in a few cases, by X- 
ray diffraction studies.6*‘7-24 

The most recent phase, which began in the late 1960s and early 197Os, has been characterized 
by three main research thrusts : (a) investigation of the detailed structure of phosphazenes, especially 
by NMR spectroscopy and X-ray diffraction ; (b) development of the high-polymer chemistry in 
both its fundamental and use-oriented aspects ; and (c) the emergence of a diverse organometallic 
chemistry of phosphazenes. This latter topic is the subject of this review. 

II. ORGANOMETALLIC CHEMISTRY-OVERVIEW 

To understand the present significance of the organometallic chemistry of phosphazenes, it is 
necessary to consider some of the reasons for the widespread interest in the macromolecular 
chemistry of these compounds. 

High polymers, in general, are the focus of much research because : (a) in the solid state they 
form fibers, films, glasses and elastomers that are widely used in modem technology ; and (b) 
because, increasingly, macromolecules are being employed as biomedical materials ; immobilization 
carriers for chemotherapeutic agents, enzymes or transition-metal catalysts ; as solid electrolytes ; 
and as electronic conductors. Phosphazene high polymers are being developed or considered for use 
in all these areas.‘5,2M4 
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etc. 
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Scheme 2. 
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Phosphazene high-polymer chemistry began with its organic-derivative chemistry. The main 
synthesis pathways leading to these macromolecules were discovered in our laboratories and are 
summarized in Scheme 3. Hexachlorocyclotriphosphazene (8), prepared from phosphorus penta- 
chloride and ammonium chloride, is polymerized thermally in the molten state to the transparent, 
rubbery high polymer, poly(dichlorophosphazene) (ll).” Replacement of the chlorine atoms in 11 
by organic nucleophiles yields a wide variety of single- and mixed-substituent derivatives of general 
formulae 12-14.“-‘5 Given the wide variety of organic nucleophiles available to chemists, it is clear 
that an almost infinite variety of different polymer structures and properties are accessible via these 
reactions. By the beginning of 1986, roughly 300 different organophosphazene polymers had been 
synthesized and studied. 

Interest in the organometallic chemistry of phosphazenes has expanded mainly because it was 
perceived (at least in our research group) that the use of organometallic reagents instead of organic 
nucleophiles as substitution reagents might allow the synthesis of two new classes of cycle- and 
polyphosphazenes-those with alkyl or aryl groups linked directly to the inorganic skeleton through 
carbon-phosphorus bonds, and those with transition-metal organometallic units in the side-group 
structure. 

High-polymeric phosphazenes with alkyl or aryl side groups should be chemically unreactive and 
stable at high temperatures [they would be structural analogues of poly(organosiloxanes)]. The alkyl 
or aryl groups could be introduced at the cyclic trimer or tetramer level, in which case the resultant 
organosphophazenes would be candidates for ring-opening polymerization to high polymers. Alter- 
natively, the alkyl or aryl groups could be introduced directly at the macromolecular level by 
reactions analogous to those shown in Scheme 3. These possibilities are illustrated in Scheme 4. 
Polyphosphazenes with transition metals in the side-group structure would be valuable molecules 
for a wide variety of studies related to catalysts, electrode mediators, electronic conductors etc. 

In this review, we discuss both types of chemistry, beginning with the reactions of phosphazenes 
with Main-Group organometallic reagents followed by the transition-metal chemistry. We will 
mention work from a number of sources, but, in the second half of the review, we will focus mainly 
on recent work from our own laboratory. 

III REACTIONS WITH MAIN-GROUP ORGANOMETALLIC REAGENTS 

1. General factors 

The reactions between halogenophosphazenes and Main-Group organometallic reagents have 
been studied in detail during the past 20 years. These reactions can be complex, and some of the 

250°c 

13 14 
Scheme 3. 
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earlier work in this area has had to be reinterpreted as the degree of complexity has been recognized. 
By analogy with the organic substitution chemistry of phosphazenes, it was originally assumed 

that organometallic compounds, such as Grignard or organolithium reagents, would participate in 
simple substitution reactions with halogenophosphazenes to yield alkyl or aryl derivatives of general 
formulae 15 or 16 [eqn (l)]. However, it is now known that nucleophilic substitution is only one of 
several reactions that can take place; the others include metal-halogen exchange, proton abstraction 
from organic side groups, and skeletal cleavage reactions. 

15 16 

The exact course of the reaction depends on the type of organometallic reagent used. However, 
a more critical influence is exerted by the type of phosphazene. Chlorophosphazenes often generate 
quite different reaction patterns from fluorophosphazenes. Moreover, the degree of polymerization 
plays a significant role. Cyclic trimers react in a different manner from cyclic tetramers, and 
linear high polymers may show striking differences from the cyclic oligomers. For this reason, our 
discussjon of the Main-Group organometallic chemistry is divided into four categories, based on 
the type of phosphazene substrate that is involved. These categories are : (1) organometallic reactions 
with cyclic fluorophosphazenes ; (2) reactions with cyclic chlorophosphazenes ; (3) reactions of 
high-polymeric, linear fluoro- and chlorophosphazenes ; and (4) interactions between organometallic 
reagents and organophosphazenes, i.e. species that bear organic side groups that are capable of 
reactions with organometallic compounds. 

2. Reactions of CyclicfIuorophosphazenes 

(a) Aryllithium reagents. The simplest reactions between halogenophosphazenes and Main- 
Group organometallic compounds are those between small-molecule cyclic Jluorophosphazenes 
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and aryllithium reagents. The key experiments with this system were performed by Moeller and 
coworkers,3M8 starting in 1962, and the topic was subsequently developed by Allen, Paddock and 
Chivers3- The overall transformations at the cyclic-trimer level are summarized in eqn (2). 

ArLi 
(NPF~~ - 

-LiF 

17 18 

Arylphosphazene derivatives have been isolated in which the aryl side group is CaHs, C&13DZ, 
C6DS, C6F5, p-C6H4F, m-C6H4F, p-CsH4Cl, p-C6H40CH3, 0-C&14CH3, @Z6H4CH3 and p- 

GHNCW,. 
The main products are the mono- and disubstituted species, but replacement of the remaining 

four fluorine atoms is difficult to accomplish by this method. A maximum of four fluorine atoms 
can be replaced by a combination of aryllithium and FriedelCrafts reactions,37-3g*42.43 but the 
reactivity to fluorine replacement clearly declines as additional aryl groups are attached to the 
phosphazene ring. Species of type 18 have been used to probe the nature of the electronic interactions 
between the organic and inorganic pi systems. 3g*4’,44 They are also valuable molecules for poly- 
merization to alkylfluorophosphazene high polymers (20) [eqn (311.“’ 

19 20 n~moo 

The fluorine replacement pattern that occurs in the conversion of 17 to 18 has been studied in 
some detai1.46 At the disubstitution stage, three geometrical isomers (excluding enantiomers) are 
possible (21-23). Aryllithium reagents react predominantly via a 1,3-replacement pathway. For 
example, (NPF2)3 interacts with two equivalents of phenyllithium to give 21,22 and 23 in a 3 : 1: 0.25 
ratio.36 The more sterically sensitive o-CH3C6H4Li reagent gives the 1,3-product only. 

F 
=...p/Ar 

N9 ‘N 

21 

1,3-d 

(nongem) 

22 

1,3 - trans 

(nongem) 

23 

1, l- 

(gem) 

These reactions of (NPF2)3 with aryllithium reagents are striking in their simplicity when com- 
pared to the systems to be discussed. For example, aryl Grignard reagents react with (NPFJ3 by a 
more complex pathway,43*47 since products such as the bi(cyclophosphazene) (24)43 are formed. 
Species of this structure are normally formed by a metal-halogen exchange process. 

(b) Alkyllithium reagents. The cyclic trimer (NPF,), reacts with methyl- n-butyl-, t-butyl or 
cyclohexyllithium reagents to give mainly monosubstituted products of formula N3P3FSAlk.3’V4p‘52 
Small amounts of geminal disubstituted products, N3P3F4Alk2, are also formed when methyl- or n- 
butylithium are used.48*50.5’ t-Butyllithium gives the nongem-truns derivative. Presumably geminal 
substitution is difficult because of steric hindrance effects. It is believed that methyl- and n-butyl- 
lithium reagents can not only participate in fluorine substitution processes, but many also induce 
proton abstraction from the alpha position of alkyl groups already attached to the ring. This reaction 
can lead to decomposition reactions. 
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Paddock and coworkers48,s3 have made a detailed study of the reactions of methyllithium with 
octafluorocyclotetraphosphazene, (NPF,),. The reaction proceeds predominantly via a 1, l- and 
1 ,1,5,54uorine replacement pathway to give species 25 and 26. Electronic effects within the inorganic 
ring have been proposed to explain this pattern. However, further fluorine replacement can occur 
to give the pet-methyl derivative, w(CH3)J4. 4**54 Higher cyclic analogues, such as (NPFZ&, react 
with methyhnagnesium bromide to yield ~P(CH,)&_,,. 55 t-Butyllithium replaces up to two fluorine 
atoms in (NPF2)4.50 

i CH. 
F-P-N-P-Cti3 

II I 

F-fi-N=y-CH3 

N N 

I II I 1 
F--y-N-P-F CH3-PEN-P-F 

I I I I 
F F CHs F 

25 26 

An appreciable amount of research has been carried out recently by Allen and others on the 
reactions of unsaturated alkyllithium reagents with (NPFJs and (NPF2)4.4g*5M A motivation for 
some of this work has been the synthesis of cyclophosphazenes that undergo vinyl- or acetylenic 
polymerization through the pendent organic reactive site. 46*6’*62 Thus, compounds of formula 
N3P3F5R have been prepared where R is CHdH-, CH,CH=CH--, CH+(CH3)-, 
CH2---_C(OC2H+, CH+Z(OCH3+, G,H&=C- or (CH3)3SiC=-. In general, further reac- 
tion yields 1,l -disubstituted products. 56-5g Electron donation from the a-CH30 or a-C2H50 
substituents favors substitution. 56,57 This electron supply renders the olefinic center less susceptible 
to anionic attack and subsequent degradation. 

2-Lithio-1-methylpyrrole reacts with (NPFZ)- to replace one fluorine atom per ring.60 

3. Reactions of cyclic chlorophosphazenes 

(a) Grignard reagents. Cyclic chlorophosphazenes participate in the widest variety of organo- 
metallic reactions. Substitution reactions, skeletal cleavage, metal-halogen exchange, ether cleav- 
age, and ring-contraction processes have all been detected. The preponderance of one reaction over 
another depends on the type of organometallic reagent, the size of the phosphazene ring, and the 
solvent used for the reaction. With all these variables, it is perhaps not surprising that different 
opinions have arisen over the products and mechanisms of particular reactions. Fortunately, enough 
is now known to allow general principles to be recognized. 

Early workers in this field reported that (NPClJ, reacts with phenyl magnesium bromide to give 
the hexaphenyl derivative, (NPPhJ,. 63,64 A reinvestigation of this reaction by Biddlestone and 
Shaw65-67 yielded the information that, when diethyl ether was used as a solvent, only traces (l-5%) 
of (NPPh2)3 were formed, and that this was generated indirectly. The mechanism proposed by these 
workers involved an initial cleavage of the phosphazene ring, replacement of chlorine atoms in the 
linear product by phenyl groups, followed by a small amount of recyclization. When diphenyl- 
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magnesium in dioxane was used in place of phenylmagnesium bromide in ether, a complex mixture 
was formed which contained linear phosphazenes, a trace of (NPPh,),, and a bi(cyclophosphazene). 
It was proposed that most of these products were formed via phosphazenyhnagnesium intermediates. 

In our laboratory, Allcock, Desorcie, Harris and Brennan have examined similar reactions in 
some detail, but with the use of tetrahydrofuran as a reaction solvent.68-70 Under these conditions, 
(NPCl& reacts with a variety of alkyl and aryl Grignard reagents to yield cyclic substitution 
products. No ring-cleavage products were detected. The principal products are the monosubstituted 
trimer (27) and the ring-linked bi(cyclophosphazene) (28). 

Cl, /Cl 

N//SN 

ll,CL c’\ 

cL/p\\N~\cL 

CL\p/R “V’ 
RMgX IP’N 

0 cL\p I 

Cl’ X’ 

ll,Cl + 
/j-\jr “\/“’ 

‘CL 
\ /p\6/N-\N (4) 

K” d ‘I&. 
27 

CL CL 

28 

The relative proportions of 27 and 28 are critically dependent on the steric size of the organic 
group in RMgX. As shown in Table 1, the relative percentage of the monoalkyl product (27) in the 
mixture increases as the size of the alkyl group increases. Phenyhnagnesium ch!oride reacts to give 
28 exclusively. 

It might be supposed that species 27 would be formed by direct nucleophilic replacement of 
chlorine by the group R. However, the experimental evidence is in favor of an alternative mechanism 
in which a metal-halogen exchange pathway is responsible for the fomation of both 27 and 28. 

The initial metal-halogen interaction between (NPCl& and the Grignard reagent generates a 
metallophosphazene intermediate (29) (Scheme 5). Species 29 contains a trivalent, tricoordinate 
phosphorus atom which readily participates in chlorine replacement with a molecule of Grignard 
reagent to yield 30. At this stage, two possibilities exist. Metal-halogen exchange between 30 and 
(NPCQ could generate product 27 and another molecule of 29. Alternatively, a ring-coupling 
reaction between 30 and 27 could occur to yield the bi(cyclo) product (28). Steric hindrance by 
bulky alkyl groups inhibits the ring-coupling process. Indirect evidence for the participation of 30 
has been obtained by the isolation of 31 from the reaction of (NPCl& with CH3MgX or C,H,MgX 
in the presence of iodomethane. 

The further reaction of species 27 with Grignard reagents leads to replacement of the geminal 
chlorine atom by what appears to be a straightforward nucleophilic substitution process to give 

Table 1. Reactions of alkyl and aryl Grignard reagents 
with (NPC1J3 in tetrahydrofuran at 66°C” 

Grignard reagent % 21 % 28 

CH,MgCl 15 85 
C,HSMgCl 62 38 
n-C3H,MgCl 64 36 
n-C,H,MgCl 69 31 
i-C3H,MgCl 100 0 
t-C,H,MgCl 50b 0 
(CH&SiCHzMgCl 100 0 
CsH,MgCl 0 100 

“Percentages represent relative yields of cyclic pro- 
ducts isolated. 

b Remainder of phosphazene components of unre- 
acted (NPClJ,. 
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Scheme 5. 

species of structure 32.6’s” Use of this method has allowed the synthesis of a number of gem-alkyl- 
aryl derivatives by Harris and coworkers.” 

The reactions of the cyclic tetramer (NPC12)4 with Grignard reagents are characterized by both 
substitution and ring cleavage.7*-74 Thus, the reaction products include cyclic tetrameric species of 
types 33-35, and cyclic trimers of type 36-38 formed by skeletal cleavage and ring contraction. The 
data in Table 2 illustrate how the products vary with changes in group R in RMgX.7z-74 

The mechanism of this ring contraction, fist proposed by Shaw,72,73 is shown in Scheme 6. The 
initial interaction of (NPCl2)4 with RMgX results in ring cleavage to form species 39, which 
undergoes 1,6-intramolecular nucleophilic displacement to form 40. Replacement of the chlorine 
atoms of the pendent unit by reaction with Grignard reagent then yields 36. This last step seems 
plausible since the octachloro analogue of 40 has been shown to react with phenyhnagnesium 
bromide to give 36, with the side-group chlorine atoms reacting first.75 Species 38 has been isolated 
from the reaction of (NPCIJ4 with butyhnagnesium halide. (The isopropoxy group is a product of 
the reaction of a remaining chlorine atom with isopropanol used in the purification process.74) A 
further complication in this type of reaction arises because the ring-contraction process in the 
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presence of Grignard reagents can also involve cleavage of the ethers used as solvent. Thus, species 
37 is formed by reaction with diethyl ether in the presence of methylmagnesium bromide.74 

This propensity for alkoxyphosphazene formation during Grignard-mediated reactions is espe- 
cially noticeable when aminophosphazenes react with Grignard reagents.76s77 A reaction studied 
recently in our laboratory is shown in eqn (5). Compound 41 reacts with alkylmagnesium halides 

CL Cl 

I I 
CL-P=N-P-CL 

I II RMgX 

n ‘i - 
Cl-P-N=P-Cl CI- P=N -P-CL 

I I I I 
CL CL CL Cl 

36 

Scheme 6. 
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Table 2. Cyclic phosphazene products obtained from the reactions of alkyl and aryl Grignard 
reagents with (NPCl,), in diethyl ether 

129 

Grignard reagent % (NFQ),” % 33 % 34 % 35 %36 % 37 % 38 

CH,MgBr 40 2 0 0 19 12 0 
n-C,H9MgCl 35 0 0 0 15 0 7 
C,HSMgBr 0 0 10 2 70 0 0 

’ Unreacted (NPClJ, recovered. 

to generate two types of products, depicted as 42 and 43. Species 43 with an ethoxy side group, is 
formed by cleavage of the diethyl ether solvent. The mechanism of this ether cleavage is believed to 
involve a magnesium halide induced removal of chloride ion from phosphorus, followed by an 
attack by the resultant phosphazenium ion on the oxygen of an ether molecule.77 

Wd~N,p,~ (CH&N\ ,OGHs 

RM& 

Ezs '-1 R + 

HPIN 

R\P 
I 

(CH,),N'+NAP'N(CH.), 

R,] \I R 

(CH,),N/p\N2'N(%)z 

(sjj 

41 42 43 

However, it is possible to maximize the conversion to 42 and discriminate against formation of 
43 by the use of a large excess of Grignard reagent in a minimum amount of diethyl ether solvent. 
Removal of the dimethylamino groups by treatment with hydrogen chloride yields species such as 
44 and 45. These compounds are valuable starting points for further organometallic or organic 
substitution reactions, because they provide routes to compounds that are not accessible via the 
direct reaction of (NPClJ, with Grignard reagents. Moreover, compounds such as 44 and 45 can 
be polymerized to linear macromolecules that contain alkyl groups bonded directly to the skeleton. 

CL\P/R 

N@'N 

44 45 

(b) Organocopper reagents. In our laboratory, it has been shown that many of the complications 
inherent in the reaction of chlorophosphazenes with Grignard reagents can be avoided by the use 
of organocopper reagents. 78-84 Thus, reactions between (NPCl,), and alkyl Grignard reagents in the 
presence of [n-Bu,PCuI], lead first to the formation of copper-phosphazene complexes (46) (Scheme 
7). Reaction of 46 with alkyl halides yields gem-dialkyl derivatives (47). Treatment of 46 with 2- 
propanol generates a series of hydridophosphazenes (48), which are valuable intermediates for 
replacement of the hydrogen by chlorine, bromine or iodine to give 49. 

The reactions outlined in Scheme 7 have been explored for systems where R = CH3, C2H5, n- 
C3H7, n-C4H9, i-C3H7, i-C4H9, t-C& or CHdH-CH 2-. Arylcopper reagents do not function in 
the same way. They react with (NPCI,), to give gem-diarylcyclotriphosphazenes and ring-cleavage 
products. The group R’, introduced by treatment of 46 with an alkyl halide, can vary over a very 
wide range from methyl to allyl, 2-methoxyallyl or propynyl. “* However, the introduction of bulky 
R’ groups is limited by steric effects. 

The key intermediate in all these transformations induced by organocopper reagents is the 
copper-phosphazene species 46. It has not been isolated, but it has been studied by 31P NMR 
spectroscopy and by reaction stoichiometry. 79 It has proved to be one of the most valuable organo- 
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metallic species yet discovered in phosphazene chemistry, since it provides access to a diverse 
range of products of types 47 and 49, many of which can be converted readily to linear high 
polymers.85-87 

(c) Lithiophosphuzenes. The hydridophosphazene (48) provides an entree into phosphazene anion 
chemistry. Treatment of 48 with methyllithium at low temperatures yields the phosphazene anion 
(50) (Scheme 8). Interaction of this with prop-Zynyl bromides4 gives the propynyl phosphazene 
(51). In the presence of excess methyllithium, species 52 and 53 are also isolated. Compounds 51 
and 53 form pi complexes with cobalt carbonyls, and these will be discussed later. 

Phenyl derivatives of the copper-phosphazene intermediate (46) have not yet been isolated. 
Thus, for some time, phenyl analogues of 48 and 49 could not be synthesized. This limitation was 
removed by the discovery by Connolly in our laboratory that the phenylbi(cyclotriphosphazene) 
(54) undergoes P-P bond cleavage in the presence of lithium triethylborohydride to give the 
stabilized anion shown as 55. Species 55 behaves in a similar manner to the copper-phosphazene 
intermediates8 when treated with proton sources or alkyl halides. This allows the syntheses of gem- 
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diorganophosphazenes in which one organic unit is an aromatic group. These, too, are valuable 
precursors to phosphazene high polymers. 

54 55 

(d) Organolithium reagents. Simple organolithium compounds appear to be unsuitable reagents 
for the replacement of chlorine atoms in (NPCl& by organic groups. Ring-cleavage reactions 
predominate when (NPCl,), reacts with methyl- or phenyllithium,89*90 although traces of methyl- 
cyclophosphazene products have been isolated.* However, van de Grampel and Winter9’ recently 
reported that the principal product from the reaction of (NPCI,), with methyllithium in tetra- 
hydrofuran at - 20°C is a hydridophosphazene. The formation of this compound suggests a metal- 
halogen exchange process. The same authors9’ also found that the tetramer (NPCl,), reacts with 
methyllithium to give ring-linked bi(cyclo) tetramers as well as hydridophosphazenes. These products 
reinforce the view that metal-halogen exchange reactions can occur with organolithium reagents. 

On the other hand, Allcock, Scopelianos and O’Brien have shown93.94 that lithiocarboranes react 
with (NPClJ, to give monosubstituted products such as 56. Similar compounds (57) are formed by 

56 57 

0= BH, a= C 
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Scheme 9. 

the reactions of acetylenic phosphazenes (51) with decaborane. Such species polymerize to linear 
macromolecules when heated, and can be converted to nidu-carboranes and employed as carrier 
species for transition metals (see later). 

(e) Organoaluminum and organosodium reagents. Harris and Jackson” have shown that tri- 
methylaluminum reacts with (NPCl,), to yield N3P3C12(CH& in good yield. The substitution follows 
mainly a geminal substitution pathway. 

Burg and Caron found many years ago that sodium acetylide reacts with (NPCl&, but the 
reaction has not been explored in detail. 

4. Reactions of high-polymeric halogenophosphazenes 

As discussed in an earlier section, two alternative organometallic routes exist for the synthesis 
of phosphazene high polymers that bear alkyl or aryl side groups linked to the chain via C-P 
bonds.* In the first route, the organic groups are introduced at the cyclic trimer level and the trimer 
is then polymerized. In the second method, an attempt is made to introduce the organic groups at 
the high-polymer level by organometallic substitution processes. We have explored this second 
possibility in some detail, making use of the results from the “model” reactions with cyclic trimers 
or tetramers.” 

First, it must be emphasized that the problems involved in carrying out such reactions with high 
polymers are highly challenging. The complexity of the reaction at the cyclic-oligomer level, as just 
described, provides a hint of the difficulties to be expected. Moreover, it can be anticipated that 
skeletal cleavage reactions would be severely detrimental for high polymers, because shortening of 
the chains would lower the usefulness of the polymers. Nevertheless, some progress has been made. 

It can be anticipated from the results described up to this point that Jluorophosphazenes are 
more appealing substrates for most organometallic reactions than are chlorophosphazenes. The 
fluoro derivatives are less prone to metal-halogen exchange processes and are perhaps less susceptible 
to skeletal cleavage. Thus, the reactions of poly(difluorophosphazene) (58) have been examined as 
well as those of poly(dichlorophosphazene) (62). 

Evans and Patterson in our laboratory showed that poly(difluorophosphazene) reacts cleanly 
with phenyllithium or diethylmagnesium to yield partly substituted macromolecular products (59)97(a) 
(Scheme 9). The remaining fluorine atoms can be replaced by treatment with sodium tri- 

*An alternative direct-synthesis route also exists, as reported by P. Wisian-Neilson and R. H. Neilson.97’b) 
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Fig. 1. Comparison of the variation in average molecular weight for [NP(C6H5),(0CH,CF,)J, vs 
the Percentage of phenyl groups attached to the backbone. The broken curve represents the behavior 
of the system when (NPCI,), is used as a reaction substrate. The solid line illustrates the behavior 

with (NPF,),. From Allcock et aL9* 

fluoroethoxide to give a hydrolytically stable high polymer (60). The phenyltrifluoroethoxy polymers 
are film-forming materials with molecular weights above 1 x 10 6 ‘* . The substitution reaction with 
phenyllitbium appears to be mainly geminal. g8 It proceeds with no evidence of chain cleavage until 
rougbly 70% of the fluorine atoms have been replaced. Beyond this point, the chain length decreases 
rapidly (Fig. 1). It is speculated that strong electron withdrawal by the fluorine atoms shields the 
system against chain cleavage by reducing the basicity of the skeletal nitrogen atoms. However, 
once 70% of the fluorine atoms have been replaced by phenyl, this protection is reduced, and chain 
cleavage becomes a major contributor to the reaction.” 

Methyllithium reacts with (NPFJ, to replace fluorine atoms by methyl groups and, at the same 
time, crosslinks the chains.W The cross-linking process appears to involve proton abstraction from 
pendent methyl groups by methyllithium, followed by attack of the resultant anionic site on a P-F 
bond in another chain. Evidence for this mechanism was provided by a small-molecule simu- 
lation in which octamethylcyclotetraphosphazene was treated with methyllithium to generate the 
carbanion. This species then reacted with (NPF,), to yield compounds 61. 

CH3 

I c” 

61 

Poly(dichlorophosphazene) (62) reacts with a deficiency of phenyllithium”“‘~‘O1 by a geminal 
substitution process to yield 63, and the remaining chlorine atoms can be replaced by treatment 
with alkoxide or amino nucleophiles to give species such as 64 or 65 (Scheme lo).““’ However, chain 
shortening occurs almost from the beginning of the organometallic reaction (Fig. 1). A similar 
molecular-weight decline occurs when (NPCl,)” reacts with lithiocarboranes.94 Organomagnesium, 
organosodium and organozinc reagents also react with (NPCl&, by a complex mechanism.‘” In this 
sense, the ring-contraction reactions of (NPCl,), provide a good model for what occurs in the high 
polymer. 
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5. Reactions of organophosphazenes 

In principle, the wide array of reactions between Main-Group organometallic reagents and 
organic compounds can be applied to organic groups that are linked to a phosphazene ring or chain. 
If conditions are favorable, these side-group reactions may occur without phosphazene skeletal 
cleavage.‘03 Such organic-type reactions offer the prospect of greatly increasing the structures 
available in phosphazene chemistry. As will be seen later in the section on transition-metal deriva- 
tives, this route is of special importance for the synthesis of polymer-bound catalysts. 

The possibilities for organometallic transformations at the side groups are so broad that only 
three examples will be given here. First, Paddock and coworkers have investigated the alkyllithium- 
induced metal-hydrogen exchange reactions on methyl groups attached to phosphazene rings.104~‘05 
Compounds such as 66 are formed and can be used as substrates for reactions with electrophiles such 
as CH31, (CH3)3SiC1, (CH3)3GeCI, (CH3),SnCl, C6HSC(0)CZH5, CO*, (CH3)$iC12 and (CH3)2AsI.‘o’ 

LiCHl 
‘P 

11 CH, 

CHs’ \N/“CH,Li 

66 

Second we have shown’06 that trifluoroethoxyphosphazenes such as 67 (Scheme 11) react with 
organolithmm reagents to undergo metal-hydrogen exchange at the u-carbon atoms (68). Treatment 
of 68 with a variety of electrophiles allows access to products such as 69-72. 

Finally, as shown in Scheme 12, metal-halogen exchange reactions can be carried out at aryloxy 
groups attached to a phosphazene ring or chain. io7-‘09 Allcock, Evans and Fuller used reactions of 
this type to prepare a wide range of functionalized aryloxyphosphazenes, some of which (78) are 
good carrier molecules for transition-metal organometallic species. 

Iv. TRANSITION-METAL CHEMISTRY 

1. General features 

The transition-metal chemistry of phosphazenes is of recent origin but has developed rapidly, 
particularly during the past 5 years. In the preceding sections, an emphasis was placed on the striking 
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differences between the reactions of fluoro-, chloro- and organophosphazenes, and on the role 
played by skeletal ring or chain size. In transition-metal organometallic chemistry, these differences 
are still evident, but the most important feature is the nature of the organometallic reagent and the 
mode of linkage of the transition metal to the phosphazene. The Main-Group organometallic 
chemistry is valuable in so far as it provides a means for the attachment of organic groups to 
phosphazenes. The transition-metal organometallic chemistry is important as a method for the 
linkage of transition metals to phosphazenes. 

The mode of attachment of transition metals to cyclic or high-polymeric phosphazenes can be 
divided into four general categories : (1) use of the electron-donor coordination properties of the 
skeletal nitrogen atoms of phosphazenes ; (2) attachment of the transition metal through ionic, 
“salt-type” linkages ; (3) direct covalent binding between a transition metal and a skeletal phosphorus 
atom ; and (4) attachment of the metal to an organic ligand that is itself connected as a side group 
to a skeletal phosphorus atom. The first two of these do not fall strictly into the category of 
organometallic systems, but they are discussed here briefly to provide perspective. 

2. Complexes between metals and skeletal nitrogen atoms 

Each skeletal nitrogen atom of a phosphazene bears a lone pair of electrons (79). The remaining 
nonsigma bonding electrons, one from phosphorus and one from nitrogen, are believed to participate 
in a dx-pn bond that makes use of a nitrogen 2p, orbital and one of several phosphazene 3d orbitals. ’ lo 
Delocaliiation of these pi electrons occurs over three skeletal atoms only”’ in a way that permits 
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an equalization of bond lengths around a ring or along a chain, and gives the superficial appearance 
of aromaticity without the existence of long-range delocalization effects.‘4~‘s~“2 
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The availability of each lone pair of electrons for coordination to metals depends on the side 
group X. Electron-withdrawing side groups, such as fluorine or tritluoroethoxy, reduce the basicity 
of skeletal nitrogen but, at the same time, strengthen the skeletal bonds, probably by causing a 
contraction of the phosphorus d-orbitals and improving their overlap efficiency. Conversely, when 
the side group is an electron-supplying unit, such as methyl, alkylamino etc., the basicity of the 
skeletal nitrogen atoms is enhanced and they can now bind protons, alkyl cations, or transition 
metals. 

(a) Metal halide complexes. One of the earliest complexes of this type was reported by Dysonu3 
who allowed [Np(CH,),], to react with anhydrous copper(I1) chloride in methyl ethyl ketone as a 
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solvent. A subsequent X-ray diffraction study of this complex by Trotter and Whitlow” showed 
that the molecule had the structure shown in 80. 

I I 
CH3-P=N-P-CH, 

II 

"-iI itCuCL3 
CH3-_8--N=P---CH3 
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CH3, I 11 CH, 
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3 . . 3 

I I TIC 14 
CH3 CH3 
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Lappert and Srivastava1’5 found that [NP(CH,),], interacts with titanium tetrachloride in di- 
chloromethane solution to yield the stable crystalline compound shown in 81. Later, Schmidpeter et 
al.“6 allowed compound 82 to react with nickel, palladium and platinum dichlorides to yield the 
bis(thionato) metal(H) complexes shown in 83. An X-ray structure determination by AhmediL7 of 
the nickel derivative, where R = CH3, showed a square planar bischelating geometry that involved 
a skeletal nitrogen atom and an exocyclic sulfur atom from two phosphazene rings. 

a2 

GHs 

C6HS 

Ws, II C6HS 

C6HsAP*NAP'CH 6 5 

a3 

R=CH3, p-C,H4OCH, or 0C6HS 
M=Ni, Pd or Pt 

Among the aminophosphazenes reported to form metal halide complexes are species such as 

lM’(NHPfM3 (with Co *+, Ni2+ or Cu2+ halides) and [NPNHBu")~]~ (with Co’+) in acetonitrile.“* 
However, these structures have not yet been studied crystallographically. 

More is known about the bidentate platinum complexes formed by [NP(NHCH,)J, and 
[NP(NHCH,),],. Allcock et al. ‘19 found that, in the presence of l%crown-6-ether, K2PtC1, reacts 
with these phosphazenes to form the square planar complexes shown in 84 and 85. In the cyclic 
tetrameric system, it was shown by X-ray diffraction analysis that the metal is coordinated in a 
transannular fashion to the 2,6_skefetal nitrogen atoms. ’ 2o A similar situation is found when the sub- 
strate is [NP(CH,)d, and the reagent is PtC12 in benzene.“’ The high-polymeric aminophosphazene 
similarly forms a PtCl, complex by means of the skeletal nitrogen atoms.“g The composition of this 
complex was [NP(NHCH,)J[PtCl ] ( 2 x x : n r* 1 : 17). These platinum complexes are of interest as 

as 
R = NHCH3 
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antitumor drugs. The high polymeric derivative (85) has been shown to function as a water-soluble 
anticancer agent with restricted transmission through semipermeable membranes. 

This pattern of transannular linkage with aminophosphazenes extends in higher cyclic species 
to the formation of macrocyclic chelation systems. For example, Paddock, Trotter and coworkers”’ 
showed that the cyclic hexamer, [NP(NMe&],, reacts with the chlorides of Mn’+, Fe’+, Co’+ and 
Zn*+ in methyl ethyl ketone to give macrocyclic chelates of the type shown in 86. 

86 
R = N(CH,), 

The cobalt complex was examined by X-ray diffraction techniques’22 and was found to possess 
a structure in which four of the six skeletal nitrogen atoms occupy the basal site of a distorted square 
pyramid, with a chlorine atom at the apical position. The analogous copper(I1) chloride complex, 
[(NP(NMe2)2)&uC1]+[CuC12]-, has a similar structure, but with the counterion reduced to the Cu(1) 
state 123,124 

(b) Metal carbonyl complexes. In principle, aminophosphazenes have three different types of 
sites for the binding of transition metals-skeletal nitrogen atoms, side-group nitrogen atoms, and 
ring or chain pi electrons. Which linkage system wins in the competition for the metal atom is a 
matter of some interest. 

The aminocyclotetraphosphazene, [NP(NMe,),],, reacts with tungsten carbonyl to give a pale 
yellow crystalline material that was shown by Paddock, Trotter and their coworkers to have the 
molecular structure shown in 87.‘25,‘26 

As indicated in 87, the phosphazene functions as a bidentate c&o ligand, with the metal being 
coordinate by one ring nitrogen and one side-group nitrogen.‘26 

A different situation exists when coordination to the side group is impossible. The cyclic tetramer 
lNP(CH,)2]4 reacts with molybdenum or tungsten hexacarbonyl in the melt at 160°C to yield a 
yellow compound (88).‘27,128 

87 88 

The molybdenum analogue of 88 has also been studied by Cotton et h1.,12’ but no firm conclusions 
could be drawn about the mode of metal binding. Related compounds have also been prepared 
from [NP(CH& and molybdenum or tungsten carbonyl. 127 It has been reported that (NPC12), 
reacts with Cr(C0)3(CH3CN)3 to yield a species of formula (NPCl,), - Cr(CO)3,‘u) but the structure 
of the product has not been determined. 
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3. Ionic, salt-type species 

The skeletal nitrogen atoms in aminophosphazenes and alkylphosphazenes can acquire a proton 
or alkyl cation to generate onium-type sites that function as counterions for metallo anions. 

Thus, w(NMeJ3j3 with CoCl3 gives the salt-type species [(NP(NMeJJ,Hj~[CoCL,]*- ; 
(NPMe& with the same reagent yields [(NPMe,),Hj~ [CoCl$- ;1’3~13’-‘33 [NP(NHMe)& with 
K3PtC14 in acid gave [(NP(NHMeJ3J4]*+[PtClJ2-, and [NPMe& gave [(NPMe2)4H3j2+[PtCh]2-.“g 
A hexamolybdate salt of formula [(NP(NMe,)),Hj : was also formed when [NP(NMe2)2]3 reacted 
with MOO, in water.‘34 Similarly, the methyl iodide quaternary salt of [NPMeJ,, [N,,P4MeJ+I-, 
reacts with chromium or molybdenum hexacarbonyl to displace one carbon monoxide ligand and 
generate the species [N4P4Meg]+ [M(CO),I]-.‘*’ 

4. Species with metal-phosphorus covalent bonds 

Compounds that contain phosphazene rings or chains linked directly to transition metals through 
phosphoru-metal covalent bonds were discovered only recently by Greigger, Wagner, Suszko and 

Riding’35-142 in our laboratories. These constitute an unusual class of compounds that are true hybrids 
of Main-Group ring systems with transition-metal carbonyl species. Nearly all the developments in 
this area have been at the cyclic trimeric or tetrameric level, but very recently, the first high polymeric 
analogues have been isolated. These are prototypes for yet unsynthesized species of type 89, which 
would be hybrids of polymers and metals. It is possible that this chemistry might eventually lead to 
the synthesis of “outrigger” metallo polymers of type 90. 

t 1 T 
N=P- 

I 
M n 

89 90 

Three basic synthetic techniques have been applied to the preparation of small-molecule 
metallophosphazenes of this type. These are: (a) reaction of transition-metal anions with halo- 
genophosphazenes by a nucleophilic-type substitution process ; (b) metal-metal exchange processes 
to replace one metal already attached to the phosphazene ring by another metal ; and (c) the 
reactions of phosphazene anions with organometallic metal halides which function as electrophiles. 

(a) Reactions of transition-metal nucleophiles with halogenophosphazenes. These reactions can be 
viewed as counterparts of the organic and Main-Group organometallic substitution reactions dis- 
cussed earlier. The fist examples of this type of reaction involved the interactions of the most 
nucleophilic transition-metal carbonyl anions, [Fe(C0)2(+Z5HS)]- and [Ru(CO)~(~&H~)]-, with 
(NPFJ3.13~137 The potassium salts of these anions react with (NPFJ3 first to give the mono- 
substituted derivatives (92 and 95) in moderate yield (Scheme 13). Further reaction of the iron 
derivative (92) with an excess of K+[Fe(C0)2(~-C5H5)]- results in the replacement of the geminal 
fluorine atom to yield 93 as pale yellow crystals. 136 Exposure of this compound to light results in 
the loss of one carbon monoxide ligand and the formation of a spirocyclic phosphazene with a 
metal-metal bond (94).135*136 

The analogous reaction between excess K’[Ru(CO)~(~&H,)]- and 95 yielded only the spiro- 
cyclic compound %.13’ The noncyclized, dimetallo intermediate is apparently too prone to decar- 
bonylation to permit its isolation and identification. A mixed-metal derivative (97) was prepared by 
the reaction of K+[Fe(C0)2(~-C5H5)]- with the monoruthenium phosphazene (95) and this product 
undergoes facile photolytic decarbonylation to yield the mixed-metal spirocyclic species 98. 
However, the converse reaction, that involves treatment of the monoiron phosphazene (80) with 
K+[Ru(CO)~(~&H~)]-, failed to give the same mixed-metal species. Instead, compound 99 was 
formed,13’ presumably by an attack by the incoming organometallic anion on the phosphorus-metal 
bond. 
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96 

No products have yet been isolated in which any of the four remaining fluorine atoms have been 
replaced by the metallo units. In fact, there appears to be a severe deactivating influence on the 
nongeminal sites that suggests a strong electron supply from the organometallic moiety into the 
phosphazene ring. 

The structures of 93,94 and 98 have been confirmed by X-ray crystallographic studies.‘35-‘37 The 
influence of the metallo units on the phosphazene ring can be seen in the distortion of ring bond 
angles and bond lengths.13s137 

As might be expected from the comparisons between fluoro- and chlorophosphazcnes discussed 
earlier, the reactions between transition-metal anions and (NPC1J3 or (NPCl,), are more 
complex than with (NPF,),. Both substitution and cation-halogen exchange are possible with the 
chlorophosphazenes. 

The tetra-n-butylammonium salts of the chromium, molybdenum and tungsten anions, 
[M(CO),(r&HJ-, react with (NPCI,), in methylene chloride to yield the monometallophos- 
phazenes (100 and 101). 13* The structures of 100 and 101 (M = MO) have been confirmed by 

100 101 
M = MO or W 
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X-ray crystal structure analysis. r3’ Thus the chromium derivative (100) appears to be the product 
of a straightforward substitution reaction. 

However, the reactions with the molybdenum and tungsten anions are more complex, since a 
cyclopentadiene unit appears as a substituent at the geminal position. The identification of 
MCl(CO),(q-C,H,) from these reactions strongly suggests contributions from a cation-halogen 
exchange reaction. Further evidence in favor of this interpretation is the isolation of species 102 
from reactions in which (NPCIZ), reacts with [W(CO),(q-C,H,)]- in the presence of methyl iodide.138 

102 

Organometallic dianions also react with chlorophosphazenes.‘39,‘a Disodium octacarbonyl difer- 
rate, Na,Fe,(CO),, interacts with (NPCI,), in tetrahydrofuran to give the spirocyclic diiron pho- 
sphazene shown as 103 in Scheme 14, together with smaller amounts of the triiron cluster pho- 
sphazenes (104). The source of this latter species is of some interest. It appears to be formed by the 
reaction of 103 with neutral iron carbonyl species, such as Fe,(CO),, which are present in the 
reaction mixture. Treatment of pure 103 with Fe,(CO), under the same reaction conditions yields 104. 
Moreover, treatment of 103 with Ru3(CO)rZ gave the diiron-monoruthenium cluster phosphazenes 
depicted as 105. X-ray crystal structures have been obtained for compounds 103-105.‘39~““’ These 
cot&m that the third metal of the cluster is coordinatively bound to the adjacent ring nitrogen 
atom. The structures also demonstrate that appreciable phosphazene ring distortion accompanies 
this interaction. 

Similar reactions occur with the chlorophosphazene cyclic tetramer, (NPCl&.“” The reaction 
of NazFez(CO)B with (NPCl& led to the isolation of species 106 and 107. 

As mentioned earlier, these substitution reactions are of interest not only for their exploratory 
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Scheme 14. 



142 H. R. ALLCOCK et al. 

Cl Fe (CO14 

I I 
CL--Ji-N=~-Fe(CO)4 

i 1 CL -P-N-P-Cl 

I I 
CL CL 

CL 
(CO), 

I Taco 
Cl-P=N-P-Fe (CO)3 

I 
N I-he (CO) 

Cl ‘I 
I 3 

-P-NIP-CL 

I I 
CL CL 

106 107 

and fundamental value, but also because they offer a means for the incorporation of metals and 
metallo clusters into phosphazene high polymers. Thus, the long-range significance of these struc- 
tures may lie eventually in their relationship to electroactive, magnetically-active, or catalytically- 
active macromolecules. 

(b) Metal-metal exchange reactions. Species 103 not only adds additional metal atoms to generate 
trimetallo species, but it can also function as a substrate for replacement of one metal by another. 
Thus, 103 reacts with COAX to give the dicobalt-monoiron derivative shown as 108, in which 
two Co(CO)r units are now covalently bound to phosphorus, and the one remaining iron atom is 
displaced into a peripheral position, and is coordinatively bound to a ring nitrogen atom.14’ 

m&o,,, \ -Co(CO), 

NHpG+Co)3 

VP II Cl 

CL’ vpcCI 

108 

Reaction of 103 with the cyclopentadienyl cobalt carbonyl, Co(CO)&&HJ, results first in the 
replacement of one iron unit to give 109, while further reaction results in replacement of the second 
iron to generate 110r4r (Scheme 15). However, 103 reacts with R~I(CO)~(&H~) to give 111 directly. 
The structures of 108410 were confirmed by X-ray diffraction.14’ Species 108 was also examined 
by Mossbauer spectroscopy.14’ 
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(c) Reactions of phosphazene anions with organometallic electrophiles. The reactions outlined in 
the preceding sections yield new compounds that are important from a structural viewpoint. 
However, when chlorophosphazenes are employed as the reaction substrates, metal-halogen 
exchange processes are always possible. At the small-molecule level this is not a problem because 
the products can always be isolated, albeit occasionally, in very low yields. 

On the other hand, if such syntheses are to be used at the macromolecular level, the side reactions 
would impose severe penalties. Thus, two choices remain-either the use of fluorophosphazene high 
polymers as substrates (and these are soluble only in fluorocarbon solvents) or the development of 
an alternative method for the formation of phosphorus-metal bonds in these compounds. 

As discussed earlier, phosphazene anions are accessible, and these react with organic electro- 
philes. We have recently shown that they also react with halogeno-transition-metal carbonyl com- 
pounds.122 Thus, the phosphazene anion (112) prepared from the hydridophosphazene and methyl- 
lithium at -78°C in tetrahydrofuran reacts with FeI(CO)2(@5H5) to yield the iron-bound 
phosphazene (113). 

Fel(CO)*Cp 
* 

(7) 

112 113 

A similar reaction has been carried out with a phenylphosphazene anion analogous to 112, but 
with the anion prepared by P-P bond cleavage of a phenyl bi(cyclophosphazene) with lithium 
triethylborohydride in the manner discussed earlier. The structure of 113 was confirmed by X-ray 
diffraction techniques. Ruthenium, chromium, molybdenum and tungsten gem-phenyl counterparts 
of 113 have also been prepared by similar techniques. 

5. Transition metals linked to pendent spacer groups 

A wide variety of methods can be envisaged for the binding of transition-metal organometallic 
units to organic or inorganic side groups, themselves attached to a phosphazene ring or chain (114). 
In our laboratory, we have examined a number of these possibilities, often making use of the 
following protocol. First, a phosphazene is synthesized that bears side groups with terminal binding 
sites for transition metals. Second, a complex is made by interaction of the side group with the metal. 
Third, the properties of the complex (catalysis, polymerization etc.) are studied. The advantage of 
this procedure is that it is possible to make use of well-established transition-metal coordination 
reactions. This has allowed much of the work in this area to be tested first at the small-molecule 
level, and then extended to the high polymers. 

n = 3,4,... 

114 

Six areas of chemistry have been developed by the use of this approach: (a) binding of iron 
porphyrins to phosphazenes either through pendent imidazole units or by covalent binding to the 
skeleton, (b) linkage of copper phthalocyanines to phosphazenes via organic spacer groups, (c) 
attachment of phosphine units to aryloxy substituent groups followed by coordination to transition- 
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metal complexes, (d) conversion of cfoso-carboranylphosphazenes to nido-carboranyl derivatives 
and subsequent reaction with metal complexes, (e) attachment of metallocene units to phosphazenes 
through P-C bonds, and (f) addition of metal carbonyls to phosphazenes that bear pendent 
acetylenic side groups. The first two approaches will be mentioned only briefly, because organo- 
metallic species are not involved. 

(a) Polyphosphazenes as carrier molecules for iron porphyrins. Several different systems have been 
studied,*43*‘” and these are depicted schematically as 115417. In each case, the Fe(II1) porphyrin 
system was prepared first, and this was reduced to the Fe(I1) form by treatment with dithionite. 

115 116 
x = lOy, ?I = 15,000 

H 

i I 
R = CH2-CHZ-C-N-CC,H4-porphyrin (from 11%) 

R = CH2-CH, -porphyrin (from 117 b) 

,COOH 

117a 117b 

When heme or hemin interacts with the basic, water-soluble control polymer [NP(NHMe)J in 
aqueous media, weak (probably acid-base type) adducts are formed that involve pendent carboxylic 
acid units of the porphyrin ring.‘43 The products are bis-aquo-heme or hematin-hemin hydroxide 
derivatives. By contrast, the polyphosphazene with a pendent imidazole unit (115) binds strongly 
to both heme and hemin via coordination of the imidazole function to the iron atoms to give six- 
coordinate metal systems. In aqueous media, the heme complex of 115 is irreversibly oxidized to 
the Fe(II1) form in the presence of oxygen. However, the same polymeric complex in the form of 
thin solid films undergoes cycling between the Fe(I1) and Fe(II1) forms in the presence or absence 
of oxygen, with the polymer apparently functioning as an internal reducing agent. This is an 
interesting phenomenon from the viewpoint of potential electrode mediator catalysis. 

Covalent binding of Collman-type picket fence and Traylor-type iron porphyrins to a carrier 
polyphosphazene has also been accomplished (116 and 117), and the oxygen-binding behavior and 
electrochemical characteristics have been studied.14 

Although not strictly part of the organometallic chemistry of phosphazenes, it should be noted 
that copper phthalocyanines have been linked to cyclic and high-polymer phosphazenes via organic 
spacer groups. ‘45 These generate electrically semiconducting solids when doped with iodine. 

(b) Phosphine-linkedphosphazenes. As mentioned earlier, Main-Group organometallic chemistry 
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has been used to prepare several cyclic and high-polymeric phosphazenes that bear pendent triaryl- 
phosphine groups. Typical compounds of this type are shown as 118-120.‘46 

120 

These compounds are of interest from three points of view. First, the question exists of whether 
coordination to a metal would take place through the pendent phosphine unit or through the skeletal 
nitrogen atoms. In fact, for all the cases studied so far (in which the metallo species was AuCl, 
H~OS~(CO),~, Mn(C0)2THF(r&H5), Fe(CO),(PhCH=CHCOCH,) or [RhCl(CO)&}, the coor- 
dination has involved the pendent phosphine groups only. ‘46 This can be attributed to the relatively 
low basicity of the skeletal nitrogen atoms when weakly electron-withdrawing side groups, such as 
phenoxy, are present, and to steric shielding of the nitrogen atoms by the aryloxy groups. 

The second question bears on the behavior of all species in which a transition metal is linked to 
a carrier molecule. If the transition metal can form a diphosphine complex, does this lead to the 
formation of intermolecular crosslinks as phosphine units from different carrier molecules bond to 
the same metal atom or, in the case of species 119 and 120, is intramolecular linkage preferred, to 
generate a transannular or intrachain coupled system? 

Monophosphine complexes were obtained with the gold, osmium and manganese complexes.‘46 
However, the iron and rhodium organometallic species formed diphosphine complexes, with both 
intra- and intermolecular coupling to the phosphines in species 119. The high polymer 120 underwent 
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insolubilization through cross-linking in the presence of the same organometallic reagents.‘& A 
similar cross-linking process was detected when 120 reacted with cobalt carbonyl.‘47 

The thud question concerns the catalytic activity of transition-metal organometallic species 
linked to 118420. The osmium complexes of 118420 were catalysts for the isomerization of 
1-hexene to 2-hexene.‘46 Moreover, the cobalt carbonyl adducts of 118 and 120 were active as 
hydroformylation catalysts. 14’ The main disadvantage of the high-polymer cobalt hydroformylation 
system is the slow decline in catalytic activity in successive catalytic cycles, which is due to a cobalt- 
mediated cleavage of the bond that links the pendent phosphorus atom to the supporting aryloxy 
group. Thus, the phosphino function is lost, and the cobalt escapes with it.14’ 

(c) Metallo-carboranyl-linkedphosphazenes. As discussed in an earlier section, close-carboranyl 
phosphazenes can be prepared either by the reactions of lithiocarboranes with chlorophosphazenes 
or by the interaction of propynylphosphazenes with decaborane. N’~* Such close-carboranyl phos- 
phazenes can be converted to the nido-carboranyl anion derivatives by treatment with a base.‘48 

When a methylene spacer group separates the carboranyl unit from the phosphazene ring (121) 
or chain (123), the nido-carboranyl anion units can be induced to form complexes with transition- 
metal species.14’ For example, compounds 121 and 123 react with RhCl(PPh& to yield neutral 
complexes (122 and 124) with the transition metal associated with the open face of the carboranyl 
unit. Similarly, the dianionic derivatives (125 and 127) react with MOM or w(C0)6 to form the 
dianionic complexes depicted as 126 and 128, in which the metal carbonyl units are bound to the 
open face of the carborane and the phosphazene skeleton. 
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If the methylene spacer group between the carboranyl function and the phosphazene skeleton is 
not present as, for example, in species 56 discussed earlier, then although nido-carborane anion 
formation is possible, no transition-metal derivatives could be formed. We presume that steric 
shielding of the open face of the carborane by the phosphazene ring is responsible for this behavior. 14’ 

(d) Metallocene-linked phosphazenes. The reactions between lithiometallocenes and halo- 
genophosphazenes have been studied intensively in our laboratories by Lavin, Riding and 
Suszko.‘4s’53 These reactions have led to the isolation of the first hybrid phosphazene-metallo- 
cene compounds, species that have proved to be of considerable interest from a structural point 
of view’4g-‘51 and as starting materials for the preparation of metallocenylphosphazene high 
polymers.r5’ 

The reactions of lithiometallocenes with chloro- and fluorophosphazenes can be understood in 
terms of the mechanisms discussed earlier for the reactions of organolithium reagents with the same 
substrates. Specifically, the reactions of lithioferrocene or lithioruthenocene withflaorophosphazenes 
are cleaner than the corresponding reactions with chlorophosphazenes. With fluorophosphazenes, 
the main reaction is substitution, i.e. replacement of fluorine atoms by metallocene units. With 
chlorophosphazenes, the reactions are complex, with substitution being accompanied by metal- 
halogen exchange and associated side reactions, such as ring coupling, metal-hydrogen exchange, 
skeletal cleavage and so on. The simpler reactions with fluorophosphazenes will be discussed first. 

(i) Reactions of mono- and dilithiometallocenes with (NPF& or (NPFJ4. These interactions are 
summarized in Scheme 16.‘4g,‘50 Thus, (NPF2)3 and (NPF2)4 react with lithioferrocene or lithio- 
ruthenocene first to yield the monosubstituted products (129 and 131). Further substitution then 
takes place at a nongeminal site to give the disubstituted products (130 and 132). 

Dilithioferrocene or dilithioruthenocene react with the trimer, (NPFJ3, to give predominantly 
the transannular-linked (ansa) product (133). This reaction also yields a small quantity of an 
intermolecular-coupled product (134) with the ruthenium system. The dilithiometallocenes also 
react with the cyclic tetramer, (NPFJ4, in a similar manner to give the isomeric transannular pro- 
ducts (135 and 136). Most of these structures have been contirmed by X-ray crystallography,‘4g-‘51 
and all the structures have been verified by NMR analysis. 

Of special interest from a structural point of view is the fact that the transannular tetramer 135 
(where M = Ru) reacts further with dilithioruthenocene to generate the “double transannular” 
tetramer shown as 137.‘53 An X-ray study of this compound has shown that, as in the case of all 
the other transannular metallocenyl phosphazenes, the ring strain is accommodated almost entirely 
by the phosphazene ring through puckering. Thus, in 137, the cyclic tetrameric phosphazene ring 
assumes a highly puckered boat conformation in order to allow two cyclopentadienyl units in each 
metallocene unit to retain their coplanarity. Moreover, the shape of the molecule 137 is such that 
the remaining fluorine atoms cannot be replaced by conventional organic nucleophiles such as 
sodium trifluoroethoxide. Presumably, a S,Ztype backside attack on the phosphorus atom is 
inhibited by steric shielding. 

It should also be noted that dilithio-bis-benzenechromium reacts with (NPF,), to form a trans- 
annular derivative.‘54 

(ii) Reactions between mono- and dilithiometallocenes and (NPC1J3 or (NPC12)4. In Scheme 17 
we summarize some of the products that are formed when (NPC1J3 reacts with the mono- or 
dilithiometallocenes.lOg Monolithioferrocene or monolithioruthenocene reacts to give the mono- 
substituted derivative (138) together with the asymmetrical bi(cyclophosphazene) (139). Product 
139 is reminiscent of the species formed when Grignard reagents react with (NPC1J3, and is a clear 
indication that metal-halogen exchange reactions are involved with lithiometallocene reactions also. 

Further evidence for the involvement of metal-halogen exchange processes is provided by the 
reactions of the dilithiometallocenes with (NPC1J3. As shown in Scheme 17, the products from these 
reactions include 140 and 141, in which a chlorine atom has replaced one of the lithium atoms and, 
in the case of dilithioferrocene in the presence of TMEDA, species 142, in which a ferrocenyl unit 
bridges the P-P bond of a bi(cyclophosphazene) compound. ‘~0 These structures have been con- 
firmed by X-ray crystallography and NMR analysis.rM 

A reaction mechanism has been,proposed that explains the formation of all these products (138- 
142).150 The mechanism most compatible with the data is based on the assumption that the&St step 
is probably metal-halogen exchange to give species 143 (Scheme 18). By substitution, this then 
yields species 144 which, by reaction with (NPCI,),, gives 139. Species 138 could be formed by 
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Scheme 17. 

abstraction of a chlorine atom from (NPCl& by 144. This mechanism appears to be an unnecessarily 
complex one for the formation of 138, which could, in principle, be formed directly by a substitution 
reaction between (NPCl& and the lithiometallocene. Indeed, the experimental data from the reaction 
with monolithiometallocenes do not distinguish between these two mechanisms for formation of 
138. However, the data from the reaction with the &lithiometallocenes favor a pathway to 138 that 
proceeds via reactions (c)-(e) (Scheme 18). 

In terms of this mechanism, the appearance of a chlorine atom in 140 and 141 in the place. 
previously occupied by lithium, can be explained by metal-halogen exchange. In this context, the 
overall influence of metal-halogen exchange can be summarized in one reaction, between a mixture 
of (NPC& and (NPCI,), and either mono- or dilithioferrocene.“’ The product (145) has both a 
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ring-linking P-P bond and (in the case of dilithioferrocene) a chlorine atom in place of a lithium 
atom. The structure of 145 (where X = H) has been confirmed by X-ray crystallography.“’ 

(NPCL~)J LiCpFeCp, X=H 

(NPC+Ld, 

w 
LiCpFeCpLi, X = CL 

CL-P=N-P-Cl 

I I 
CL CL 

145 

a X=H 

b x=ct 

In the absence of the trimer, the tetramer (NPCl& reacts with monolithioferrocene to yield the 
ring-contracted species (146). i5’ The formation of this product can be understood by the mechanism 
shown in Scheme 19.15’ 

146 

(iii) High-polymeric metallocenylphosphazenes. Cyclotriphosphazenes, such as 129 or 138 are of 
interest not only from a synthetic and structural point of view but also because they can be induced 
to undergo thermal phosphazene ring-opening polymerization to give linear higher polymers with 
metallocenyl side groups. Release of phosphazene ring strain in 138 induces a more facile poly- 
merization reaction than in the case of 129. The fluorine atoms can then be replaced by treatment 
with organic nucleophiles, such as sodium trifluoroethoxide, to yield water- and heat-stable polymers 
(148, 150 and 152). The molecular weights of these polymers are in the range of 2 x lo”, which 
corresponds to an average of roughly 5000 repeating units per chain. These reactions are summarized 
in Schemes 20-22.1s2 

The copolymerization reaction shown in Scheme 22 provides a method for the incorporation of 
two different types of metal centers into the same macromolecule. This is of prospective interest for 
catalyst, electrode mediator, or electronically-active applications. Polymers of types 148 and 150 
are weak semiconductors when doped with iodine. 

(e) Metallo complexes formed by acetylenic phosphazenes. Finally it is possible through the 
use of organolithium- or organocopper-mediated reactions to synthesize cyclophosphazenes with 
phenylacetylenic or propynyl side groups attached to the phosphazene ring.60*85 It is well-known 
that ,acetylenic units form pi complexes with transition metals, especially dicobalt carbonyl species, 
and that such complexes can serve as catalysts for the cyclotrimerization of acetylenes to benzene 
derivatives. Chiver#’ first reported a cobalt-phosphazene compound of this type (153). 
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We have explored the application of these principles to a broad series of propynyl phosphazenes 
synthesized in our laboratory. *’ In particular, a number of propynylphosphazenes have been treated 
with cobalt octacarbonyl to yield the complexes shown as 154 and 155.1s5 Species 154 and 155 induce 
the cyclotrimerization of diphenylacetylene or phenylacetylene. They also induce the co- 
oligomerization of propynylphosphazenes with phenylacetylenes to yield benzenoid products with 
pendent phosphazene rings. Evidence was also obtained that prop-Zynyl derivatives (but not prop- 
I-ynyl derivatives) themselves cyclotrimerize to yield benzene rings with three pendent cyclo- 
phosphazene rings. 

V. CONCLUSIONS 

It will be clear that the organometallic chemistry of phosphazenes is a rich and diverse field of 
study, and one that will form the basis of more extensive explorations in the future. 

At the fundamental level, the challenge for the future will be to understand the sometimes 
complex reaction mechanisms, to expand the chemistry into new areas of transition-metal reactions, 
to study the novel forms of binding between transition metalsand phosphazenes, and to probe the 
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possibility that metallocene-type sandwich complexes can be prepared with a metal bound to the pi 
electrons of a phosphazene ring. 

The use-oriented prospects for this area of chemistry are also promising. Examples have been 
given of polymer-bound catalysts that utilize the polyphosphazene chain, and of organometallic 

153 154 
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phosphazene high polymers that are actual or prospective semiconductors, electrode mediator 
catalysts, magnetic disk or tape precursors, or metal-containing preceramic meterials. The organic- 
type chemistry of phosphazenes has dominated the development of this field until recently. The time 
now seems ripe for a much increased emphasis on the organometallic aspects. 
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Abstract-A new binuclear complex, of formula Na[(NH3)5Ru(4-cypy)Fe(CN)5] * 
6Hz0, with Ccypy = 4-cyanopyridine, is described. It can be prepared by reaction in 
aqueous solution, of stoichiometric amounts of [Ru(NH3)5(4-cypy)]Br, and 
Na,[Fe(CN),(NH,)] * 3H20 and is insoluble in water and stable in the solid state. Spectral 
data point to the structure 

Ru(Il) -NC 
--cl 

0 -Fe(II), 

and the observed hypsochromic shifts of the MLCT bands in the W-Vis spectrum and 
the diminished shift to lower frequencies observed in the IR spectrum for the nitrile 
stretching frequency, when compared to the parent complexes, indicate a reduxed a-back- 
bonding interaction between the metals and the bridging ligand. It is concluded that the 
asymmetry of 4-cypy causes weak x-resonance interaction between both metallic centers. 

Bridged polynuclear complexes are systems of inter- 
est in various fields, such as the study of mechanisms 
of biological redox reactions’ and the generation of 
chemical potential energy from solar light absorp- 
tion.’ Therefore, important efforts have been made 
in the synthesis and characterization, by spec- 
troscopic or electrochemical techniques, of new 
mixed-metal complexes.ti In a recent work,7 a 
new complex formed by association of 
[Fe(CN),(NH3)13- and 4-cypy (Ccypy = 4-cyano- 
pyridine) at a molar ratio of 2 : 1 has been 
described. It was found that the cyanide group gives 
rise to a bridge between both pentacyanoferrate(II) 

moieties which is much more stable than that 
derived from the ambidentate ligand 4-cypy. 
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In this work, we report the preparation and spec- 
tral properties of a new mixed-metal dimer with 4- 
cypy bridging the pentaammineruthenium(II) and the 
pentacyanoferrate(I1) moieties ; both of which are 
able to interact through strong x-backbonding with 
aromatic nitrogen heterocycles.8 This new binuclear 
species has spectroscopic characteristics that differ 
from similar dimers bridged by symmetric ligands.’ 
By analyzing its W-Vis and IR spectra, the intlu- 
ence of the asymmetric nature of 4-cypy on 
the structure of the mixed-metal complex can be 
assessed. 

* Presented at the “IV Congreso Argentina de Fisico- 

quimica”, Rio Cuarto, Argentina, September 1985. 
7 Member of the “Carrera de1 Investigador Cientifico”, 

CONICET, Argentina. Author to whom correspondence 
should he addressed. 

Analytical reagent compounds were used for all 
preparations described in this work. Doubly dis- 
tilled water was redistilled from alkaline per- 
manganate in an all-glass apparatus. 

EXPERIMENTAL. 
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Fig. 1. UV-Vis spectrum of the complex Na[(NH&Ru(4-cypy)Fe(CN),I * 6Hz0, as KBr pellet. 

X 1 nanometers I 

4-Cyanopyridinepentaammineruthenium(I1) was 
obtained by a published method.” [Ru(NH~)~C~]C~~ 
necessary for the previous preparation was 
synthesized by the method of Allen et al.” The 
complexes NaSIFe(CN),(SO,)] * 2H,O and Na3 
[Fe(CN),(NH,)] * 3H20 were obtained accord- 
ing to previous works.‘2*‘3 

Forty-three mg of Na,[Fe(CN),(NH,)] - 3H20 
were added to 3 cm3 of a solution in triply distilled 
water (at room temperature) containing an equi- 
molar amount (60 mg) of [Ru(NH3)s(4-cypy)]Br2. 
The first complex aquates rapidly,14 while the latter 
is substitution inert and insensitive to air 
oxidation. ‘O The dark-red product formed pre- 
cipitated immediately ; after 15 min the solid was 
collected in a sintered glass filter, washed twice with 
water, ethanol and ether, and dried under vacuum 
in a desiccator over KOH. In an alternative prep- 
aration, 40 mg of [Ru(NH&(4-cypy)]Br, were dis- 
solved in 5 cm3 of triply distilled water and then 
an equimolar amount of Na,[Fe(CN),(SO,)] * 2Hz0 
was added. The precipitate was treated in the same 
way as above. Both products gave identical IR 
spectra. 

Carbon, hydrogen and nitrogen analyses were 
performed at UMYMFOR Laboratories, Buenos 
Aires, Argentina. Iron analysis was done by atomic 
absorption spectroscopy on a Varian Techtron AA 
spectrometer ; sodium nitroprusside being the selec- 
ted standard. Ruthenium analysis was carried out 
by boiling in peroxydisulfate (in KOH), filtering 
and recording the absorbance at 415 nm” on a 
Metrolab RC325 spectrophotometer. 

Electronic spectra were recorded on a Shimadzu 
W-300 spectrophotometer. IR spectra were 
obtained by using a Perkin-Elmer 580B spec- 
trophotometer. All measurements were carried out 
with KBr pellets. Different samples gave repro- 

ducible results, indicating stability in the solid 
phase. 

RESULTS AND DISCUSSION 

Chemical analyses gave the following results. 
Found: Fe, 10.1 ; Ru, 16.4; C, 21.1; H, 4.4; 
N, 25.1%. Calc. for Na[(NH3)5Ru(4-cypy) 
Fe(CN),]*6Hz0: Fe, 9.2; Ru, 16.6; C, 21.7; H, 
5.1; N, 27.7%. The error observed for nitrogen 
analysis can be attributed to the exchange of NH3 
by HzO.’ Insolubility in water can be related to the 
hydrophobic periphery of the ion; this fact 
has already been observed in [(CN),Fe(4- 

w-v)W~d,l - 6H03 
Figure 1 shows the W-Vis spectrum of the com- 

plex under study. Formation of a 4-cypy bridge 
between Fe(I1) and Ru(I1) is evidenced by the two 
peaks protruding from the broad asymmetric band, 
at 418 and 470 nm. The [R~(NH~)~(4_cypy)]*+ com- 
plex presents a metal-to-ligand charge-transfer 
(MLCT) absorption at 425 nm, corresponding to 
coordination of Ru(I1) to the nitrile end of 4-cypy.” 
On the other hand, the [Fe(CN),(4-cypy)13- com- 
plex has a MLCT band at 476 nm, indicating coor- 
dination of Fe(I1) to the pyridine N of 4-cypy.‘“‘* 
The bands observed for the dimeric complex at 418 
and 470 mn are then shifted to higher frequencies 
with respect to the monomeric complexes and can 
be surely assigned, by analogy, to electron transfers 
d,(Ru) + rc* (nitrile end of 4-cypy) and d,(Fe) + 
n* (pyridine ring of 4-cypy), respectively. The hyp- 
sochromic displacements are similar to those found 
for the [(R~(NH~)~)~(4-cypy)]~+ complex,’ and are 
considered “anomalous” when compared with 
other structurally related systems.’ This effect can 
be explained on the basis of the asymmetrical nature 
of the bridging ligand. n-Backbonding from Fe(I1) 
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Table 1. IR spectra of Ccyanopyridine (4cypy) complexes, as KBr pellets : wavenumbers in cm-’ 
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Description 
Na,[F(4-cypy)] - 10H20* Na[RF(rl-cypy)] * 6HrO of modes 

2179 s 

1602 s 

1485 m 
1421 m 

2242 m 
2050 vs 
1618 br. m 

1560 vw 

1484 m 

1402 m 

1260m 
1210 w 
1080 vw 
1015 w 
822 m 

3440 br, s 3430 
3320 br, s 
3270 
3190 sh 
2850 w 
2183 w 
2062 vs 
1620 br, m 
1595 m 
1541 w 
1501 w 
1489 w 
1430 m 
1410 sh 
1288 br, w 
1225 sh 
1142~~ 
1062 vw 
852 vw 
828 w 
795 w 
768 w 
700w 
575 w 
557 sh 
511 w 
485 w 
430 sh 
410 sh 
398 vw 
393 vw 
374 vw 

564m 

478 vw 
432 vw 

VW) 

v(CN) (nitrile) 
v(CN) (cyanide) 

&H@) 

&-NH31 

WW 

I 

6ring + vring + 

other ligand 
vibrations 

v(FeN), v(RuN), 
G(FeC) etc. 

Abbreviations : F = Fe(CN), ; R = Ru(NH& ; vs, very strong ; s, strong ; m, medium ; w, weak ; 
vw, very weak ; v, stretching ; 6, in-plane deformation. 

’ Reference 10. 
b Reference 18. 
‘This work. 

to the pyridine ring must raise the energy of the n*- 
orbital of the nitrile end of 4-cypy, while z-back- 
bonding from Ru(I1) to NC must increase the 
energy of the x*-orbital of the aromatic heterocy- 
cle.” These charge transfers usually surpass electro- 
static effects. Therefore, and because the energy 
of the MLCT is related to the energy of the ligand 
LUMO,’ the energies of both electron transfers 
increase, resulting in higher absorption frequencies 
respect to the parent complexes. A weak n-res- 
onance interaction thus seems to be present in the 
binuclear ion. 

Table 1 shows data from IR spectra of the studied 
complex and the corresponding monomers. The 
proposed assignments are tentative. The stretching 

frequency of the nitrile group of Ccypy is shifted 
60 cm-’ below the value for the free ligand (2243 
cm-‘). This lowering, already observed for the 
[R~(NH~)~(4-cypy)]~+ complex,” can be attributed 
to the strong x-backbonding capacity of the 

Ru(NH,):+ moiety and is another evidence of 
bonding of Ru(I1) to the nitrile end of the bridging 
ligand. For the monomer complex [Ru(NH,),(4- 
cypy)]Br,, the decrease is Av(CN) = -64 cm-‘,” 
While for the dimer [(RU(N&)s)2(4-CyPy)](ClO&, 
Av(CN) = -53 cm-‘.’ The value observed here is 
thus intermediate between these species, a fact 
which can be accounted for-as already stated 
when discussing the electronic spectrum-by the 
reduction of n-backbonding from Ru(I1) to the NC 
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group of 4-cypy due to coordination of Fe(CN):- 
to the pyridine N of 4-cypy, and also by the lower 
x-backbonding capacity of this latter moiety com- 
pared to the Ru(NH,):+ group.* 

As illustrated in Table 1, the IR band assigned 
to cyanide stretching frequencies at 2062 cm-’ falls 
in the range expected for cyanoferrate(I1) 
complexes.g On the other hand, the band cor- 
responding to the symmetric deformation of NH3 
(1288 cn- ‘) is characteristic of ammine complexes of 
Ru(II).’ Finally, the shifts observed for the pyridine 
ring vibrations with respect to the monomers con- 
lirm bonding of a metal center to pyridine N.‘* 

Results from IR studies agree with those from 
W-Vis, so that we conclude that the new species, 
of structure 

[WIM~R~-NC 
-c 

0 N-F~(cN),], 

is stable in the solid state, with localized (II) oxi- 
dation states for Fe and Ru. The spectral properties 
indicate weak x-resonance interaction in the unsym- 
metrical bridge. 

AcknowledgementsWe thank CONICET and UNT for 
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PHENYLIMIDO ETHOXO COMPLEXES OF TUNGSTEN(W) : 
CRYSTAL AND MOLECULAR STRUCTURE OF DICHLORO-DI-p- 
ETHOXOTETRAETHOXOBIS(PHENYLIMIDO)DITUNGSTEN(VI) 
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Department of Chemistry, University of Auckland, Private Bag, Auckland, New Zealand 
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Abstract-Reaction of [w(NPh)Cl& with various quantities of ethanol and t-butyl- 
amine leads to [W(NPh)&-OEt)(OEt),],, w(NPh)(p-OEt)(OEt),Cl] and [w(NPh)(O- 
Et)Cl,(NH,CMe,)]. A 1: 1 proportionation reaction of [W(NPh)Cl& and [w(NPh)& 
0Et)(OEt)3] gives [W(NPh)(p-OEt)(OEt)Cl&, whereas a 3 : 1 proportionation gives 
[W(NPh)b-OEt)Cl,],. Bridge-splitting reactions of [W(NPh)@-OEt)Cl,],, with PMe, 
or Et,NCl give ~(NPh)(OEt)Cl,(PMe,)] and [W(NPh)(OEt)Cld][Et,N]. [W(NPh)&- 
OEt)Cl& reacts with Ph&Cl to give [W(NPh)(OEt)Cl.,][Ph,Cj and [w(NPh)Cl& reacts 
with Ph,COEt to give [W(NPh)C&(OEt)][Ph,Cj. The trityl complexes do not react further 
to give amido complexes (W-NCPh3Ph). The products were characterized by analytical 
data, IR, ‘H and13C NMR spectroscopy. The crystal and molecular structure of [W(NPh)@- 
OEt)(OEt),Cl], was determined from single-crystal X-ray diffractometer data. The crystals 
are triclinic with a = 9.637(2) & b = 11.135(l) A, c = 8.016(l) & a = 108.47(l)“, 
B = 105.51(l)“, y = 91.51(l)“, and space group PT. The structure was solved by Patterson 
and Fourier methods and refined to R = 0.039 for the 1450 observed data. The molecule 
is a dimer with the two halves centrosymmetrically related. Both W atoms adopt a distorted 
octahedral coordination geometry and are linked by two ethoxo bridges. Tram to the 
bridging donors is a linear phenylimido group with a W-N bond length of 1.759(9) A and 
a W-N-C bond angle of 172.4(9)“. The remaining octahedral sites are filled by a chloro 
ligand and two c&orientated alkoxide ligands where the W-O bond distances of 1.835(9) 
and 1.865(7) A indicate both ligands participate in z-bonding to the metal. 

Many examples of Group VI transition-metal 
organoimido complexes (M=NR) are known’ but 
few also contain the alkoxide ligand. Those 
reported to date are the dialkoxides [(Me,Si- 
O),M(N-t-Bu)$ (M = Cr or MO), [(t-BuO),W(N- 
t-Bu)g and wO(NR)(OEt)&,.4 Alkoxide ligands 
are of interest in organoimido chemistry since com- 
petitive n-donation from a suitably orientated 
alkoxide ligand can weaken the very stable, four- 
electron metal-nitrogen bond, increasing the poten- 
tial for further reaction at the nitrogen atom.s7 In 
addition, structural features exhibited by the com- 
plexes can be affected by the size of the alkoxide R 

* Author to whom correspondence should be addressed. 
t Present address : Department of Chemistry, Massey 

University, Palmerston North, New Zealand. 

group.’ We report here the preparation and char- 
acterization of mixed chloride-ethoxide phen- 
ylimido complexes of tungsten(K) which complete 
the series [W(NPh)(OEt),C14_,]2 and demonstrate 
further relationships between W-OR bonding and 
structure-reactivity considerations. 

RESULTS AND DISCUSSION 

In benzene solution phenylimido tungsten tetra- 
chloride w(NPh)Cl,], reacts with 8 equivalents of 
EtOH in the presence of excess anhydrous ammonia 
to give a yellow air- and moisture-sensitive crys- 
talline solid analysing as [W(NPh)(OEt)4],, for 
which the dimeric structure IW(NPh)(p- 
OEt)(OEt),], (1) is proposed, based on the crys- 
tallographically determined methoxo analogue 
[W(NPh)(,u-OMe)(OMe),],.’ Using ammonia the 
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1 

yield of 1 is low but with t-butylamine and pet- 
roleum ether as solvent the yield is increased to over 
70%. The reaction produces 8 equivalents of t- 
butylamine hydrochloride after approximately 4 h. 
If more than 8 equivalents of alcohol and amine are 
used or the reaction period is shortened, the product 
reacts with the excess when the solution is con- 
centrated, producing a red gummy contamination 
product which NMR analysis indicates is a mixture. 

Reaction of 6 equivalents of EtOH and 
Me&NH2 with phenylimido tungsten tetrachloride 
failed to give a petroleum ether soluble product, 
but extraction of the yellow amine hydrochloride 
residue with toluene gave, after crystallization, a 
yellow complex which analysed as [W(NPh)(O- 
Et),Cl],. An X-ray crystal structure determination 
(see later) showed the dimeric ethoxo-bridged struc- 
ture (2). The complex was also obtained in varying 

Ph 

yield by toluene extraction of the amine hydro- 
chloride residues produced during formation of the 
tetraethoxide (1) and this complex is the product of 
further reaction of 2 with 2 equivalents of EtOH 
and t-butylamine. 

Four equivalents of EtOH and Me&NH, reacted 
with phenylimido tungsten tetrachloride in benzene 
to give 4 equivalents of amine hydrochloride but 
the yellow oily product obtained from solution was 
shown by IR and NMR spectroscopy to be a 
mixture. However a proportionation reaction 
between 1 equivalent each of 1 and phenylimido 
tungsten tetrachloride in benzene gave a yellow 
crystalline material analysing as [W(NPh)(O- 
Et)J&], for which an ethoxy-bridged structure 
(either 3 or 4) is preferred based on the crys- 
tallographically determined ethoxide bridge in 2. 

‘Ph 

3 

Ph 

Phenylimido tungsten tetrachloride reacted with 
2 equivalents of EtOH and Me3CNH2, giving a 
red solution from which the monomeric complex 
p(NPh)(OEt)Cl,(NH,CMe,)] (5) was obtained. 

1 
cL\I llpEt 
ct+c1 

W 
\ CMee 

5 

The amino ligand lying tram to the imido group 
is preferred for this complex, based on the X-ray 
structure of [W(NPh)(OCMe,),Cl(NH,CMe,)] 
where the amine ligates tram to the imido function.* 
Proportionation of 1 equivalent of 1 with 3 equi- 
valents of phenylimido tungsten tetrachloride in 
benzene led to a purple-brown solid analysing as 
[w(NPh)(OEt)Cl,], for which the dimeric ethoxy- 
bridged structure (6) is assigned on the basis of its 

6 

IR spectrum. The complex was also obtained by 
reacting 1 equivalent of [w(NPh)(OEt),C1,]2 with 
one of phenylimido tungsten tetrachloride. 

Studies carried out on complexes l-6 to deter- 
mine the stabilizing effects of the alkoxo ligands 
and imido ligand reactivity showed the complexes 
to be surprisingly inert. For example, the ethoxo 
bridge in complexes l-3 could not be split with 
strong o-donor ligands such as PMe,, nor was there 
any tendency to form anionic species by the 
addition of PbPCI or Et,NCl. This contrasts 
with the chemistry of lW(NPh)Cl& where 
[W(NPh)C14(PMe3)]’ and the w(NPh)Cl,]- lo 
anion are easily formed, and demonstrates the stab- 
ility of the alkoxo bridge. However, reaction of 
stoichiometric amounts of PMe,, Me&NH? or 
Et,NCl with w(NPh)@-OEt)CI,J, (6) gave the 
monomeric complexes [W(NPh)(OEt)Cl,(PMe,)] 
0, 5 and WWWOWCLd[EWl (9, rev=- 
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Ph 

? 

“\III/oEt 

C&l 
PIbIG, 

7 

Ph 

Cl+OEt 

Cfq’Cl 
Cl 

8 

3 

@NEta 

tively, suggesting that the bridge in the monoethoxo 
complex is more easily broken. Further, the room- 
temperature reaction of excess PMe3 with 6 in THF 
did not reduce the complex to tungsten(V) as is the 
case with [w(NPh)Cl.& which readily reduces to 
!W(NPh)Cl,(PMe&Jp This complex was, however, 
obtained after prolonged heating of 6 with the phos- 
phine but no reduced ethoxy complexes could be 
isolated. Reduction of [w(NPh)Cl& with sodium- 
mercury amalgam in the presence of a a-donor 
ligand (L) gives rise to the tungsten(IV) complexes 
[w(NPh)Cl,L,]” but similarly based experiments 
with the mono- and diethoxo complexes, which are 
apparently reduced, have so far given intractable 
products. The tetraethoxide species (1) fails to react 
at all. 

For the Group V metals, the imido nitrogen is 
expected to function as a nucleophile but examples 
are extremely rare. I2 We have shown that pro- 
tonation of the W=NPh bond gives rise to amido 
complexes (W-NHPh),6 and bis-imido complexes 
of molybdenum are known to react with MeBr to 
produce PhNMe2. I3 We were interested to test the 
effects of alkyl halide addition to the bridged dimers 
in the hope of generating amido complexes by the 
following reaction : 

-+ n[W(NPh)(OEt),Cl,Xe][R@] 

+ n[W(NRPh)(OEt),Cl,X]. 

All complexes tested failed to react at room tem- 
perature with alkyl halides (RX = MeI, MeBr or 
EtBr) in a variety of solvents and most were resis- 
tant to heat. For example, the tetraethoxo complex 
(1) remained unchanged in benzene after heating 
with Me1 to 150°C in a pressure bottle (pressure 
developed = 700 kPa). However, with Ph,CCl, 
[W(NPh)(p-OEt)Cl,], was found to react at room 

temperature to give [W(NPh)(OEt)C&][Ph,C] (9). 

Ph 

cL\i,OEt 

&Cl 
L Cl 

9 

3 

@CPh, 

This complex, which persisted as a non-crystalline 
material, analysed as a dichloromethane solvate 
and was a 1 : 1 conductor in acetonitrile. Reaction of 
phenylimido tungsten tetrachloride with Ph,COEt 
gave a similar anionic complex consistent with the 
formulation lYW’W~UOWPh,~l wo, 

Ph 

I 

cL\III/cL 
C&L 

OEt 

10 

3 

@CPh, 

whereas [W(NPh)(OEt)2C12]2 was obtained from 
the reaction between [w(NPh)(~-OEt)C13]2 and 
Ph,COEt. The anionic complexes 9 and 10 are 
apparently stable in solution and we have so far 
been unable to obtain evidence for any rearrange- 
ment to an amido complex. 

IR spectra 

Organoimido complexes generally show strong 
absorptions characteristic of the metal-imide 
vibration between 1100 and 1300 err- ’ ’ but in the 
present complexes this region is obscured by bands 
arising from the alkoxide ligand. All the compounds 
do, however, show strong absorptions at approxi- 
mately 1350 cm-’ in KEL-F or as a shoulder of 
Nujol. For phenylimido rhenium complexes this 
absorption shifts to a lower wavenumber on 15N- 
substitution making it a good candidate for 
v(W=NR)’ although v(C-N) bands for aromatic 
amines also fall in this region but these are usually 
weak. Raman spectra of 1 and 214 show the 1350- 
cm-’ band to be intense and polarizable, indicating 
that it arises from multiple bonding where a 
sufficient electron density is present to give an 
induced dipole in the Raman effect. In Table 1 the 
1350-cn-’ bands found in the IR spectrum of the 
complexes are shown as v(WNC). 

Assignment of C-O and M-O stretching 
vibrations is straightforward for the complexes 
since problems of structural complexity and low 
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molecular symmetry normally associated with 
alkoxides are absent. Although the complexes show 
a series of v(C-0) bands between 1150 and 850 
cm-’ , which are characteristic of metal alkoxides in 
genera&l5 only the strongest are shown in Table 1. 
The monomeric complexes w(NPh)(OEt)Cl,(L)] 
(L = NH&Me3 or PMe,) and [w(NPh)(O- 
Et)Cld][Et4Nj show a single strong absorption in the 
v(C-0) region (1000-960 cm-‘) which are from 
necessity assigned to a terminal mode as also must 
the M-O band in the region of 600 cm- ‘.16 For 
the parent complex (6) both v(C-0) and v(M-0) 
lie at a lower wavelength, which is a characteristic 
feature of bridging modes in metal alkoxides.” The 
diethoxo complex (3) shows absorptions at 1038 
and 985 cm-‘, suggesting both terminal and bridg- 
ing modes where the tri- and tetraethoxo com- 
plexes (2 and 1) are similar but show an increasing 
intensity of the terminal mode with increasing num- 
ber of terminal ethoxides. 

In the far IR 6 shows three W-Cl stretching 
bands as expected for a mer arrangement of three 
metal chlorides17 and this is repeated for the mono- 
meric derivatives (5 and 7). Comparison of the 
absorption intensities at 330 and 280 cm-’ shows 
that for the trichloro complex (6) the 348-cm’ 
band dominates, for the dichloro complex, (3), the 
intensities are equal whereas for the monochloro 
complex (2) only one band at 285 cm-’ is present. 
This suggests that the latter absorption may be 
indicative of a chloro group trans to an ethoxide 
ligand. 

NMR spectra 

The proton NMR spectra of the complexes 
(Table 2) show the alkoxide ligand CHI resonance 
in the vicinity of 5 ppm. 6 shows a well-defined 
quartet as do the other complexes containing only 
one ethoxide ligand. 2 and 3 exhibit complicated 
sets of quartets arising from intramolecular ex- 
change of a&oxide ligands but no attempt has been 
made to obtain frozen-out spectra as it is well estab- 
lished that cr-protons of bridging alkoxides absorb 
upfield of terminal alkoxides.i5 Interestingly, the 
CH, resonances of 1 are less complicated, involving 
only two sets of quartets in an approximate 2: 1 
ratio, which suggests less intramolecular exchange 
or a greater magnetic equivalence of the ethoxides 
in the absence of chloro ligands. For the trityl com- 
plexes 9 and 10 the appearance of the CH2 quartet 
in the vicinity of 5 ppm confirms the ethoxo group 
exists as a tungsten alkoxide and not as EtOCPh,. 
The spectra do not, however, distinguish between a 
chloro or an ethoxo function lying trans to the 
imido function. 
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Several of the complexes show well-resolved 
aromatic resonances which appear to approach 
first-order j spectra. However, as with 
w(NPh)Ch(NCEt)],9 the coupling constants are 
identical indicating deceptive simplicity.‘* In 
general, anisotropy effects associated with the imido 
function result in a downfield shift for the ortho 
protons whereas the para proton lies upfield. 

In the 13C NMR spectra (Table 2) the terminal 
ethoxide CH2 resonance of the monoethoxide 
monomers is observed near 82 ppm as is the case 
for the trityl complexes (9 and 10). [W(NPh)@- 
0Et)C1312 is sparingly soluble but what does dissolve 
shows the CH2 resonance also at 82 ppm, suggesting 
that in solution the complex may well exist as a 
monomer (cf. IR evidence for a bridging ethoxide 
in the solid). [W(NPh)(OEt)&l& shows two res- 
onances in this region and a further two near 77 
ppm, suggesting two isomeric forms (3 and 4). How- 
ever, the sets of resonances may be a consequence 
of intramolecular exchange since several resonances 
appear for both 1 and 2. With the greater sub- 
stitution by ethoxide ligands in these complexes the 
resonances shift upfield until, in the case of the 
tetraethoxide, all resonances appear in the vicinity 
of 72 ppm with no strictly terminal CH, resonances 
(82 ppm) apparent at all. 

The complexes show strong deshielding of the 
aromatic ring ipso carbons similar to nitrobenzene 
where electron withdrawal from the ring occur~.‘~ 

Little change occurs for the meta carbons, whereas 
ortho and para carbons are affected to differing 
extents. Downfield shifts of a-carbon resonances 
in t-butylimido complexes of Group V metals are 
associated with a greater electron density in the 
W=N bond,” hence, assuming that the analogy 
holds for ipso carbons in the phenylimido 
complexes, comparative W=N bond strengths 
should be demonstrable. The L,W=N substituent 
effects on the ring carbons compared with benzene 
are shown in Table 2, and show increasingly greater 
positive ipso carbons and more negative ortho and 
para carbons as the number of ethoxide ligands 
increases. Although the shifts are small it would 
appear that the tetraethoxo complex (1) contains 
the strongest W=N bond. 

Description and discussion of the X-ray crystal 
structure of 2 

An X-ray crystal structure determination of 2 
showed the molecule to be dimeric with the two 
halves centrosymmetrically related (Fig. 1). Each 
tungsten atom adopts a distorted octahedral coor- 
dination geometry with the oxygen atoms of two 
ethoxy groups forming bridges between them. The 
phenylimido ligand lies trans to one of these bridges 
with a terminal ethoxo group lying trans to the 
other. The remaining octahedral sites are filled by 
a terminal ethoxide and a chloro ligand lying mutu- 

Fig. 1. [W(NPh)@-OEt)(OEt),Cl], molecule. Thermal ellipsoids have been drawn at the 50% prob- 
ability level. Hydrogen atoms have been omitted for clarity. 
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Table 2. NMR spectral data (ppm) for tungsten(V) phenylimido ethoxicle complexes” 

‘H NMR” 

Complex CH, CH3 Aromatics 

WWW:OWWt)& (1) 4.45-4.0s 
[w(Nph)gl-OEt)(O%Cll, (2) 4.68470 
l’W(NPh)@-OEt)(OEt)Cl& (3 and 4) 4.90-5.85 
[WWWdW~~,l~ (6) 5.1G5.80 
[W(NPh)(OEOCl,(NH,CMe,ll(5) 5.55-5.96(q) 
WWPWW~~3@‘Me3N (7)’ 5.21-5.75(q) 
WWhWWCh1[Et W 5.45-5.90(q) 

WWhWEWhlP’Wl (Q)* 5.20-5.60(q) 

WWWhWW’Wl (Wh 5.38-5.80(q) 

1.00-l .45 6.50-7.50 
1.10-1.58 6.82-7.60 
1.1@-1.7o(t) 6.98-7.80 
1.20-1.42(t) 6.QO-7.75 
1.35-1.58(t, obscured) 6.80-7.70 
1.20-1.6(2t, obscured) 6.82-7.60 
1.30-1.60(t, obscured) 6.80-7.80 
1.08-l .40(t) 6.85-7.40 
1.25-1.58(t) 7.04-7.58 

“Spectra obtained in CDCl, solution. 
b t = triplet, q = quartet. 
‘Ortho and meta tentative assignments (meta carbon based on 128.5), para assignment made from relative peak 

height. 
“Data relative to benzene (128.5 ppm) in parentheses. Positive values indicate deshielding, negative values indicate 

shielding. 
‘t-Butylamino resonances at 6 = 1.52 (‘H NMR) ; and 6 = 28.0 and 55.3 (“C NMR). 
‘PMe, resonances at 6 = 1.57, 1.66, 1.75 and 1.85 (‘H NMR); and 6 = 12.9, 13.5, 15.2 and 15.6 (13C NMR). 
‘Et.,N resonances at 6 = 1.3-1.6 (CH,) and 3.s3.5 (CH,) (‘H NMR); and 6 = 7.6 (CH,) and 52.4 (CH,) (‘% 

NMR). 
’ CH,CI, resonance at 6 = 5.5 (‘H NMR), and 56.6 (13C NMR). 

ally trans. (Bond distances and angles are given in 
Tables 3 and 4.) There are no unusual inter- 
molecular contacts. 

The phenylimido ligand is essentially linear with 
a W-N(l)-C(l) angle of 172,4(g)“. The distance 
of 1.759(g) 8, for the W-N bond indicates con- 
siderable multiple-bond character, the separation 
lying within the range of values (1.61-1.77 &8,9*11,20 
found in other tungsten organoimido complexes. A 

Table 3. Bond distances (A) for [W(NPh)@-OEt)(O- 
Et),Cl], (standard deviations in parentheses) 

W-Cl 
W--o(I) 
W--0( 1’) 
W--o(2) 
W_(3) 
W-N 

0(1)--C(7) 
W9-439) 
0(3)-w 1) 
N(l)-C(l) 
C(7)-C(8) 
C(QI--WO) 
W1I-w2) 

2.454(3) 
2.003(8) 
2.213(8) 
1.835(Q) 
1.865(7) 
1.759(Q) 
1.44(l) 
1.47(2) 
1.44(2) 
1.36(l) 
1.50(2) 
1.43(2) 
1.49(2) 

Table 4. Bond angles (“) for [w(NPh)&-OEt)(OEt),Cl], 
(standard deviations in parentheses) 

Cl-W-0( 1) 84.1(2) 
Cl-W-0( 1’) 86.1(2) 
Cl-W-o(2) 85.6(3) 
Cl-W-o(3) 169.3(2) 
Cl-W-N 90.1(3) 
0(1)-W-0(1’) 69.7(3) 

wt-W--0(2) 156.8(3) 

0(1)-W--o(3) 92.0(3) 
0(1)-W-N 96.6(4) 
O(l)-W-o(2) 89.0(3) 
O(l)-W-O(3) 83.2(3) 
0(1)-W-N 166.1(4) 

0(2)-W*(3) 94.4(4) 
0(2)-W-N 104.1(4) 
0(3)-W-N 100.3(4) 
W-0(1)---W 110.3(3) 

W--0(1)--C(7) 126.8(7) 

w’-w)--c(7) 118.6(7) 

W-WI---C(Q) 139(l) 

W-w3>-c(ll) 129.7(S) 
W-N-C(l) 172.4(Q) 

N(l)--C(l)-C(2) 121.0(6) 

N(l)-w)--C(6) 119.0(6) 

O(l)-C(7>-c(8) 111(l) 

Wt-c(9~(10) 1 lO(2) 

0(3w~(ll>--c(l2) 109(l) 
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13C NMR” 

CI-L CH3 zpso Ortho Meta Para 

72.2, 71.1, 70.6 19.7, 19.2, 18.0 152.3 (+23.8) 127.4 (-1.1) 127.9 (-0.6) 125.8 (-2.7) 
78.6, 74.5,72.5 18.5, 18.3, 17.9 151.1 (+22.6) 128.0 (-0.5) 127.8 (-0.7) 128.4 (-0.1) 
81.0, 80.6, 78.1, 76.5 17.8, 17.4, 16.9 150.4 (+21.9) 129.1 (+0.6) 127.7 (-0.8) 131.3, 130.7 (+2.8) 
82.8 17.1 149.7 (+21.2) 129.8 (+1.3) 127.8 (-0.7) 131.7 (+3.2) 
83.1 17.1 148.9 (+20.2) 130.2 (+1.7) 127.6 (-0.9) 131.4 (+2.9) 
81.7 17.4 149.1 (+20.6) 130.4 (+1.9) 128.1 (-0.4) 131.9 (+3.4) 
81.8 17.1 148.5 (+20.0) 130.0 (+1.5) 127.6 (-0.9) 130.5 (+2.0) 
82.6 17.0 149.4 (+20.9) 129.5 (+ 1.0) 127.6 (-0.9) 131.3 (+2.8) 
82.7 17.1 150.0 (+21.5) 129.7 (+ 1.2) 127.6 (-0.9) 131.6 (+3.1) 

value of 1.71 8, is predicted for a W-N triple bond 

acting as a four-electron donor.’ 

The W-0( 1’) bond [2.213(8) & is longer than 
the W-O(l) bond length [2.003(8) A], resulting 
in the asymmetric bridging arrangement whereby 
lone-pair donation from oxygen occurs tram to 
the imido function. The W-O-W’ bond angle of 

110.3(3)’ is comparable with that found in 
~@lPh)&-OMe)(OMe)3]2.8 The W-O bond 
lengths’ of the terminal akoxides at 1.835(9) and 
1.865(7) 8, are shorter than those forming the bridg- 
ing structure whereas the W-Cl bond length at 
2.454(3) 8, lies within the range of values (2.24 
2.48 A) found in other complexes of tungsten.9*“.21 

The octahedral coordination geometry is dis- 
torted away from the ideal with the tungsten atom 
displaced 0.28 A above the coordination plane 
made by the four atoms [O(l), O(2), O(3) and Cl(l)] 
which he cis to the imido function. This feature is 
common in other imido complexes and also in those 
containing the related nitrido ligand.** Formation 
of the ethoxide bridge also contributes to the dis- 
tortion with the 0(1)-W-0(1’) angle being 
reduced to 69.7(3)“. There are no significant intra- 
molecular contact distances below 3.5 8, in the mol- 
ecule. Minimal interaction between the phenyl ring 
and the terminal ethoxide ligands is attained by 
rotation of the phenyl ring about the N-C( 1) bond 
to a point between the two cis-ethoxide groups. As 
a result the torsion angle, W-N-C(l)--C(2) is 
11.0”. 

Several implications result from these structural 
details. Alkoxide ligands formally act as one-elec- 
tron donors for the purpose of the EAN rule but n- 
donation involving the oxygen lone pairs allows the 
ligand to act as a three-electron donor [forming a 
double bond (M=OR)] or in rare cases as a five- 
electron donor (M=OR).5 The W-O(l) bond 

length of 2.003(8) A suggests that this ligand acts 
as a one-electron donor to W(1).23 Applying the 
l&electron rule with all the alkoxides acting as 
one-electron donors, the molecule becomes a 16eleo 
tron species. Chlorine is a poor n-donor in com- 
parison with an alkoxide and this is reflected by the 
W-Cl bond length [2.454(3) A], lying towards the 
upper limit (2.48 A) of W-Cl bond lengths.2’ How- 
ever, the two terminal alkoxide W-O bond lengths 
[1.835(9) and 1.865(7) A] are short, lying within the 
range found for W=OR bonds,23 so that a measure 
of n-bonding exists in both. Thus, while an 18- 
electron configuration may be attained by either a 
orb, the structure shows an average of two canoni- 
cal forms. However, the alkoxide better able to rr- 
bond (shorter bond length and wider W-O-C 
angle) lies tram to the bridging alkoxide. The cis- 

ph\ N+JL,” 
EtoH 1’ 

OEt A2 

Ph\ N&i’ 
Eto’p 

OEt _* 

a b 

ijs(ly 

alkoxide arrangement allows the two electrons to 
be more effectively spread than would truns-ter- 
minal alkoxides as in the former case the tram 

ligands do not compete for n-bonding orbitals. 
In [w(NPh)(~-OMe)(OMe)3] and lW(NPh)(OC- 
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Me3)&I(NH2CMe3)] where trans-alkoxides do 
exist,’ the two electrons can be spread over two sets 
of cis-alkoxides, the situation being reflected by 
similar W-O bond lengths within each molecule. 
For [W(NPh)(OEt),Cl& either chlorine or alkoxide 
ligands may orientate truns to an alkoxo bridge 
giving cis or truns isomers (3 and 4) of comparable 
energy. In the absence of ethoxide acting as a five- 
electron donor, an ethoxy bridge in [W(NPh)&- 
OEt)Cl,], leaves the complex as a 16-electron spec- 
ies which may account for the bridge-splitting reac- 
tions giving complexes capable of attaining an 18- 
electron configuration. 

EXPERIMENTAL 

wOCl& was prepared by reaction of W03 
with thionyl chloride” and [w(NPh)Cl& by reac- 
tion of [wOCl& with phenyl isocyanate.” Tri- 
methylphosphine was prepared by a literature 
method.” Trityl ethoxide was prepared by refluxing 
trityl chloride with ethanol and triethylamine in 
benzene and recrystallizing the product from pet- 
roleum ether at -20°C. Tetraethyl ammonium 
chloride was dried at 100°C in vucuo for 24 h and 
stored in a Schlenk tube. Ethanol was dried and 
fractionally distilled over magnesium ethoxide. t- 
Butylamine was distilled from calcium hydride and 
stored in a Schlenk flask. Petroleum ether (b.p. 
range 4&6O”C), toluene and benzene were distilled 
over sodium wire and dichloromethane over cal- 
cium hydride. All distillations were carried out 
under Nz treated to remove oxygen and water,% as 
were manipulations using bench-top_ air-sensitive 
techniques.26 Infrared spectra were recorded on a 
Perkin-Elmer 597 spectrometer, ‘H NMR on a 
Varian T60 Model spectrometer and 13C NMR 
spectra on a JEOL FX60 spectrometer. Analytical 
data were obtained by Professor A. D. Campbell 
and associates, University of Otago, New Zealand. 
Melting points were determined in sealed tubes 
under nitrogen on an electro-thermal melting-point 
apparatus and are uncorrected. 

Di - p - ethoxohexaethoxobis(henylimido)ditung- 
sten(V1) (1) 

t-Butylamine (2.7 cm3, 25.6 mmol) and ethanol 
(1.5 cm3, 25.7 mmol) in petroleum ether (50 cm3) 
were added to phenylimido tungsten tetrachloride 
(2.7 g, 3.2 mmol) suspended in petroleum ether (100 
cm3) and the mixture stirred for 6 h. The yellow 
solution was filtered from the precipitate of t-butyl- 
amine hydrochloride which was extracted several 
times with petroleum ether (30 cm3). The combined 
filtrates were reduced to ca 5 cm3 and the solution 

allowed to stand giving the complex as yellow mic- 
rocrystals. The product was filtered, washed with 
petroleum ether (2 cm3 cooled to O’C), and dried in 
oacuo (1.63 g, 55%) (m.p. 106-l 10°C). (Found : C, 
36.8 ; H, 5.8 ; N, 3.0%. Cz8HsoNz08Wz requires : C, 
36.9; H, 5.5; N, 3.1%.) 

IR (Nujol) bands at 1565w, 1342s, 1275w, 
1142m, 109Os, 105Os, 1022s, 986w, 908s, 982m, 
76Om, 72Ow, 690m, 62Om, 586s, 542m, 508s, 46Om, 
395~ and 325~ cm-‘. 

The product, sufficiently pure for further 
reaction, was obtained by stripping the solvent com- 
pletely from the combined filtrates and washing the 
product with a small quantity of cold petroleum 
ether (2 cm’) to remove an orange gummy material 
also present. Using this method the yield of complex 
increases to 2.13 g (72%). 

Dichloro - di - p - ethoxotetraethoxobis(phenyl- 
imido)ditungsten(VI) (2) 

t-Butylarnine (1 .l cm3, 15 mmol) and ethanol (0.7 
cm3, 12 mmol) in petroleum ether (50 cm3) were 
added to phenylimido tungsten tetrachloride (1.2 
g, 1.5 mmol) suspended in petroleum ether (60 cm3), 
and the mixture was stirred for 4 h, after which the 
solution was filtered and the solvent discarded. The 
pale yellow residue was extracted with warm tolu- 
ene (2 x 30 cm3) and the combined extracts filtered. 
Reduction of the volume to ca 5 cm3 and stand- 
ing the solution at -20°C gave the complex as 
yellow crystals (0.82 g, 64%) [m.p. 148-152°C 
(dec.)]. (Found: C, 32.5 ; H, 4.6; N, 3.1%. 
C24H,&12NZ06W2 requires: C, 32.3; H, 4.5; N, 
3.1%.) 

IR (Nujol) bands at 158Ow, 143Os, 1355s, 1272m, 
109Os, 103Os, 92Os, 882s, 805w, 76Os, 688s, 64Os, 
BOOm, 555s, 528s, 48Os, 382m, 326m, 320m and 284 
cn-‘. 

Bulk quantities of the complex may be obtained 
by extracting the reaction residue with benzene (50 
cm3), filtering the solution, removing the solvent 
and washing the crystalline solid with petroleum 
ether (30 cm3). Analytical data are similar to the 
recrystallized product. (Found : C, 32.1; H, 4.7 ; N, 
3.1%.) 

Tetrachloro - di - ,a - ethoxodiethoxobis@henyl- 
imido)ditungsten(VI) (3) 

1 (0.6 g, 0.66 mmol) in benzene (25 cm’) was 
added to phenylimido tungsten tetrachloride (0.55 
g, 0.66 mmol) in benzene (30 cm3) and the mixture 
stirred for 6 h. The orange-yellow solution was fil- 
tered and the solvent removed, to give a yellow crys- 
talline solid which was dissolved in hot toluene (25 
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I&). The solution was filtered, the volume reduced 
to cu 5 cm3 and the solution allowed to stand at 
-2O”C, giving the complex as yellow crystals 
which were filtered, washed with petroleum ether 
(20 cm3) and dried in uucuo (0.38 g, 66%) [m.p. 
168170°C (melts with decomposition)]. (Found : 
C, 27.9 ; H, 3.7 ; N, 3.2%. CZ,,H&hN204W2 
requires: C, 27.5; H, 3.7; N, 3.2%.) 

off, extracted with benzene (30 cm3), and the solvent 
removed to give the complex as a red-brown crys- 
talline solid which was washed with petroleum ether 
(30 cm3), filtered and dried in vucuo (0.8 g, 87%). 
Physical and spectroscopic properties were identical 
to the product prepared under (a). 

IR (Nujol) bands at 144Os, 14OOw, 135Ow, 108Om, 
104Os, 102Os, 986s, 92Os, 862s, 825m, 755s, 718m, 
680m, 624s, 615s, 55Os, 535s 575s, 39Ow, 33Os, 
305m and 280 cm-‘. 

Hexachloro - di - p - ethoxobis(phenylimido)di- 
tungsten(W) (6) 

The complex may be obtained sutliciently pure 
for further reaction by filtering the reaction mixture, 
stripping the solvent, washing the crystalline residue 
with petroleum ether (30 cm3), and drying the prod- 
uct in vacua. 

(b) Trityl ethoxide (0.35 g, 1.2 mmol) in dichlo- 
romethane (30 cm3) was added to a suspension of 
hexachloro - di - p - ethoxobis(phenylimido)ditung- 
sten(V1) (6) (0.52 g, 0.6 mmol) in dichloromethane 
(40 cm3) and the mixture stirred for 4 h. The 
orange-yellow solution was Iiltered and the solvent 
removed in vacua to give an orange gum which 
was washed with petroleum ether (2 x 25 cm’) 
followed by acetonitrile (1 cm3). The yellow resi- 
due was filtered, washed further with acetonitrile 
(0.5 cm3), filtered again and dried in vacua (0.3 g, 
57%). Physical and spectroscopic properties were 
identical to the product prepared under (a). 

(a) 1 (1.2 g, 1.3 mmol) in benzene (40 cm3) was 
added to a suspension of phenylimido tungsten 
tetrachloride (3.31 g, 3.9 mmol) in benzene (40 cm3) 
and the mixture stirred for 4 h to give a purple- 
brown precipitate. The solution volume was 
reduced to ca 20 cm3, whereupon further solid was 
deposited. The product was filtered, washed twice 
with benzene (2 cm’) and dried in vacua giving 
the complex as purple-brown microcrystals (4.05 g, 
90%) (slow decomposition above 1OOC). (Found : 
C, 22.9; H, 2.6; N, 2.9%. Ci6H2,,C16NZOZWZ 
requires: C, 22.5; H, 2.4; N, 3.3%.) 

IR (Nujol) bands at 128Ow, 115Ow, 108Ow, 
1058w, 102Ow, 975s, 915w, 84Os, 755,618m, 574m, 
618m, 55Os, 544s, 470m, 384w, 35Os, 324m and 
292w cm-‘. 

t - ButylaminetrichIoroethoxo(phenyIimido)tung- 

SteWI) (5) 

(a) t-Butylamine (0.628 cm3, 6 mmol) was added 
to phenylimido tungsten tetrachloride (1.25 g, 1.5 
mmol) in benzene (30 cm3) and the mixture was 
stirred for 4 h. The orange-red solution was filtered 
and the solvent removed to give an orange-yellow 
crystalline solid. The product was dissolved in tolu- 
ene (30 cm3), the volume reduced to ca 15 cm3 and 
the solution allowed to stand at -5”C, giving the 
complex as red-brown crystals which were filtered 
off and dried in vacua (1.1 g, 73 %) (m.p. 6265°C). 
{Found : C, 30.1; H, 4.9 ; N, 4.8%. C12H22C13NZOW 
[i.e. W(NPh)Cl,(OEt)(NH,CMe,) * SPhMe] re- 
quires: C, 30.4; H, 4.4; N, 5.4%.} 

(b) Tetrachloro - di - p - ethoxodiethoxobis- 
(phenylimido)ditungsten(VI) (3) (0.1 g, 0.1 mmol) 
in benzene (10 cm3) was added to a suspension 
of phenylimido tungsten tetrachloride (0.1 g, 
0.1 mmol) in benzene (5 cm3) and the mixture stirred 
for 3 h. The volume of the red-brown solution 
was reduced to ca 5 cm3, whereupon purple- 
brown microcrystals of the complex were deposited. 
These were filtered off, washed with petroleum ether 
and dried in vucuo. Physical and spectroscopic prop- 
erties were identical to the product prepared under 

(a). 

Trichloroethoxo(phenylimido)trimethylphosphine- 
tungsten(W) (7) 

IR (Nujol) bands at 3125m, 31OOm, 1558m, 
1505w, 139Ow, 1343m, 1295m, 1202m, 1150m, 
102Os, 990m, 912s, 885m, 823w, 760s 738m, 678m, 
650m, 63Os, 620m, 544m, 445m, 418m, 392w, 335s, 
318s and 280s cm-’ 

Trimethylphosphine (0.13 cm3, 1.2 mmol) in pet- 
roleum ether (30 cm3) was added to 6 (0.5 g, 0.6 
mmol) suspended in petroleum ether (50 cm3), and 
the mixture was stirred for 15 h. The solid was 
filtered, washed with petroleum ether, and dried in 
vacua leaving the complex as yellow microcrystals 
(0.54 g, 93%) [m.p. > 140°C (dec.)]. (Found : C, 
25.6; H, 4.1; N, 2.6%. CIIH&13NOPW requires: 
C, 26.3; H, 3.8; N, 2.8%.) 

(b) t-Butylamine (0.6 cm3, 5.7 mmol) in pet- IR (Nujol) bands at 124Om, 1305w, 1285m, 
roleum ether (40 cm3) was added to 6 (1.2 g, 1.4 128Ow, 1235w, 1278m, 1005s, 990s 95Os, 908s, 85Ow, 
mmol) in petroleum ether (50 cm3) and the mixture 775s, 75Om, 72Ow, 686s, 59Om, 555m, 43Ow, 4OOw, 
was stirred for 15 h. The orange solid was filtered 338s, 31Om, 280s and 250 cm-‘. 
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Tetraethylammonium tetrachloroethoxophenyl- 
imidotungstate(V1) (8) 

Tetraethylammonium chloride (0.175 g, 1.05 
mmol) in dichloromethane (30 cm’) was added to 
6 (0.45 g, 0.5 mmol) suspended in dichloromethane 
(30 cm’), and the mixture stirred for 2 h. The orange- 
red solution was filtered and the solvent removed 
giving a red oil from which crystalline material 
slowly formed on standing. The product was con- 
tinually washed, with petroleum ether, filtered, and 
ground up until the complex was obtained as an 
orange powder after drying in vacua (0.6 g, 
96%). (Found: C, 32.9; H, 5.4; N, 4.6%. 
CLbH3&14N20W requires: C, 32.5; H, 5.1; N, 
4.7%.) A,(MeCN) = 100.5 R-’ cm’mol-‘. 

IR (Nujol) bands at 1345s, 1297m, 125Ow, 
117Om, 108Om, 1020s 985m, 904s 984m, 762s 
718w, 684m, 618m, 558m, 474w, 44Ow, 395w, 330s 
302s and 268s cm-‘. 

Triphenylcarbonium tetrachloroethoxo(phenyl- 
imido)tungstate(VI) (9 and 10) 

(a) Trityl chloride (0.67 g, 2.4 mmol) in dichlo- 
romethane (30 cm3) was added to 6 (1.0 g, 1.2 
mmol) in dichloromethane (40 cm3), and the mix- 
ture was stirred for 3 h. The yellow-brown solution 
was filtered and the solvent removed to give a 
gummy material which slowly solidified after con- 
tinual washing with petroleum ether and drying in 
vacua (1.6 g, 96%). (Found: C, 41.5; H, 3.7; N, 
1.5%. C57H56C114N202W2 (i.e. ([W(NPh)Cl,(O- 
Et)][CPh,]* l.SCH,Cl,) requires: C, 41.1; H, 3.4; 
N, 1.7%.) A,(MeCN) = 76.8 Q2-’ cm’ mol-‘. 

IR (smear) 31OOm, 3025m, 2958s, 2925m, 1625m, 
1575s, 156Om, 1475s, 1445s, 137Ow, 135Os, 1290m, 
1260m, 118Om, 116Ow, 108Om, 1060m, 102Os, 990s 
910m, 860m, 795s 758s 735s 695s, 680m, 618m, 
600m, 55Ow, 52Ow, 465m, 4OOm, 318s, 280s and 
250m cm-‘. 

(b) Trityl ethoxide (0.62 g, 2.2 mmol) in dichlo- 
romethane (30 cm3) was added to phenylimido 
tungsten tetrachloride dimer (0.9 g, 1 .l mmol) in 
dichloromethane (40 cm3), and the mixture was 
stirred for 4 h. The yellow-brown solution was fil- 
tered and the solvent removed to give a gummy 
material which produced a non-crystalline brown 
solid after extensive washing with petroleum ether 
and drying in vacua. (Found : C, 42.6 ; H, 3.7 ; N, 

*Atomic co-ordinates for the structure have.also been 
deposited with the Cambridge Crystallographic Data 
Centre for inclusion in their Data Base. Copies are also 
available on request from the Editor. 

1.4%. C&H2&16NOW (i.e. lW(NPh)Cl,(O- 
Et)][CPh,] - CH,Cl,} requires : C, 42.6 ; H, 3.5 ; N, 
1.8%.) A,(MeCN) = 81.7 R-’ cn?mol-‘. 

IR (smear) identical to that prepared under (a). 

X-ray data collection and structure solution 

A single crystal of 2 was sealed under nitrogen in 
a glass capillary and mounted on an Enraf-Nonius 
CAD4 diffractometer. Cell constants were deter- 
mined from a least-squares refinement of the setting 
angles of 25 reflections. 

Crystal data. CZ4H&12NZ06W2, M = 891.2, 
triclinic, space group PI, a = 9.637(2) A, 
b = 11.135(l) A, c = 8.016(l) A, c1 = 108.47(l)“, 
j = 105.51(l)“, y = 91.51(l)“, U = 780.4(4) A3, 
Z= l,d,= 1.90gcm-3,p(Mo-&) = 80.1 cm-‘.A 
total of 1915 independent data was collected 
(0,, = 22”) with MO-K, radiation using the ~-20 
scan mode. A variable o-scan width of 
(0.8 + 0.347 tan 0)’ was calculated for each reflec- 
tion as well as a variable horizontal aperture width 
of (1.80 + 1.20 tan 0) mm. A maximum scan time of 
50 s was set for each reflection where 0 G 18” but 
this was decreased to 40 s for the remainder of the 
data to speed up the collection. A marked drop in 
intensity of the three standards monitored was 
noted during data collection (final intensities had 
fallen to 65% of their starting value) and the data 
were scaled to take account of this. An empirical 
absorption correction was applied27 with maximum 
and minimum transmission factors of 0.999 and 
0.783, respectively. 

The structure was solved by the heavy-atom 
method and refined by a full-matrix least-squares 
technique with anisotropic thermal parameters 
assumed for all non-hydrogen atoms. Final R and 
R, values of 0.039 and 0.038, respectively, were 
calculated for the 167 variables and 1450 data for 
which F2 > 3a(F2). In the refinement the atoms 
of the phenyl ring were treated as a rigid group 
(C-C = 1.395 8, and C-H = 1.08 A). Hydrogen 
atoms were included in the calculations riding on 
the carbon atoms to which they were attached 
(C-H = 1.08 A) and with group temperature fac- 
tors determined for each of their various types. 
Atomic scattering factors were taken from the tabu- 
lations of Cromer and Mann:* and anomalous dis- 
persion corrections from Cromer and Liberman.29 
The function minimized was X W(lFO\ - IFJ)’ 
with the weight, W, being defined as 
0.9316/[02(F)+0.001898F2]. Final atomic co-ordi- 
nates with anisotropic thermal parameters, tables of 
calculated hydrogen sites and lists of F,/Fc values 
have been deposited with the Editor as sup- 
plementary material.* 
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Abstract-Complexes of the lanthanide ions, La3+, Eu3+, Ce3+, Yb3+ and Ho3+ as well as 
that of Y3+ with the ligand 2,2’-bipyrimidine have been prepared and their physico-chemical 
properties studied. 

Complexes of lanthanides with nitrogen-donor 
ligands of weak basicity have been known for some 
time. ‘-3 However, 2,2’-bipyridine,4,5 l,lO-phen- 
anthroline,6-8 terpyridine’ and 1,3,5-tri(2-pyridil)- 
2,4,6-triazineiO yield complexes whose thermal stab- 
ility is high, but were found to be unstable in aque- 
ous solution.8 Water often displaces the ligands to 
an extent that conventional physical methods in 
solution often fail to give information about the 
complexes. Nevertheless, phenanthroline has been 
shown to change the UV-vis spectra in water. Fur- 
thermore, the idea that oxygen donor ligands are 
more competitive towards the lanthanides has been 
shown to be erroneous provided the right solvent is 
chosen.12~‘3 

Uv-vis and IR spectra were recorded using Pye- 
Unicam SP8-100 and SP-300 spectrophotometers, 
respectively. NMR spectra were recorded on a 
Bruker WP8OSY instrument. A Harris meter was 
used for conductivity measurements. Elemental 
analysis was done by Butterworths Laboratories, 
England. 

Lanthanide complexes show exceptionally high 
coordination numbers and this was best established 
by X-ray crystallography.4.5 

2,2’-Bipyrimidine (bpm) has recently become a 
popular substitute for 2,2’-bipyridine in many metal 
complexes.‘4~‘5 Bpm also acts as a bridging ligand 
forming bimetallic complexes.‘4*‘5 In this work we 
report the preparation and characterization of bpm 
complexes with Y3+ and the lanthanides La3+, 
Ho3+, Ce3+, Eu3+ and Yb3+ 

175 

To a stirred solution of LaCl, - 6HzO (0.23 g, 0.6 
-mmole) in 20 cm3 of hot ethanol, was added a hot 
solution of bipyrimidine (0.19 g, 1.2 mmole) in etha- 
nol (15 cm3). A white precipitate appeared almost 
immediately. After 2 min of stirring, the mixture 
was cooled and filtered. The solid was washed with 
hot ethanol (twice), ether, and dried by suction. The 
yield was 0.25 g (66%). The complex does not melt 
or decompose up to 350°C. 

EXPERIMENTAL 

2,2’-Bipyrimidine (Lancaster Synthesis) was 
recrystallised from benzene. All metal salts were 
purchased from Laborat and used without further 
purification. All solvents were AR grade. 

*Author to whom corresponde.nce should be addressed. 

The elemental analysis for the complexes is 
shown in Table 2. Although the exact coordination 
number and structure cannot be determined from 
any of the physical measurements done in this work, 
it can be safely assumed that Y3+ and Eu’+ com- 
plexes have a bridging bipyrimidine with two metal 
centres. These were the only bimetallic species we 

The ligand 2,2’-bipyrimidine was reacted with the 
lanthanide salts listed in Table 1 under the given 
conditions. The pale yellow Ce3+ complex melts 
and resolidifies at 330°C while all other complexes 
do not melt or decompose below 350°C. 

LaCI, - 6H20 

RESULTS AND DISCUSSION 
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Table 1. Synthesis of the complexes in ethanol 

Lanthanide 
salt 

Ligand to metal 
mole ratio 

Reaction time 
and condition Purification Yield 

HoCl, - 6H,O 

YbC& - 6H20 

EuCl, - 6Hz0 

Ce(NOs)s - 6Hz0 

YCl, - 6H*O 

1 :l 

1 :l 

2~3 

1 :I 

1 :l 

hot stirring ; 
10min 

reflux; 1 h 

hot ; 2 min 

reflux ; 30 min 

hot stirring ; 
90 min 

wash with ethanol 

crystallize from 
ethanol 

wash : hot ethanol 
and ether 

wash : acetone, 
ether 

wash : ethanol 

52% 

35% 

47% 

82% 

73% 

Table 2. Elemental analyses of the metal complexes 

Compound 
%C %H %N 

Found (Calc.) Found (Calc.) Found (Calc.) 

La(bpm),Cl, - 3H,O 31.2 (31.0) 3.3 (3.0) 18.3 (18.2) 
Ho(bpm),Cl, - 6Hz0 27.6 (27.5) 3.4 (3.4) 16.2 (16.2) 
Yb(bpm)&13 - 7H,O 26.2 (26.6) 3.4 (3.6) 15.6 (15.5) 
Euz(bpm),C1,*8H,0 25.0 (25.4) 3.0 (3.0) 14.8 (14.8) 
Ce(bpm)3(N03)J * 2&O 29.4 (28.9) 2.7 (2.4) 22.1 (22.7) 
Yz(bpm)G * 7Hz0 28.8 (29.1) 3.4 (3.3) 17.4 (17.0) 

Table 3. W-vis spectra and conductivities of the complexes in DMF 

Compound 
EX 10-3 AlI 

&mole-’ cm-‘) (ohm-’ cm2 mol-‘) 

2,2’-bipyrimidine 

La(bpm),Cl, * 3H,O 

Ho(bpm),Cl, - 6H20 

Yz(bpm)3C& * 7H,O 

Eq(bpm),Cl, - 8Hz0 

Yb(bpm),Cl, - 7H,O 

Ce(bpm)3(N03)3 - 2I-W 

288 (sh) 0.99 - 

266 2.38 - 

290 1.50 94 
266 2.90 - 

291 1.62 84 
266 3.19 - 

290 1.72 153 
266 3.33 - 

288 2.05 168 
266 4.18 - 

292 1.17 63 
266 2.55 
289 2.82 130 
266 3.76 
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Table 4. Proton NMR spectra of complexes“ 

2,2’-bipyrimidine(32) d : 9.21 ; t : 7.78 
La(bpm),Cl, * 3Hz0 d : 9.24 ; t : 7.77 
Eu,(bpm),Cl, * 8H,O d : 9.20 ; t : 7.95 
Y,(bpm),Cls - 7H,O d:9.10; t:7.72 
Wbpm)3W%)3 - 2I-W d : 9.00 ; t : 7.66 
Yb(bpm),C13 * 7H,O d : 9.13 ; t : 7.76 
Ho(bpm),Cl, - 6Hz0 d : 8.42 ; t : 7.32 

d = doublet, t = triplet. 
“Chemical shifts are in 

DMF. 
ppm, solvent is deuterated 

could obtain. Attempts to prepare pure bimetallic 
species from the other five salts failed. The tendency 
to form bimetallic species could be explained by 
weak o-bonding and favourable rc-bonding. When 
a metal atom is attached on one side of the ligand, 
strong a-bonding withdraws the charge density 
from the ligands thus making the non-bonding elec- 
trons on the other side less available for complex- 
ation. x-back donation would have the opposite 
effect. Thus weak a-bonding and/or stronger rr- 
bonding (and favourable mole ratios) seem to 
favour the bimetallic Eu3+ species over the other 
lanthanides studied. Y3+ has a noble gas configur- 
ation with no f or d orbitals capable of exhibiting 
ligand field stabilisation. Hence an overall weak 
bonding tends to retain the charge density on the 
ligand allowing formation of a bridge between the 
two Y3+ centres. 

Table 3 shows W bands for the complexes. Since 
the complexes show the free (bpm) spectrum in 
water, DMF was used as the solvent. The bands in 
bpm are assigned as rr,n* (266 mn) and n,rr* (288 
nm) based on experimental’4*‘5 and theoretical 
results.16 The intensity of the bands increases and 
only small shifts in the n,n* transition are observed. 
This indicates that the metal-ligand bonds, though 
existent in DMF, are probably weak (and of course 
non-existent in water). This result is also consistent 
with the NMR chemical shifts (Table 4) which differ 
only slightly from bpm except for the fact that Yb3+ 
and Ho3+ give broader and less-resolved spectra. 

The best evidence for the existence of the complex 
species in DMF comes from conductivity (Table 3). 
La3+, Ho3+ and Yb3+ yield results indicating a 1 : 1 
electrolyte ratio, with two chlorines within the coor- 
dination sphere. Europium, cerium and yttrium 
give results consistent with a 2 : 1 electrolyte ratio, 
thus confirming the complexed species and the num- 
ber of coordinated anions (four for Cl- in Eu and 
Y; one NO; for Ce). By contrast the conductivity 
in water is much higher due to free salts (for 
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example, the europium complex yields a molar con- 
ductivity of 897 ohm-’ cm* mol-’ indicating the 
dissociation into two Eu3+ (hydrated) and six Cl- 
ions). 

The high thermal stability of the solids and the 
lability of the complexes in water is consistent with 
bpy and phen results.1”*1Z~13 

The IR results are shown in Table 5 for the solids 
in KBr discs. By comparison with bpm the v(eN) 
band in the ring increases in frequency except for 
Ce (decreases by 1 cm-‘). The effect varies from 
a shift of 2 ctr-’ in La and Ho to a maximum 
of 12 cm-’ in Yb. The rise in this frequency is 
due to complexation.17-‘g Sigma bonding (as in pro- 
tonation) causes a rise in the frequency while a- 
bonding causes a decrease.17 The small effect in the 
present complexes compared to those of Pt, Pd, OS 
and Rh’5,20*21 is ascribed to weaker bonding. The CN 
band is broadened in the complexes and therefore 
masks the M band (1547 cm-’ in bpm). Other 
bands in the table show varying degrees of shifts, 
the biggest being in the ring breathing mode (1029 
cm-’ in bpm). Bands in the regions 3300-3500 cm-’ 
and 1625-1640 cm- ’ are due to lattice and coor- 
dinated water. A band in the range 500-750 cn-’ 
is usually assigned to coordinated water.22 In our 
case such a band might very well be the band around 
685 cm-’ (of varying strength) which appears in 
all complexes except that of yttrium. The cerium 
complex shows an y(N--O-N) at 1320 cn-’ in- 
dicating uncoordinated NO; and y(N-O-N) 
at 1546 cm-‘(s) indicating a mono-coordinated 
NO; .I4 

In conclusion, we have been able to extend the 
behaviour of 2,2’-bipyridine towards lanthanides to 
the ligand 2,2’-bipyrimidine. The latter’s bridging 
properties have also been made use of in the case 
of two complexes. X-ray analysis of the solid 
complexes should determine the high coordination 
number expected by comparison to those of 2,2’- 
bipy~dine.4J,'Zl3 
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Abstrac&--The preparation and structure of two so-called aqua-hydroxo double salts of 
cobalt(II1) are reported. X-ray structural analysis showed the compounds not to be double 
salts of two distinct mononuclear cations but to contain one binuclear cation in which the 
two equivalent cobalt atoms are bridged by a hydrogen oxide ligand @-H,O,). 

Compound 1, truns-{ [Co(en),NO&(H302)} (ClO& - 2Hz0 forms monoclinic crystals, 
space group P2,/n, with a = 12.098(2) A, b = 8.981(l) A, c = 14.415(2) A, B = 93.39(2)“, 
V= 1563(l) A’ and Z = 2. Compound 2, truns-{[Co(en),NCS]z(H30~)j(CF$O~)3*H20 
forms triclinic crystals, space group PI with a = 12.864(2) A, b = 14.429(2) A, c = 11.177( 1) 
A, dl = 105.21(3)“, /I = 100.33(2)“, y = 65.96(2)“, V = 1822(l) A’ and Z = 2. 

The two structures were refined by least-squares methods to residuals of R = 0.077, 
R, = 0.087 and R = 0.063, R, = 0.069, respectively. In 1, the dimer resides on a crys- 
tallographic inversion center and the 0 * . . 0 separation in the H302 bridge is 2.412 (9) A. In 
2 there is no crystallographic symmetry imposed upon the dimer but the two Co-O(H,O,) 
distances are identical within the experimental error. The 0 * * .O length in the H302 unit is 
2.415(6) A. 

The structural features of classical hydroxoaqua 
ions [ML,(H,O)OH](“- ‘)+ were reported recently.’ 
These ions, which may be obtained by neu- 
tralization of the diaqua ion [MLd(H,O)$+ with 
one equivalent of OH- ions, are not mononuclear 
in the crystalline state, but binuclear or polynuclear. 
Each metal atom in these species is bridged 
by two hydrogen oxide ligands (H302) to neigh- 
boring metal atoms: cis-hydroxoaqua ions are 
doubly bridged dimers, [L~M(HsO,),ML,]‘(“- I)+, 
while trans-hydroxoaqua ions form chains of 
metal atoms linked by single H302 bridges 
* * * M(Ld)(H30,)M(L,)(H30z) * * * .l The centered 
hydrogen bond between the two oxygen atoms of 

‘Author to whom correspondence should be addressed. 

the H302 ligand is short’** and very strong.3 Hydro- 
gen oxide bridging between the metal atoms persists 
in concentrated aqueous solutions.4 

Neutralization of a monoaqua ion such as 
[ML,(H,O)r+ by one equivalent of OH- produces 
the classical, mononuclear hydroxo ion 
~L,(OH)](“- ‘I+. If less than one equivalent of 
OH- is added, a mixture of monoaqua and 
monohydroxo ions is obtained, and at pH = pK= 
the ratio of these two species is, of course, 1: 1. 
When such a 1: 1 solution is concentrated, 
either the salt of the aqua ion or that of the 
hydroxo ion will crystallize, depending on their 
relative solubilities. However, in some cases 
neither the aqua salt nor the hydroxo salt but an 
‘aqua hydroxo double salt’ such as [Co(en), 
(OH2)N,][Co(en)2(OH)N3](C104)3 will precipi- 
tate.’ The results of our earlier work’ raised the 
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possibility that these so called double salts were sym- 
metric binuclear ions bridged by a single H302 
ligand. The present investigation was undertaken 
to test this assumption. Herein, the preparation and 
structure of two typical ‘double salts’ trans- 

{[Co(en)i(N0211*(H302)} (C1O.h * 2H2Q 1 and 
t~~~-{[Co(en)~(NCSll~(H30~)}(CF3S03)3 -HdX 2 
are reported. 

EXPERIMENTAL 

Preparations 

trans-([Co(en),NCI&(H,O,)}(ClO& * 2Hz0, 1. 
To trans-[Co(en)2(NO&N03)]N036 (5.9 g) in Hz0 
(30 cm3) were added NaOH (1.35 g) and NaCIO, 
(10 g). After 10 min, 2.13 cm3 of HC104 70.0% were 
added. The golden crystalline precipitate, which 
began to form immediately, was filtered after 1 h 
and washed with ethanol and ether. Suitable crys- 
tals for the X-ray study were obtained from the 
filtrate at 0°C after 24 h. 

trans-{ [Co(en)ZNCS],(I-130$> (CF,SO,), * H,O, 2. 
A solution of trans-[Co(en),(NCS)OH]NCS * 
Hz07 (5.0 g) in HClO, (4 M, 15 cm3) was neutral- 
ized to pH x 7 with NaOH (4 M, 17 cm3), where- 
upon trans-([Co(en),(NCS)]2(H303}(C103)3 *Hz0 
(5.3 g, 85%) crystallized. The product was 
washed with ethanol and ether, and air-dried. Re- 
crystallization from a saturated aqueous solution 
using NaClO, (5 M) precipitant and cooling 
yielded red prisms. Found: C, 14.5; H, 4.4; N, 
16.8; S, 7.8; Cl, 13.0%. Calc. for CO~C,,,H~~N~~ 
C130&: C, 15.54; H, 4.52; N, 16.97; S, 7.77; 
Cl, 12.88%. Its visible absorption spectrum in 
water (self-buffered) was exactly intermediate be- 
tween those in 0.01 M HC104 [h&538) = 
184.61 and 0.01 M NaOH [a,_(508) = 99.01 
indicating that the solution consisted of a 1: 1 
mixture of the hydroxo and the aqua ions with no 
evident interaction between them (see discus- 
sion section). Crystals of the Cl07 salt were found 
to be unsuitable for an X-ray study. A small 
sample (0.05 g) was dissolved in 10 cm3 of 
NaCF,SO, (2.5 M) and the solution was kept at 
4°C. Red prisms of 2 were obtained after 24 h. 

Two other complexes of the same group 
[Co(en)ZA]z(H302)(C104)3 were prepared, A = 
NT,‘~ CN-,5b but suitable crystals for. X-ray 
studies could not be obtained. 

X-ray crystallography 

Crystallographic data and other pertinent infor- 
mation are given in Table 1. Data were measured 
by using a w28 motion. The scan width, Aw, for 

each reflection was 1” with a scan time of 20 s. 
Background measurements were made for another 
20 s at both limits of each scan. Three standard 
reflections were monitored every 60 min. No sys- 
tematic variations in intensities were found for 
either compound. For each crystal, Lorentz and 
polarization corrections were applied. For 1 and 
2, $-scans of several reflections indicated that no 
absorption corrections were necessary. The heavy 
atom positions in 1 and 2 were obtained from a 
three-dimensional Patterson function.8 

In 1, anisotropic thermal parameters were used 
for all non-hydrogen atoms of the complex and for 
the perchlorate chlorine atoms. All the perchlorate 
oxygens were refined isotropically. There are two 
kinds of perchlorate ions in the asymmetric unit, 
both exhibit twofold disorder. The first, Cl(l), is 
disordered about the crystallographic inversion 
center at 0, 4, 0. The two disordered tetrahedra 
share one edge [O(l l)-0(1 I’)]. The chlorine and 
two of the oxygen atoms, 0( 12) and 0( 13) were 
refined with a half occupancy factor and 0( 11) with 
a full one. The difference Fourier map showed that 
the central chlorine atom, C1(2), of the second per- 
chlorate ion was surrounding by eight peaks, indi- 
cating a twofold disorder of the oxygen atoms. Each 
of the two disordered ClO; units at this location 
was treated as a rigid body with a fixed Cl-O 
distance of 1.50 A. The eight oxygen atoms [0(14) 
through 0(21)] were refined with a half occupancy 
factor and Cl(2) with a full one. 

Hydrogen atoms of the en ligands were intro- 
duced at calculated positions as fixed contributions 
to F. The two hydrogen atoms of the H302 ligand,- 
H(1) and H(2) were located from the difference 
Fourier map. H(1) was found to reside on a crys- 
tallographic inversion center at 0, :, f. H(1) and 
H(2) were introduced in fixed positions and their 
thermal parameters were included in the least- 
squares refinement [U = 0.05(3) and 0.09(5), 
respectively]. 

In 2, anisotropic thermal parameters were used 
for cobalt, sulfur, fluorine and oxygen atoms and 
isotropic ones for all carbon atoms and for the 
oxygen atom of the lattice water molecule, OL. The 
two terminal hydrogen atoms of the H30; unit, 
H(1) and H(2) and all the amine hydrogen atoms 
of the en ligands were located from the difference 
Fourier map and their positional parameters were 
included in the final cycles using the riding model. 
The positions of the methylene hydrogen atoms in 
the en ligands were calculated and were included in 
the final cycles as fixed contribution to F. The ther- 
mal parameter for all the hydrogen atoms was 
U = 0.05. The structure was retied using two 
blocks, the first included all the atoms of the dimeric 
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Table 1. Crystallographic data’ 

Formula 
FW ” 
Space group 

ahb 
b (A) 
c (A) 
a (deg) 
B (deg) 
Y (deg) 
v (A3) 
z 
d (talc.) (g cm-‘) 

p (cm’) 
Crystal color and habit 
Crystal size (mm) 
Range of 26 (deg) 
Observations 
Systematic reflection absences 

No. of data collected 
No. of unique data 
Data with F,’ > 30(F,2) 
R 
& 

Compound 1 

C&~&~ZH~~N,@B, 
819.67 

P2rln 
12.098(2) 
8.981(l) 
14.415(2) 
- 

93.39(2) 
- 

1563(l) 
2 
1.741 
13.26 
orange prisms 
0.33 x 0.50 x 0.65 
3-50 
+k, k, I 
hOl,h+I=2n+l 
OkO,k=2n+l 
3068 
2724 
2202 
0.077 
0.087 

Compound 2 

C&oJV&N,JG% 
974.66 
PT 
12.864(2) 
14.429(2) 
11.177(l) 
105.21(3) 
100.33(2) 
65.96(2) 
1822(l) 
2 
1.776 
12.23 
red prisms 
0.36 x 0.30 x 0.25 
345 
fk, fk, I 
- 
- 

4663 
4663 
3126 
0.063 
0.069 

‘Data were collected at 20+ 2°C on a PW 1100 Philips four-circle diffractometer using MO-K, 
(A = 0.71069 A) radiation monochromatized by a graphite crystal. 

‘Unit cell dimensions were obtained by a least-squares fit of 25 reflections in the range 
12” < 6 < 16”. 

cation and the crystal water oxygen OL and the 
second included all the atoms of the three CF3- 
SO; ions. Values of the atomic scattering factors 
and the anomalous terms were taken from the con- 
ventional sources9 

The discrepancy indices RI = 1 11F03,1 - IF,II/c IF01 

and R, = [I w(lF,I - IF,l)*/~ wIF~I~]“~(w = l/a’lF;l) 

are listed in Table 1. Lists of atomic positional 
and thermal parameters and observed and calcu- 
lated structure factors 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 Centre. 

RESULTS 

Compound 1: trans-[Co(en)2(N02)]2(HJO~(C104)3 * 
2H20 

The bond distances and angles are presented in 
Table 2. Figure 1 shows the numbering scheme of 1. 

With Z = 2 in space group R&/n there is only half 
a {[Co(en)2(N02)]2(H,02)} 3+ ion in the asymmetric 
unit, with the other half related to it by a crys- 
tallographic inversion center at 0, & 4. This inversion 
center is located midway between the two oxygen 
atoms of the hydrogen oxide unit (01 and 01’). 
There are six perchlorate ions in the cell. Four 
occupy general positions and two reside on twofold 
crystallographic inversion centers. All these per- 
chlorate units are subjected to a twofold disorder as 
described in the Experimental section. 

The 0 * * + 0 separation and other relevant dis- 
tances and angles concerning the H30; units are 
listed in Table 4. 

Compound 2 : trans-[Co(en),(NCS)],(H,02)(CF3- 
SO93 * Hz0 

Table 3 gives the important bond lengths and 
angles. Figure 2 shows the numbering scheme in the 
dimer. With Z = 2 in the cell of space group PT there 
is no crystallographic symmetry imposed upon the 
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Table 2. Important bond lengths (A) and bond angles (“) for 1 

Co--o(l) 
Co-N( 1) 
Co-N(2) 
Co-N(3) 
Co-N(4) 
Co-N(S) 

0(1)--0(1) 
0(1)-H(l) 
0(1)-H(2) 
0(2)-N(l) 
0(3)-N(l) 

O(l)-Co-N(1) 
O(l)-Co-N(2) 
0(1)-C+N(3) 
O(l)--co-N(4) 
O(l)-Co-N(5) 
N(l)-Co-N(2) 
N(l)-Co-N(3) 
Ntl)-Co-N(4) 
N(l)-Co--N(5) 
N(2)-Co-N(3) 
N(2>-Co-N(4) 
N(2)-Co-N(5) 
N(3)-Q-N(4) 
N(3)--Co-N(5) 
N(4)-=-N(5) 
Co-C(l)-H(2) 
Co--CV)-W)’ 

Bond lengths 

1.906(6) N(2)--C(l) 
1.900(7) N(3>-C(2) 
1.947(7) N(4)-C(3) 
1.954(7) N(5>--C(4) 
1.952(6) C(WC(2) 
1.950(7) C(3VJ4) 
2.412(9) Cl(l)--o(ll) 
1.206(6) Cl(l)-o(11) 
0.817(6) Cl(lWW2) 
1.21(l) Cl(l)-W3) 
1:224(9) 

Bond angles 

178.7(3) Co-N(lWV2) 
90.5(3) Co-N(l>-o(3) 
87.7(3) 0(2)-N(l)-o(3) 
91.1(3) Co-N(2)-W) 
89.7(3) Co-N(3)+2) 
88.7(3) Co-N(4t--c(3) 
91.2(3) Co-N(5>--c(4) 
90.0(3) N(2)-W)-C(2) 
91.1(3) N(3>--C(2)-C(l) 
85.9(3) N(4)--C(3>-C(4) 
93.2(3) N(5)-C(4)-C(3) 

179.4(3) 0(11)-C1(1)--0(11) 
178.4(3) O(1 l)-Cl(l)-W2) 
94.7(3) Wl~l(l)--o(l3) 
86.2(3) 0(11)‘-C1(1)-0(12) 

127.3(6) 0(11)‘-C1(1)-0(13) 
129.8(3) 0(12)-~1(1~(13) 

WFWF-WY 97.9(5) 

1.46(l) 
1.47(l) 
1.48(l) 
1.48(l) 
1.46(l) 
1.51(l) 
1.50(l) 
1.55(l) 
1.51(l) 
l&(2) 

120.3(6) 
121.4(6) 
118.3(7) 
110.1(6) 
109.2(7) 
108.4(6) 
110.4(6) 
110.5(9) 
109.2( 1) 
109.2(8) 
105.9(8) 
95.8(7) 

114.4(9) 
115.7(l) 
114.2(8) 
115(l) 
102( 1) 

complex. Structural features concerning the H30; (O$CF,) with distances of 2.86( 1) 8, and 2.89( 1) A, 
bridge are summarized in Table 4. The CF$O: ions respectively. 
are hydrogen bonded through the oxygen atoms to 
en nitrogen atoms with 0 * . * N distances in the nor- 
ma1 range of 2.90-3.00 A. The two terminal hydro- 

DISCUSSION 

gen atoms of the H30; unit form two hydrogen A double salt formulation for compound 1, 

bm-k : WI-W9 (QSCFd and WI-W) [Co(en),(NO~)(H,O)I[Co(~),(NO~)(OH11(C10~)3 * 

Fig. 1. The structure of trans-[N0,(en),Co(HP0,)Co(en)zNO~3+ as found in 1. The thermal ellipsoids 
are of 50% probability. The hydrogen atoms were given an arbitrary thermal parameter. 
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Table 3. Important bond lengths (A) and bond angles (“) for 2 
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WlW(l) 
Wll-N(l) 
Co(l>--N(2) 
Co(lWV3) 
Co(l)-N(4) 
Co(l)-N(5) 
Co(2W(2) 
CO(~)-N(6) 
Co(2)-N(7) 
CO(~)--N(8) 

W)--co(l>-N(1) 
WWo(l)_N(2) 
O(lkCo(lFN(3) 
W)--co(l>-N(4) 
O(l+Co(l)_N(5) 
N(l)-Co(ltiN(2) 
N(l)-Co(ltiN(3) 
N(l>-Co(l>-N(4) 
N(l)-Co(l)_N(5) 
N(2)--Co(l)_N(3) 
N(2>--Co(l>-N(4) 
N(2)-Wl>-N(5) 
N(3)--Co(l)_N(4) 
N(3)--Co(l)-_N(5) 
N(4)-Co(l+N(5) 
0(2)--co(2FN(6) 
0(2>--co(2tiN(7) 
0(2)-Co(2)-N(8) 
0(2)--co(2tiN(9) 
0(2WJo(2tiN(lO) 

Bond lengths 

1.911(5) CO(~)-N(9) 
1.887(7) CO(~)-N(10) 
1.948(9) S(l>--c(l) 
1.952(7) g(2W(6) 
1.961(9) WW-I(l) 
1.944(6) 0(2)--H(2) 
1.916(5) O(lW(2) 
1.882(7) N(l)-C(l) 
1.949(8) N(6PV) 
1.940(7) 

Bond angles 

178.7(4) N(6>--Co(2)_N(7) 
90.9(3) N(6)--Co(2)_N(8) 
91.4(4) N(6)-Co(2tiN(9) 
89.1(3) N(6)-Co(2>-N(lO) 
89.0(3) N(7)-Co(2)-N(8) 
88.8(4) N(7)-Co(2)-N(9) 
89.8(4) N(7)-Co(2tiN(lO) 
91.2(4) N(8)--Co(2)-N(9) 
89.7(4) N(8)--Co(2)_N(lO) 
86.0(4) N(9>--Co(2>-N(l0) 

179.5(4) Co(lW(l)_H(l) 
93.7(4) Co(2>--0(2)_H(2) 
93.5(4) H(l>-0(1>-0(2) 

179.5(3) O(lW(2WU2) 
86.8(4) Co(lt--o(l)-W2) 

179.0(3) Co(2>-0(2)--0(1) 
89.9(3) Co(l)-N(l)-C(l) 
87.9(3) Co(2)_N(6)--C(6) 
91.0(3) 8(1)-W)-N(1) 
91.5(3) 8(2)-C(6)_N(6) 

1.960(8) 
1.952(7) 
1.62(l) 
1.62(l) 
1.067(9) 
0.959(8) 
2.415(6) 
1.14(l) 
1.17(l) 

89.4(4) 
91.4(4) 
89.7(4) 
89.2(4) 
86.8(4) 

178.8(4) 
93.8(4) 
94.0(4) 

179.2(4) 
85.5(4) 

103.1(7) 
106.1(7) 
117.9(6) 
107.7(7) 
135.9(3) 
132.3(3) 
171.0(9) 
166.5(8) 
178(l) 
178.8(l) 

2H20, implies the existence of two distinct cationic NCS). The two cobalt atoms in this cation have 
species in the crystal, an aqua ion and a hydroxo ion, identical coordination spheres. They have the fea- 
having two different Co-O distances. Structures 1 tures of neither a hydroxo nor an aqua ion. The 
and 2 are not of this hind. They are delkitely not Co-O(H,OJ distance, is intermediate between 
double salts, but salts of a single unique, binuclear those found in hydroxo and aqua ions. In 1 the two 
cation [(en)2XCo(H302)CoX(en)rj3+ (X = NO,, M-O(H,O,) distances of 1.906(6) 8, are symmetry 

Fig. 2. The structure of truns-[SCN(en),Co(H,O,)Co(en),NCS]’+ as found in 2. The thermal ellipsoids 
are of 50% probability. The hydrogen atoms were given an arbitrary thermal parameter. 
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Table 4. Structural data for 1,2 and other compounds containing H302 bridges 

Compound 

1, trans-([Co(en),(NO,Il,(H,O,))(C104)3 * 2WJ 
2, trans-{[Co(en),(NCS)lz(HsOz))(CF,SO,h * I-W 

tram-[Co(en),(H,O,)](ClO&’ 
{[Mo302(pr)6(H20)~2(H303)Br3 * 6H201’ 

Distance (A) M-O...O-M 
torsional 

O-O(H,O,) M-O(H,Od M-M angle (deg) 

2.412(9) 1.906(6) 5.67 180 
2.415(6) 1.911(5) 5.77 174.3(4) 

1.916(S) 
2&l(2) 1.916(l) 5.72 180 
2.52(l) 2.009(7) 5.63 180 

related whereas in 2 they are identical within the 
experimental error-1.9il(5) 8, and 1.916(5) 8, 
(Table 4). These distances are shorter than the aver- 
age distance reported for the Co-O(H,O) bond 
(1.94 A)‘” but slightly longer than the Co-O(OH) 
distance (1.89 A).” Due to the limitation of the 
X-ray technique, the exact position of the central 
hydrogen atom in the H30; bridge cannot be lo- 
cated. However, the fact that the two M-O(Hs02) 
distances in both structures are identical supports 
the assumption that the 0. . . H * - * 0 bond is sym- 
metrical. 

The 0 -. .O distances in the H90; bridges of 1 
and 2, 2.412(9) A and 2.415(6) A, respectively, are 
significantly shorter than those found in other com- 
pounds with H30; bridges (2.44-2.54 &.‘~” The 
decrease in the 0 - * * 0 separation is possibly the 
result of an inductive effect of the electron with- 
drawing NO; and NCS- ligands in the tram 
position. From Table 4 it can be seen that the tor- 
sional angle of the M-O * - * O-M system in 1 and 2 
is 180” and 174.3(4)“, respectively. This arrangement 
yields the longest M-M distances and the smallest 
interactions between the two positively charged 
metal centers. The same angle was found in other 
H30; bridged complexes of mono- and poly- 
nuclear species.‘,” 

Structures 1 and 2 are, as far as we know, the 
first reported structures of classical aqua-hydroxo 
‘double salts’. The binuclear H30; bridged struc- 
ture found in these compounds may be expected in 
other so-called double salts, because the strong H- 
bond of the H30; bridge (N 100 kJ mall ‘)’ makes 
this structure more stable than a hypothetical spec- 
ies with distinct mononuclear hydroxo and aqua 
ions. However, before the general role of H302 
bridging in coordination chemistry was outlined,’ 
a double salt formulation such as [Co(en), 
(NO,)OH] - [Co(en),(NO,)H,O](ClO& seemed to 
be more justified than a symmetric formulation 
such as [Co(en),(OH)(NO&(ClO& - HC104 which 
would imply the existence of an acid salt of a 

hydroxo-complex. The authors were therefore 
pleasantly surprised to tind, while preparing this 
manuscript, a paper by Alfred Werner ( 1907)13 
which proposed an essentially correct formulation 
for this class of compounds, later mistaken for double 
salts. This paper, bearing the title “Uber anomale 
anorganische Oxonium Salze, eine neue Klasse 
basischer Salze” (on anomalous oxonium salts, a 
new class of basic salts) reports the composition of 
basic salts of tr~ns-[Co(NH,),(N0,)H~0]~+. The 
structure proposed by Werner for the chloride salt 
was : 

Werner’s idea that a hydrogen atom may be bonded 
to two (or more) oxygen atoms was proposed in 
an even earlier paper (1902), where the idea of a 
symmetric hydrogen bond was first used although 
not explicitly.r4 It is remarkable that Werner applied 
the idea of hydrogen bonding to structural prob- 
lems as early as 1902, long before it was fist put 
forward by Latimer and Rodebush as an explan- 
ation of the physical properties of water and related 
liquids. l5 

It was recently shown4 by Three-Phase Vapor 
Tensiometry (TPVT) that in moderately con- 
centrated aqueous solutions (-0.1 M) the ion 
[Cr(bpy)z(H,0)(OH)]2+ is in equilibrium with a sig- 
nificant proportion of the binuclear ion [(bp~)~ 
Cr(H302)2Cr(bpy)d4+. This doubly bridged dimer 
is dissociated completely at lower concentrations.16 
Solutions of two other cis-hydroxoaqua ions 
were shown to have the same property.17 In view 
of these results, it was of interest to consider the 
existence of singly bridged binuclear ions such as 
{Co(en)2(N02)]2(H302)}3+ in solution. Preliminary 
results of TPVT measurements of the perchlorate 
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salt of this ion suggested that at comparable con- 
centration (- 0.1 M) such binuclear ions do not 
exist.r7 This result is supported by the spectrum 
of the double salt in solution which failed to 
indicate any interaction between the aqua-ion 
and the hydroxo-ion (see Experimental section). 
The higher thermodynamic stability of a doubly 
bridged dimer in solution, compared to a singly 
bridged dimer, is the result of two factors: the 
higher bond energy of the former, which possesses 
two very strong H-bonds (compared to one in 
the latter), and the chelate effect. 
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Abstract-The structure of the first U(II1) macrocyclic coordinated complex, v(III)(BH,), 
dicyclohexyl-(18-crown-6)],U(IV)Cl,(BH,) (complex I), has been determined from three- 
dimensional X-ray diffraction data. The metal atom in trivalent state is inserted in the 
crown cavity as a monovalent cation [U(BH,)J+. This compound resulted from a partial 
oxidation in a dichloromethane solution of U3(III)(BH,)g[dicyclohexyl-( 18-crown-6)], 
(complex II). 

EXAFS analysis performed on powdered sample of the homologue of complex II, 
U,(BH,),[ 18-crown-61, (complex III) has shown the presence of carbon atoms in the vicinity 
of the uranium atom and hence has proved that all the oxygen atoms of the crown-ether 
are directly coordinated to the metal. 

In parallel, an EXAFS study on the uranyl complex U02( 1 8-crown-6)(C10,)2 (complex 
IV) has verified the insertion of the uranyl ion in the solid state, and given evidence for its 
partial de-insertion in an acetonitrile solution. 

Insertion of uranium in macrocyclic crown-ethers 
has been proved in solution for the valencies VI,’ 
V,2 IV3 and III.4 However, insertion in the solid 
phase has been shown only for VI’ and IV3*6 val- 
encies by X-ray crystal structures. A variety of 
crown-ether complexes of uranium(II1) have been 
studied in the powder state,4*7-10 but little evidence 
exists to support the idea that direct coordination 
of uranium to the oxygen atoms of the crown cavity 
has been achieved, due to the great difhculty in 
obtaining and keeping crystals of these very 
unstable compounds. 

From a dichloromethane solution of U3(BH4)9 
(dcc)24 [dcc = dicyclohexyl-( 18-crown-6)] (com- 
plex II), a partially oxidized product, [U(III) 
(BH4),dcc],[v(IV)Cl,BH4] has been crystallized 
(complex I). The formula has been established from 

the single crystal diffraction analysis presented in 
this paper: two oxidation states, (III) and (IV), 

* Author to whom correspondence should be addressed. 

coexist in the compound. Coexistence of (IV) and 
(VI) oxidation states have been observed previously 
in the oxidized product [U(IV)C1,(18-crown-6)1, 
[U(VI)02C13(OH)(H20)] - CH3N02 ;6 in both cases 
the uranium inserted in the crown-ether has kept 
its initial oxidation state. 

Since no suitable crystal of either of the com- 
pounds U3(BH4)gdcc2 or U3(BH4)g(18-crown-6)2 
could be obtained, we have studied the latter in the 
powder state with extended X-ray absorption fine 
structure (EXAFS) analysis at the uranium L(II1) 
absorption edge. This technique leads to deter- 
mination of the radial environment of the uranium 
atom ;” consequently it may show the presence of a 
carbon shell around the absorbing metalr2-14 which 
would support the idea of the insertion of the uran- 
ium(III) into the crown-ether. We have chosen to 
analyse the compound U3(BH4)9(18-crown-6)2 with 
the unsubstituted crown since it was expected to 
give a simpler EXAFS spectrum. 

To determine the number of neighbours and their 
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distances to the uranium atom, we needed standard 
compounds with known structures close to those of 
studied compounds. U(BH&” and UOz( 1 &crown- 
6)(ClO&’ (complex IV) were chosen for this 
purpose, though the latter does not have X-ray 
determined distances (the direct complexation of 
uranyl by the 18-crown-6 is known, but twinned 
crystals have rendered a structure solution to deter- 
mine the U-O and U-C distances impossible). 
U-O distances for this complex have been 
obtained from EXAFS using U02(CH2C00)3Na’1 
as a standard compound. We have considered 
U-C distances as being the same as those found 
in the insertion complex [UO,(18-crown-6)(dc~)].~ 
The similar configuration of macrocycles (1% 
crown-6)‘j and dcc,’ when they are complexed with 
the cation UCl:, provides a justification for this 
extrapolation. All EXAFS results refer to the par- 
ameters attributed to the solid [UOz(18-crown- 
6)(ClO.,)J (complex IV). EXAFS spectra of this 
complex in the solid phase and in an acetonitrile 
solution have been compared to test the power of 
this technique to prove the metal insertion in a 
macrocyclic ligand in our experimental conditions 
[in solution UOz(18-crown-6)(ClO& is known to 
be an insertion complex’]. 

EXPERIMENTAL 

Complexes II, III and IV were prepared as pre- 
viously described. ‘v4 The solutions studied either in 
acetonitrile (complex IV) or dichloromethane (com- 
plex II) were saturated. Numerous attempts at 
recrystallization were performed to obtain suitable 
single crystals of complex I. 

Structural X-ray analysis 

X-ray data for complex I. U3(BH4)ClS 
(06C&H3&: M = 1710, tetragonal Pa, a = 18.227 
(7) c = 9.757(2) A, V = 3241 A3, 2 = 2; pcalc = 
1.75 Mg md3, ~(Mo-K,) = 7.34 mm-’ ; brown 
single crystal of approximate dimensions 
400 x 250 x250 pm mounted in a capillary in 
an argon atmosphere. 3250 intensity data were re- 
corded (1.5” < 8 < 25”) on a CAD4 diffractometer 
using graphite-monochromated MO-K, radiation 
with o/28 scans. Intensities weremonitored by three 
standard reflections every hour and orientation 
checked every 50 reflections. The large width and 
weak intensity of most of the reflections showed the 
crystal imperfection, though the crystal was the best 
diffracting one. The data were corrected for inten- 
sity decay (- 23% in 20 h), for absorption (empiri- 
cal correction ranged from 0.362 to 1.686), and 

for Lorentz-polarization effects. Direct methods 
(Multan’6) and Patterson function led to the 
choice of space group and location of the two inde- 
pendent uranium atoms. The other atoms were pos- 
itioned by difference Fourier maps. The structure 
was refined to R = 0.097 for 899 independent 
reflections with I > 2.5a(I). Only thermal par- 
ameters of uranium and chlorine atoms were refined 
anisotropically. The final difference Fourier map 
showed residual peaks (height 2e/A3) in the vicinity 
of the U(II1) inserted in the crown-ether. All the 
parameters were determined with high standard 
deviations; the poor quality of data did not permit 
better accuracy. All the calculations were per- 
formed with the Enraf-Nonius/SDP program 
chain.” 

EXAFS analysis. EXAFS oscillations of com- 
plexes III and IV were recorded at the uranium 
L(II1) absorption edge (room temperature). The 
data were collected at the EXAFS-I station of 
LURE (the French synchrotron radiation facility) 
under the standard operating conditions of the 
storage-ring DCI.” The data reduction was per- 
formed as described elsewhere.‘1*‘9 The powder 
samples were enclosed between several sheets of 
adhesive tape. The solutions were contained in a 
cell with mylar windows. 

DISCUSSION 

X-ray structure of complex I 

The packing, given in Fig. 1, is built from alter- 
natively negative and positive charged planes along 
the [OOl] direction; two new ionic species are pre- 
sent in this structure. 

[U(IV)C1,BH4]2- anion. The uranium(IV) has a 
pseudo-octahedral environment (Table 1, Fig. 1). 
A crystallographic two-fold axis lies along the 
C1(22)-U(2FB(21) line. The U(2)-B(21) dis- 
tance [2.70(9) A] corresponds to a bidentate terminal 
borohydride BH; as in U(BH4),[OP(C,HJ3],. 
2CcH,+20 The C, symmetry is maintained in this type 
of coordination. 

Fig. 1. Stereoscopic ORTEP packing of complex I. 
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Table 1. Bond distances (A) around the uranium atoms in complex I 

Wl--W 1) 2.44(12) U(lV(2) 3.61(H) 

WW3(12) 2.69(16) W)--c(3) 3.97(H) 

W)--o(l) 2.83(7) WW(5) 3.39(15) 
WW(4) 2.82(8) U(lW(6) 3.50(15) 
W>--o(7) 2.48(8) U(lW(8) 3.49(15) 
W)-wlO) 2.48(7) U(lH(9) 3.56(14) 

WH(l3) 2.56(8) WwJll) 3.26(15) 
WlW(l6) 3.05(9) W>-c(l2) 3.19(15) 

U(l>--c(l4) 3.88(15) 

U(lkc(l5) 4.07(15) 
U2)_&21) 2.70(9) WW(l7) 3.68(15) 
U(2Wl(22) 2.66(3) WW(l8) 3.72(13) 
u(2+~1(23) 2.61(3) 

w(2w(24) 2.58(4) 
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Fig. 2. Atomic numbering in ~(l%I.,)~dcc]+. 

lIJ(III)(BH&(dcc)] cation (Table 1, Figs 1 
and 2). The uranium(II1) ion is inserted in the 
crown-ether, and is coordinated to two BH; 
lying in axial positions on each side of the crown 
[B(12)-U(l)-B(ll) = 173(5)“]. U-B distances 
bave been reported for many U(IV) compounds 
with BH; or BHrCH; ligand;2’,22 for U(II1) com- 
pounds only coordination with BHJH? has been 
published.23 The distances U(l)-B in the cation 
(average, 2.57 A) correspond to tridentate terminal 
borohydrides. The distances and angles of dcc are 
severely affected by the weak diffracting power of 
the crystal ; high standard deviations have been usu- 
ally observed in all described uranium crown-ether 
compounds. 3P5*6 The mean aliphatic C-C distances 
are 1.50( 17) A either in the cyclic ether ring or in 
the cyclohexyl rings ; the mean C-O bond length 
is 1.49(17) A. The configuration of the dcc is c& 
anti-cis (isomer B) in the conformation 1; 21. This 
conformation corresponds to a pseudo-symmetry 
centre located on the centre of gravity of the crown. 

This pseudo-centre is supported by the cyclic ether 
ring (Table 3) and by the anions in the packing (Fig. 
1) but the U( 1) atom does not lie on it : it is located 
closer to O(7), O(10) and 0(13) than to O(4), O(1) 
and O( 16) atoms significantly out of the well-fitted 
least-square equatorial plane of the ether oxygens 
(Table 2). This planar con@uration may be due to 
the steric hindrance of the BH; hydrogens. In the 
U02(dcc)(C10J2’ compound, in which no steric 
hindrance with UO:+ oxygen atoms exists, the 
ether oxygens are more dispersed on both sides of 
the least-squares equatorial plane. These two struc- 
tural determinations support the tendency for an 
inserted linear ion with Dmh local symmetry to 
crystallize rather with the B isomer of dcc from 
a mixture of its A (cis-syn-cis) and B isomers. The 
UCI: 3,6 ion and La(III)(N03)323 molecule, having 
C2 symmetry, crystallize rather with the A isomer 
of the dcc. 

EXAFS analysis 

Complex IV (solid). Figure 3(a) shows the Four- 
ier Transform (FT) of EXAFS oscillations of the 
standard compound U02(CH3COO),Na. The first 
peak corresponds to the U-O2 axial, the second to 

Table 2. tieviations (A) from the least-squares plane 
through the polyether-oxygen atoms in complex I 

O(l) -0.04(7) U(1) -0.212(6) 
O(4) 0.07(7) Wll) -2.61(12) 
O(7) O.OO(8) B(l2) 2.48(16) 
O(l0) -0.11(7) 

O(l3) 0.15(8) 
O(l6) -0.08(8) 
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Table 3. Torsion angles (degrees) of the polyether in complex I 

(a) in the cyclic ether ring 

01GGG +69 
GGO4CS - 173 
GOJX, - 153 
O&X,0, -73 
CSCsO,G -148 
GO,GG -177 
07GGO10 +6 
GC9010Gl +169 
c9010GG* -164 

-23 
-125 
+172 
+13 

-169 
+ 171 

-70 
-171 
+160 

(b) in the cyclohexyl rings 

GGGOG -12 
C,,G&*,Cz +52 
C&1C22C~ -48 

C21WXS +37 
GzC&X,!l -37 

C&C&0 +67 

GC&4C2~ +41 
CzsC&*sC*a -21 

Cz4C*sCz& +43 
C*5C&& -68 

C2.sC*&Cz3 +48 
CLSCJX24 -53 

the U-O6 equatorial distances ; no U-C3 equa- 
torial peak is detected. 

Figure 3(b) gives the FT of complex IV. In 
addition to the two axial and equatorial U-O peaks, 
a third peak corresponding to U-C is observed. The 
fit of parametersI for this compound is presented 
in Table 4. An error of about 25% on the atom 
number of the UO axial shell (uranyl) is obtained 
when fitting is performed with the standard 
(method a). The atom number of the equatorial 
shell is then affected by error. To improve the result 
we have fitted the equatorial shell with the ampli- 
tude and phase parameters of the axial shell of the 
compound itself” (method b). We thus verified the 
presence of the six oxygen atoms of the crown-ether 
around the uranyl. Average distances of 1.73 and 
2.54 8, have been deduced for U-O axial and U-O 
equatorial, respectively. 

Complex IV (acetonitrile solution). Figure 3(c) 
shows the FT of this solution. The presence of the 

Table 4. Fitted parameters of U0,(18-crown-6)(ClO& 
in the solid phase, with amplitude and phase parametersL9 
from : (a) the standard UO,(CH,COO),Na (UOz: 
R = 1.755 A, UOs : R = 2.459 A) ;I' (b) the tirst shell of 
UO,(18-crown-6)(ClO&: (y = 0.4, UO,: R = 1.73 A)” 

Pairs 

UOz axial (a) 
UOs equatorial (a) 
UOs equatorial (b) 

iv (f) (1%) $ 

1.5 1.73 0.01 1.2 
5.2 2.54 3.39 1.7 
6.7 2.54 2.80 5.6 

three peaks corresponding to U-O axial, U-O 
equatorial and U-C, is the proof of the insertion of 
the uranyl in the crown-ether. The fit with par- 
ameters of the solid compound as standard (Table 
5) gives too small equatorial oxygen and carbon 
numbers, although the axial oxygen number is cor- 
rect. This fact and the short U-O equatorial dis- 
tance led us to suspect a partial de-insertion of 
the uranyl. If non-inserted, uranyl, in acetonitrile 
solution would be coordinated only to five CH&N 
molecules. U02(N3)3N(C2H5)41 ’ has been chosen 
as standard to fit the U-N parameters. We have 
then fitted the first equatorial shell of the uranyl 
with oxygen and nitrogen atoms (Table 5). The 
atom numbers and the U-O and U-N distances 
obtained confirm a partial de-insertion: 2/3 UOz 
(18-crown-6)*+ and l/3 U02(CH3CN)$+ (error 

Table 5. Fitted parameters of U02(18-crown-6)(ClOJ), 
in CH*CN saturated solution, with amplitude and phase 
parameters” from the same solid compound (UOz: 
R= 1.73 A, U06: R = 2.54 A, UC,*: R = 3.44 A) 
and from the compound UOz(N,)3N(CzHJ, (UO*: 

R= 1.74&UN,:R=2.46&” 

Pairs N 

UOz axial 2.2 1.73 0.00 -1.0 
U06 equatorial 4.8 2.51 0.70 0.2 
UClz equatorial 8.1 3.44 0.00 0.1 
uox 3.5 2.53 0.02 UNY 1.7 2.45 0.00 o 
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FT 
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Fig. 3. Fourier tramforms of EXAFS oscillations for : (a) 
U02(CH,COO)pNa, (b) UO,(l&crown6)(ClO,), (solid), 

and (c) UO,(18-crown-6)(ClO& (solution in CH&N). 

about 10%). The radial environment of the inserted 
uranium is the same in solid and solution states. 

Complex III (solid). Figure 4(a) gives the F’T of 
U(BH& standard compound. The presence of the 
first peak at 1.7 b; indicates a weak oxidation of the 

2.00 6.00 2.00 6.00 

I I I 

2.00 6.00 

FT 

U-J 
N 

0 

2 
d 

U-J 
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0 

2.00 6.00 

2.00 
Rli 
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Fig. 4. Fourier transforms of EXAFS oscihations for : (a) 

UW-I& (b) U,(BH.&W-cro~-6 and (c) 
U,(EI-I&ob& 
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(a) 

I I I I I Elev 
100.00 260.00 420.00 

x (b) I 

yl,av 
130.00 290.00 450.00 

Fig. 5. EXAFS oscillations of U,(BH&(18-crown-6), : (a) 
UOB shell, and @I) UC shell. (-) Fourier filtered exper- 

imental EXAFS spectra, (--) theoretical fit. 

sample, the second peak corresponds to the U-B 
pairs. 

Figure 4(b) shows the FT of complex III. Three 
peaks are present : the first one as above is due to a 
weak oxidation (10%) of the sample, the second 
and the third peak (U-O, U-B and U-C, iespect- 
ively) are attributed to the complexation of the 
uranium(II1) with the crown-ether. Table 6 and Fig. 
5 give the results of the fit for the second and third 
shells using the following model: all the crown- 
ethers contain an axial U(BH& ion like the com- 
plex I and the non-inserted uranium atoms are sur- 
rounded by five BH; ions.4 This model implies 
fitting of the U-B, and U-O4 pairs to the second 
peak and U-C* pairs to the third peak, which has 
been split to improve the fit. The result is excellent 
for the second shell, but not so good for the third 
one on account of the high background of exper- 
imental filtered spectra. The large distance U-B 
(2.95 A) implies the presence of some bidentate 

Table 6. Fitted parameters of U3(BH&,(18-crown-6), in 
solid phase with amplitude and phase parameterslg from 
the solid compound U02( 1 I-crown-6)(ClO,), @JO, : 
R = 2.54 A, UC,, : R = 3.440 A) and U(BH,)4 : (UBs : 

R = 2.75 A).” 

Pairs N (ij (104%) F$ 

GU 4.0f0.6 2.51+0.01 4.7kO.4 
UB 3.OkO.4 2.95f0.04 3.420.4 -8+l 

UC 6.0+0.7 3.47+0.03 0.11+0.03 _6+2 
2.0f0.2 4.14+0.03 0.00 - 

BH; in the structure. The split of the carbon shell 
corresponds to an important dispersion around the 
uranium. This fact and the high d value of the U- 
0 shell shows that the uranium(II1) would not be 
located on the symmetry center of the crown-ether 
as in complex I. 

The FT of the [U,(III)(BH4)g(dibenzo 18-crown- 
6)d is given on Fig. 4(c). The peak corresponding to 
U-C pairs is present and proves the insertion of 
U(II1) in the crown, but the strong oxidation (first 
peak) does not allow quantitative results to be given. 

CONCLUSION 

The EXAFS technique, which is well-known as a 
useful tool to obtain structural features which cannot 
be drawn from X-ray crystal structure analysis, has 
been shown to be useful in the particular case of 
uranium, either in powdered solid samples or sol- 
utions. The interpretation based on the knowledge 
of structural information on related compounds of 
uranyl has given evidence of the partial de-insertion 
of uranyl in solution and of the insertion of 
uranium(II1) in a series of crown-ethers. 
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Abstract-Individual pure alkyl derivatives of salicylaldehyde oxime were used for copper 
extraction using the short-time phase contacting method. The influence of the oxime struc- 
ture upon the extraction rate and the surface activity was discussed. It was found that the 
reaction can proceed at the interface and in the bulk of the aqueous phase. The bulk-phase 
process is dominant for oximes having less than four carbon atoms in the alkyl group, 
while the interfacial process is dominant for oximes having more than six carbon atoms. 

The use of hydroxyoximes as copper extractants 
has created new possibilities for hydrometallurgy 
because this extraction technique has been applied 
to the production of such relatively cheap and large 
tonnage metals as copper. 

However, the slow rate of metal extraction by 
means of chelating agents is one of the basic draw- 
backs of this technique. Many papers’-‘5 have been 
published on this subject dealing with physico- 
chemical and mechanistic problems, as well as with 
its technological aspects. In most of these cases 
commercial products manufactured by Henkel, 
Acorga or Shell were used. These products, 
although carefully purified, contain many com- 
ponents such as different isomers and homologues 
of the particular active extracting agents and alkyl- 
phenol. Some other impurities of the starting 
materials, especially present in commercial nonyl- 
phenol, or formed as by products during the 
manufacture of the hydroxyoximes, may also be 
present. All these components can influence the rate 
of copper extraction, especially if one takes into 
account the possibility of the surface reaction or 

* Author to whom corkspondence should be addressed. 

the parallel mechanism of the interface and bulk 
aqueous reactions, which are dependent not only 
upon the rate of the chemical step but also upon 
the rates of the diffusion steps and the adsorption 
of the extracting agent and impurities at the inter- 
face. The relative ratio of the interfacial to the bulk 
reaction may be changed by different extraction 
conditions, e.g. the method used, and the com- 
position of the aqueous phase, as well as by the 
structure of the extracting agent, and the type and 
amount of impurities present in the extractant. 

The aim of this work was to determine the extrac- 
tion rates for different homologues of the alkyl 
derivatives of salicylaldehyde oxime having from 1 
to 12 carbon atoms in the normal or branched alkyl 
chain, and to discuss the influence of the oxime 
structure upon the extraction rate and the place of 
the chemical step. 

EXPERIMENTAL 

Materials 

Ten different pure individual hydroxyoximes 
(Table 1) of the following structure : 

197 
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X 

were used as copper extractants. Their analytical 
data have been given in previous papers.‘6T’7 

Copper solutions were prepared from copper sul- 
phate (AR grade, POCh Gliwice, Poland), Sul- 
phuric acid (AR grade) was used to adjust the pH. 
Octane and p-xylene were used as diluents. 

Kinetic measurements 

The short-time phase contacting method 
described by Yagodin et al.“*” was used. The 
conditions for the kinetic measurements were as 
follows: temperature = 293 K, oxime concen- 
tration = 0.003405 mol dmp3 copper con- 
centration = 0.015 mol dnp3, pH of the aqueous 
phase = 3, volume of the aqueous phase = 
15.0 x lo-’ m3, and interface surface = 6.43 x 
10e6 m2. 

Additional measurements 

Interfacial tensions were determined at 293 K by 
the drop volume methodzO”’ using mutually pre- 
saturated organic and aqueous phases. Twice redis- 
tilled water was used. The aqueous phase was 
adjusted by sulphuric acid to pH = 2. The time for 
the drop to grow was not less than 5 min, and 
usually 10-l 5 min. 

Time (sl 

Fig. 1. Influence of the structure of oxime upon the 
amount of copper transferred into xylene phase 
(pH = 3.0, cc,,z+ = 0.015 mol dme3, c.,~~~ = 0.025 

mol dme3). 

Distribution coefficients of the oximes at 293 K 
were determined between 0.05 mol drne3 solutions 
in xylene and the aqueous phase as adjusted by 
sulphuric acid to pH 3. The content of the oxime in 
the aqueous phase was determined spectro- 
photometrically.22 

RESULTS 

Sample curves showing the amount of copper 
transferred through the interface during extraction 
by different hydroxyoximes under the same exper- 
imental conditions are presented in Fig. 1. One can 
observe significant differences for the investigated 
hydroxyoximes. The extraction rate increases with 
decrease in the length of the alkyl radical in the 5- 
position. Oximes having a branched alkyl show a 
higher extraction rate than their analogues con- 
taining a normal alkyl. The introduction of a bulky 

Table 1. Structure, molecular weights, distribution coefficients and aggregation numbers 
of hydroxyoximes 

Oxime R 
Molecular Log,, distribution Aggregation 

X weights coefficient” numbeP 

1 CH3 H 151 1.22 - 
2 GH, H 165 1.77 1.04 
3 n-C.,H, H 193 2.65 - 
4 ~-W-b3 H 221 2.95 
5 n-C,H,, H 259 3.21 1.07 
6 n-GHz H 305 3.75 - 
7 t-C,H, H 193 2.32 1.08 
8 f-CsH,, H 259 3.09 1.10 
9 t-GH,, NOz 304 - - 

10 t-C,H, t-C,H, 259 - - 

a In xylene-aqueous system (293 K). 
‘Measured in benzene at 293 K for c = 0.10 mol dmm3. 
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0 4 8 12 16 20 24 

Fig. 2. Relationship between the copper transferred and 
the square root of the extraction time (xylene, pH = 3.0, 
cap+ = 0.015 mol dm-3, C,~ = 0.025, 0.05, 0.025 and 

0.009 mol dmm3). 

t-butyl group in the neighbourhood of the phenolic 
group (oxime 10) diminishes the extraction rate 
so much (about 15 times compared to oxime 7) 
that, under the same experimental conditions, 
the measurement of the extraction rate becomes 
impossible. However, the electronegative NOz 
group at the 3-position sharply increases the extrac- 
tion rate. Analogous conclusions can be derived 
when the results obtained under other experimental 
conditions, i.e. for different oxime concentrations 
and octane used as a diluent, are considered. 

Figure 2 shows the relationships between the 
amount of copper transferred to the organic phase 
and the square root of the extraction time. In most 
cases the shape of the obtained curves is typical for 
an interfacial process.” At the beginning of the 
process (t = 0) the rate of diffusion is infinitely high 
or at least very high, and the process rate is deter- 
mined by the rate of the reaction step. However, 
after a very short period, usually not exceeding a 

few tens of seconds, the rates of the diffusion step 
decrease so significantly that difftision begins to 
control the process rate. In this case the considered 
relationship can be described by the following equa- 
tions : 

AC,, = A + BJf, 

where B is related to the appropriate diffusivities. 
The extrapolation of the above relation to AC, = 0 
gives the value of the square root of the transient 
time, which is necessary to convert the process from 
the kinetic to the diffusion regime. 

The value of the transient time (Table 2) increases 
with the length of the alkyl group of the considered 
oximes and with the decreasing concentration of 
the oximes in the organic phase. The direction of 
the change is similar to the change in the oxime 
concentration in the aqueous phase, and suggests 
an increasing role for the interfacial process with 
the increase in the oxime hydrophobic&y and the 
decrease in the oxime concentration in the organic 
phase. 

Some kinetic curves obtained for an oxime con- 
centration of 0.5 mol dme3, with the exception of 
compound 6 (having a long alkyl group), show an 
atypical shape (Fig. 2). In these cases extraction 
periods are observed with two different charac- 
teristic straight-line slopes and different transient 
time values. Moreover, for oximes with a lower 
hydrophobicity, e.g. a shorter-length alkyl or nitro 
group, this atypical shape of the kinetic curves is 
also observed in the case of lower oxime con- 
centrations in the organic phase. This suggests a 
more complex character for the process. Although 
extraction begins at the interface, the reaction in 
the bulk of the aqueous phase is also important. 
The contribution of the bulk reaction increases with 
the oxime concentration and with the decrease in 
the alkyl length. For compounds 1 and 9 the first 

Table 2. Values of transient time (diluent = xylene, cc, = 0.015 
mol dme3) 

Oxime concentration (mol dn-‘) 

Oxime 0.05 0.025 0.015 0.012 0.009 0.006 0.0045 0.003 

1 0.0" 0.1 1.5 2.8 3.5 5.3 7.4 9.0 
3 1.9” 2.0 3.2 3.7 3.9 - - - 
5 2.5” 3.0 3.9 4.3 4.9 5.2 - - 
6 3.0 3.4 4.0 4.3 5.0 5.9 - - 
7 1.7” 1.8 1.7 2.1 4.1 4.6 6.3 - 
8 1.6” 2.0 3.0 5.ob - - - - 

“For the first extraction period. 
b Coke = 0.01 mol dmw3. 
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c,,,,~ (x IO2 mol drn-? 

Fig. 3. Influence of the structure of the oxime upon the Fig. 4. Influence of the structure of the oxime upon the 
initial extraction rate (xylene). initial extraction rate (octane). 

transient time is equal to zero, which suggests that, 
even in the first few seconds, the reaction proceeds 
in the bulk of the aqueous phase and is controlled 
by diffusional processes. This is in agreement with 
the independent results of Tarasov et al. ’ 3,‘4 who 
investigated copper extraction by 2-hydroxy-5- 
octylbenzophenone oximes using the short-time 
phase contacting method, and with those of Szym- 
anowski et al., 15*23 who have discussed the influence 
of the oxime structure upon the extraction rate of 
copper determined in a Lewis cell, and by the 
AKUFVE and drop methods. 

Figures 3 and 4 show the initial extraction rates 
obtained by graphical differentiation for t = 0 for 
the oximes considered at different concentrations in 
the organic phase. Only for compounds 1 and 9 
were straight lines obtained for almost the entire 
range of concentrations considered, which is typical 
for the bulk reaction. For the other homologues the 
relationships are not linear and the influence of the 
oxime concentration decreases as both the con- 
centration and the length of the alkyl increase. For 
homologues having a higher molecular mass (con- 
taining 8-12 carbon atoms in the alkyl group) and 
higher oxime concentrations (0.025-0.05 mol dm- 3 
for xylene and 0.00990.015 mol dme3 for octane) 
the extraction rate is almost constant and inde- 
pendent of oxime concentration. Thus, for oximes 
with an appropriately long alkyl (more than 12 

et al. 

I 
x 

c,,,,,, (x IO’ mol drn-? 

carbon atoms) the initial extraction rate does not 
depend upon the length and structure of the alkyl 
(Fig. 5). This demonstrates the interfacial reaction 
for oximes having a long alkyl. 

The interception points of the asymptotes cor- 
respond to four or five carbon atoms in the alkyl. 
Thus, for the oximes having a normal alkyl the 
interfacial and bulk reactions dominate for those 
oximes containing not less than six or not more 
than three carbon atoms in the alkyl, respectively. 
This is in agreement with the oxime distribution 
coefficients (Fig. 6). For oximes containing less than 
six carbon atoms in the alkyl the extraction rate 
increases sharply with the decrease in the dis- 
tribution coefficient (below log,, PRH = 3), while for 
the oximes having more carbon atoms in the alkyl 
the influence of the distribution coefficient upon the 
extraction rate is small or almost. negligible. 

The character of the relationships shown in Fig. 
5 is similar to that described in previous workz3 
when the results obtained by the Lewis cell method 
were discussed. In both the methods compared the 
interface was not renewed and kept constant, which 
is especially important when the interfacial mech- 
anism is considered. 

The influence of the oxime concentration upon 
interfacial tension is shown in Fig. 7. Relationships 
typical for surfactants were obtained, i.e. with the 
increase in the length of the alkyl the interfacial 
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2 4 6 a IO 12 

Number of carbon atoms 

Fig. 5. Influence of the number of carbon atoms in the 
alkyl upon the initial extraction rate (xylene, curves 1, 
2, 3 and 4 = c,,, = 0.05, 0.025, 0.015 and 0.009 mol 

dn-‘, respectively). 

tension decreases more efficiently. However, due to 
the low solubilities the region of critical micelle 
concentration was not obtained. Only in the case 
of the oximes having a branched alkyl was the 
opposite dependence observed. In octane-aqueous 
systems lower interfacial tensions are observed than 
in the xylene-aqueous interphase. The values of the 
excess surface calculated from the Gibbs isotherm : 

r - o*43 dy 
RT W-s ~oxime) ’ 

I 
I 1.4 1.8 2 24 26 3 3.4 3.8 

Fig. 6. Relationship between copper extraction rate and 
the distribution coefficient of the oximes (xylene, curves 
land2=c,+,== 0.05 and 0.025 mol dmm3, respectively; 
curve 3 = relationship between the distribution coeffi- 

cient and the number of carbon atoms in the alkyl). 

32 - 

iE 30 - 

2 
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Fig. 7. Interfacial tension isotherms (xylene, 293 K). 

are similar for all the oximes considered and vary 
in the ranges 5-7 x 1013 and 16-20 x 1OL3 molecules 
cm-’ for xylene and octane, respectively. This is 
connected with the similar slopes of the discussed 
interfacial tension isotherms. Thus the calculated 
values of the surface excess do not explain the 
observed differences in the extraction rates. This 
can be explained by the fact that, in the drop volume 
method, the equilibrium values of the interfacial 
tensions are observed after a characteristic time, 
which depends upon the structure of the considered 
compounds and the type of system considered. For 
typical surfactants usually only a few or a few tens 
of seconds are necessary to achieve equilibrium at 
the surface of the growing drop. However, in the 
present case the time for achieving equilibrium is 
much greater,‘vz4 and, therefore, for our oximes dis- 
solved in octane and xylene we estimated it as being 
equal to about 5 and 10 min, respectively. This 
means that, although the phases were presaturated, 
the adsorption or rather the orientation at the inter- 
face proceeds so slowly that the extraction rate in 
such systems should not be correlated with the equi- 
librium surface activity of the extractant. For 
extraction systems dynamic methods of measuring 
the interfacial tension should be elaborated and 
used. This explains another shape of the kinetic 
curves obtained by means of AKUFVE method.23 

For a selected hydroxyoxime the extraction rate 
and surface activity, measured as a decrease in the 
interfacial tension, increase as the oxime con- 
centration increases. Thus, in such a case the extrac- 
tion rate can be proportional to the surface 
activity.1125 However, when ditFerent hydroxy- 
oximes are considered quite opposite relationships 
between the extraction rate and the surface activity 
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are observed. For constant oxime concentrations 
the surface activity of the homologous series of 
oximes considered increases as the length of the 
alkyl increases, but the extraction rate significantly 
decreases. This means that under the same con- 
ditions the extraction rate does not depend upon 
the excess surface, but upon the depth of oxime 
penetration into the aqueous layers near the inter- 
face. This further supports our previous conclusions 
correlating the extraction rate with the hydrophilic- 
lipophilic balance.15 

CONCLUSIONS 

Our investigations carried out by means of the 
short-time phase contacting method in which pure 
individual hydroxyoximes were used showed that 
copper extraction may proceed both at the interface 
and in the bulk of the aqueous phase. For oximes 
having a long_ alkyl, typical kinetic curves 

@cc, = A +B,/t) characterized by a relatively 
short transient time (usually a few or a few tens of 
seconds) and a constant slope were obtained, which 
demonstrate that the extraction process occurs at 
the interface. For hydroxyoximes having a short 
alkyl or the additional electronegative nitro group 
atypical curves characterized by two different slope 
constants were obtained, which suggests a more 
complex character for the process and the impor- 
tance of the bulk reaction. The mutual ratios of the 
inter-facial and bulk processes depend not only upon 
the hydrophobicity of the oximes but also upon the 
extraction conditions, such as oxime concentration 
and diluent type. The bulk-phase process dominates 
for alkyl derivatives of salicylaldehyde oximes hav- 
ing no more than three carbon atoms in the alkyl 
group, while the surface process dominates for 
homologues containing not less than six carbon 
atoms in the alkyl. For compounds containing the 
electronegative nitro group at the 3-position the 
bulk-phase process is favoured. 

The initial extraction rate depends upon the 
oxime structure and the length of the alkyl. Higher 
extraction rates are observed in octane than in 
xylene. The extraction rate decreases with the 
increase in the alkyl length in the 5-position. Oximes 
having a branched alkyl show higher extraction 
rates than their analogues having a normal alkyl. 
The nitro group in the 3-position sharply increases 
the extraction rate while the bulky t-butyl group in 
the 3-position so sharply decreases the extraction 
rate that it can not even be measured. The oxime 
structure and extraction conditions also influence 
the values for the time needed to convert extraction 
from the kinetic to the diffusion regime. This tran- 

sient time increases as the oxime concentration 
decreases and as the length of the alkyl group 
increases. 

The surface activity of the homologous series of 
oximes increases as the length of the alkyl increases. 
This suggests that the extraction rate does not 
depend upon the surface excess under the same 
extraction conditions but upon the depth of the 
oxime penetration into the aqueous layers near 
the interface. This supports the idea correlating 
the extraction rate with the hydrophile-lipophile 
balance. 
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Cu(II), Co(n) AND U(VI) COMPLEXES OF A DIOXIME 
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Abstract-The reactions of the dioxime ligand N,N’-ethylenebis(isonitrosoacetylacetone- 
imine) with Cu(II), Co(I1) and U(V1) ions produced metal complexes with the oximato 
groups coordinated through both oxygens, both nitrogens or one oxygen and one nitro- 
gen. Some interconversion of isomers was observed. The U(V1) complexes reacted with 
Ni(II) acetate to produce the Ni(I1) analogue of the Cu(I1) complex with the oxygen co- 
ordination isomer. The observed linkage isomerism of the oximato group and the suggested 
formulations of the metal complexes are based on analytical, electronic and vibrational 
spectra, and magnetic-moment evidence. 

Structural studies on the transition-metal com- 
plexes of either c+dioxime1-5 or vicinal oxime-imine 
ligands ‘*c9 have revealed several interesting aspects. 
The most interesting one is related to the ability of 
the oximato group to coordinate to the metal ion 
through either the oximino oxygen or the oximino 
nitrogen.’ However, the possible interconversion of 
the linkage isomers was not dealt with in most of 
these reports, although this is considered a deciding 
factor in the characterization of the coordination 
mode. We wish to report an investigation on the 
Cu(II), Co(I1) and U(V1) complexes of the Schiff- 
base N,N’-ethylenebis(isonitrosoacetylacetone- 
imine) (H,L). This ligand comprises features of 
both a dioxime and vicinal oxime-imine ligand.“‘~” 
This study is also related to that of the nitro- 
sation products l2 of the metal complexes of iV,N’- 
ethylenebis(acetylacetoneimine). 

EXPERIMENTAL 

Reagent grade chemicals were used. The ligand 
(H,L) was prepared by a published method.” The 

*This paper is part of the M.Sc. thesis of N. S. Ganji. 
TAuthor to whom correspondence should be 

addressed. Present address : Chemistry Department, Fac- 
ulty of Science, Shebin El-Kom, El-Menoufia University, 
Egypt. 

IR spectra of the metal complexes were measured 
as KBr pellets using a Perkin-Elmer 683 spec- 
trophotometer. The electronic spectra were carried 
out with a Pye-Unicam S.P. 8000 spec- 
trophotometer. Magnetic susceptibilities were 
measured at 25°C by the Gouy method where mer- 
curic tetrathiocyanatocobaltate(I1) was the mag- 
netic-susceptibility standard. Diamagnetic cor- 
rections were effected by employing Pascal’s 
constants. l3 The magnetic moments were calculated 
from the equation peff = 2.84,/m. Carbon, 
hydrogen and nitrogen analyses were determined at 
the analytical unit of King Abdulaziz University. 
Standard methods were used for the determination 
of the metal ions. All metal complexes were dried 
in vucuo over phosphorus pentoxide. 

Preparation of the metal complexes and their reac- 
tions 

(1) Reactions of H2L with Cu(I1) acetute monohy- 
drate in aqueous solution. (a) Complex I : A filtered 
aqueous solution (100 cm3) of (CH3C03Cu* Hz0 
(1.42 g, 0.007 1 mol) was added to a warmed aque- 
ous suspension (100 cm3) of the equimolar con- 
centration of the ligand (2.0 g). The reaction sol- 
ution was boiled for 2 h and left for 12 h to 
precipitate the yellowish-brown complex I. This was 
filtered off, washed with water and dried [2.1 g, 86% 
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yield)]. This complex was recovered unchanged 
from either boiling chloroform (2 h) or after diges- 
tion in pyridine (4 h) and decomposed when 
refluxed with piperidine (1 h). 

(b) Complex II : This complex was prepared as 
described in (a) by boiling the reaction solution for 
1 h and cooling to precipitate the reddish-violet 
complex which was filtered off, washed with water 
and dried [1.7 g (70% yield)]. It was found to 
be stable after refluxing for 1 h in chloroform, 
piperidine or pyridine. 

(2) Reaction ofHzL with Cu(II) acetate monohy- 
drate in absolute ethanol. This reaction was carried 
out in ethanol, using the procedure described in 1 (a) 
with a 14-h reaction time, to produce complex I [ 1.6 
g (66% yield)]. 

(3) Conversion of complex I to complex III. The 
powdered complex I (3.44 g, 0.01 mol) was added 
to pyridine (15 cm3). The reaction solution was 
refluxed for 2 h and diluted with benzene (200 cm3) 
to precipitate complex III. This was filtered off, 
washed with benzene and dried [3.0 g (87% yield)]. 

(4) Template reaction of isonitrosoacetylacetone 
with Cu(I1) acetate monohydrate and ethy- 
lenediamine (2 : 1 : 1 molar ratio) in ethanol. An 
ethylenediamine (0.42 g, 0.007 mol) solution in 
ethanol (50 cm3) was added to that (200 cm3) of 
(CH3C02)&u * Hz0 (1.4 g, 0.007 mol). The result- 
ing solution was added to a solution (50 cm3) of 
isonitrosoacetylacetone (1.81 g, 0.014 mol). The 
resulting reaction solution was warmed for 1 h and 
left for 14 h to precipitate complex I which was 
filtered off, washed with ethanol and dried [1.9 g 
(79% yield)]. 

(5) Complex IV. This complex was prepared in 

water, as described in 1 (a), from the 5 : 1 molar ratio 
reaction of CoCIZ* 6Hz0 (6.0 g, 0.025 mol) with 
H2L (1.42 g, 0.005 mol). The precipitated red com- 
plex was filtered off, washed with water and dried 
[1.5 g (88% yield)]. 

(6) Complexes V and VI. The ethanolic solution 
(100 cm3) of the U02X2 - nH20 p = acetate, n = 2 
(4.24 g, 0.01 mol); X = nitrate, n = 6 (5.02 g, 0.01 
mol)] was added to an equimolar-concentration sus- 
pension of the ligand (2.82 g) in ethanol (200 cm3). 
The stirred reaction solution was warmed for 4 h. 
The precipitated complex was filtered off, washed 
with boiling ethanol and dried [complex V = 2.2 g 
(33% yield); complex VI = 1.9 g (28% yield)]. 

(7) Reaction of complex V or VI with Ni(I1) 
acetate tetrahydrate. An ethanolic solution (100 
cm3) of (CH3C0&Ni m 4Hz0 (1 .O g, 0.004 mol) was 
added to a powdered equimolar-concentration sus- 
pension of the U(V1) complex (2.69 g of complex 
V or VI) in ethanol (50 cm3). The reaction solution 
was warmed while stirring for 4 h and left for 14 
h. The precipitated complex was filtered off and 
extracted with chloroform (30 cm’). The chloro- 
form extract was concentrated to precipitate the 
yellow Ni(I1) complex analogue of complex I [0.32 g 
(24% yield)]. This Ni(I1) complex was characterized 
by elemental analyses, and electronic and 
vibrational spectra, as well as by comparing with 
an authentic sample prepared as described earlier.” 

RESULTS AND DISCUSSION 

The analytical (Table 1) and spectral data (Tables 
2 and 3) are compatible with regarding the structure 
of the complexes formed from the 1: 1 molar ratio 

Table 1 

Elemental analyses (%) 

Complex Suggested formulation C H N Metal Colour 

I LCu (CnH16N4OKu) 

III LCu Wn%WMW 

IV LCo (CnH,6N4O&o) 

V 

VI 

HLU02 * en * AC 
KkHz8NsOtU) 

HLU02*en-NO, 
(C,~HDN,O&) 

41.7 4.8 
(41.9) (4.7) 
42.1 

(41.9) (Z) 
41.4 4.6 

(41.9) (4.7) 
42.8 4.8 

(42.5) (4.7) 
28.0 4.2 

(28.7) (4.2) 
24.5 3.8 

(25.0) (3.7) 

16.2 
(16.3) 
16.7 

(16.3) 
16.5 

(16.3) 
16.8 

(16.5) 
12.0 

(12.5) 
14.7 

(14.6) 

18.8 Yellowish-brown 
(18.5) 
18.1 Reddish-violet 

(18.5) 
18.5 Brown 

(18.5) 
17.1 Red 

(17.4) 
36.2 Brownish-yellow 

(35.5) 
34.9 Brownish-yellow 

(35.3) 

’ Calculated values in parentheses. 
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Table 2. Assignments of the vibrational bands (cm-‘) of the metal complexes” 
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Assignment 

v(M) v(N-0) 
v(metal- 

Complex N-coordination O-coordination v(C=N) N-coordination .O-coordination W-0) ligand) 

1688(s) 1141(s) 832(w) 592(m) 
I - 1680(s) 1585(m) 1135(s) 772(w) 480(m) 

832(w) 592(m) 
II 1660(s) - 1604(m) 1160(s) 775(w) 465(m) 

592(m) 
1688(s) 1603(m) 832(w) 480(m) 

III 1660(s) 1680(s) 1585(m) 1160(s) 1142(s) 772(w) 465(m) 
835(w) 597(m) 

Iv - 1688(s) 1610(m) 1146(s) 778(w) 505(m) 
1693(s)” 1630(m)b 1102(s) 830(w) 592(m) 

V - 1680(s) 1604(m) - 1073(s)b 790(w) 580(m) 
1693(~)~ 1630(m)b 1102(s) 832(w) 593(m) 

VI 1680(s) 1603(m) - 1073(s)b 794(w) 582(m) 

“s = strong, m = medium, w = weak. 
b Bands associated with the non-ionized part of the ligand. 

reaction of (CH3C02)&u - Hz0 with H,L to be 
dependent on the solvent used (water or ethanol) 
and the time of reaction. These reactions are 
schematically represented in Fig. 1. Thus, the reac- 
tion of the ligand with the metal acetate in either 
water or ethanol led, after a 14-h reaction time, to 
the formation of the yellowish-brown complex I 
(Fig. 2). However, in the case of a l-h reaction time 
the reddish-violet complex II was formed in water. 
The IR spectrum of complex I revealed v(W) 
vibrations at 1688 and 1680 cm-’ [compared to 
v(W) of the dimeric ligand” at 1700,1690,1678 

Table 3. Electronic spectra of the metal complexes in 
chloroform or as a Nujol mull 

Complex Solvent 

L,, (nm) [values in 
parentheses are molar 

absorptivities (1 mol cm-‘)] 

I Nujol 520,390 
CHCl, 503 (1350), 365 (6670), 282 

(13,500) 
II Nujol 554,510,388 

CHCl, 503 (1360), 366 (6150), 282 
(12,600) 

III Nujol 355 
CHC&” 505, 365,282 

Iv Nujol 546,516,466,386,346 
V CHCl,” 355 

VI CHCl,” 340 

’ Saturated solution of the sparingly soluble complex. 

and 1662 cm-‘]. These bands are located in the 
1690-l 670-cm-’ region which was tentatively 
associated with six-membered chelate ring in 
the vicinal oxime-imine Ni(I1) complexes.8Pg 
Furthermore, the v(W) vibrations could 
be compared in position and intensity with the 
reported” spectrum of the mononitrosation pro- 
duct [v(C=O) at 1679 cn-‘)I of N,N’-ethy- 
lenebis(acetylacetoneimine)copper(II) whose struc- 
ture (see complex A in Fig. 2) was shown,i4 from X- 
ray structural data, to comprise the six-membered 
chelate ring with the oximino oxygen coordination 
to Cu(I1). The v(N-0) vibrations of complex I, 
are located at identical frequencies (1141 and 1135 
cm-‘) to those of the reported spectrum of the 
mononitrosation product which is additional evi- 
dence for the structure of this complex [v(N-O) of 
the ligand” appeared at 1062 and 1025 cm-‘]. The 
splitting of v(N-0) into two bands (separated by 
6 cm-‘) is attributed to the non-equivalence of the 
two six-membered chelate rings in the planar struc- 
ture of the complex rather than to any side coor- 
dination by the oximino oxygen. This is because the 
magnetic moment of complex I was found to be 
1.81 BM, which is near the spin-only value for one 
unpaired electron of the dg Cu(I1) ion, and, there- 
fore, molecular association is unlikely since it would 
lead to spin-spin interactions and lower the mag- 
netic moment below the spin-only value. 

It is noteworthy in this connection that the 
reported IR spectrum of the complex prepared by 
Masuda et cd.‘* from the complete nitrosation of 
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Complex IV 

t 
Co chloride (5: 1) 

Complex II ~ 
Complex III 1 f 

water (1 h) 

PY 

water-ethanol (1: 10 volume) (1 h) 

water 

water (14 h) 

Complex I 

1 isoa:&% + ‘” (14 h) 1 

(2:1:1), 
ethanol 

ethanol (14 h) 

water 

Cu acetate (1:l) H L 

I 
ethanol 

I 
I 

UOt acetate (1: 1) 
I 

I 

U02 nitrate (1: 1) 

I 

Complex V Complex VI 

Fig. 1. Schematic representation for the reactions of the ligand with the metal ions and the reactivity 
of some of the Cu(I1) complexes (isoacac, en, py and pip refer to isonitrosoacetylacetone, 

ethylenediamine, pyridine and piperidine, respectively). 

N,N’-ethylenebis(acetylacetoneimine)copper(II) is 
identical to that of complex I. Accordingly, it is 
believed that its structure is identical to that of our 
complex I and not the reported” structure, which 
suggests coordination of the oximato group 
through the oximino nitrogen. This conclusion is 
also applicable to the dark-brown complex reported 
by Bose and Patell who used the same preparative 
method of Masuda et al.,‘2 and proposed a structure 

M = Cu(~),orCo(tV) 

CH,-CH, 

II 

based on the N-coordination. Moreover, it is in 
agreement with the structure of the mononitro- 
sation product (O-coordination) and, therefore, it 
should be expected that the nitrosation of the 
second chelate ring would proceed similarly. This 
argument is substantiated by the characterization 
of the red-violet complex II (Fig. 2). This complex 
was prepared from the l-h reaction of the ligand 
with (CH&O,),Cu - Hz0 (1 : 1 molar ratio) in water 

y-0, /=C-COCH, 

N=C-CH 

I I 

&H, bH, 

X = acetate(V), or nitrate(W) 

CH co_(;-o\c”/o-c~HcH’ 
3 

CH&( )=CLCHs 

dH,--CH, 

A 

Fig. 2. Suggested formulations of the metal complexes I-VI and their relation to the mononitrosation 
product complex (A). 
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or water-ethanol (1 : 10) (see Fig. 1). The v&=0) 
of complex II was located at a lower frequency 
(1660 cm-‘) than that of complex I (Table 2). This 
vibration is located in the 1660-1630-cm- ’ region of 
the carbonyl group’,’ attached to a five-membered 
chelate ring in the vicinal oxime-imino complexes 
of Ni(I1). Furthermore, it occurs at a lower fre- 
quency than that of complex I as well as that of the 
mononitrosation product (Fig. 2) of N,N’-ethy- 
lenebis(acetylacetoneimine)copper(II). It is sug- 
gested, therefore, that the chelate rings in complex 
II are of the five-membered type which requires the 
oximato group to be coordinated to the metal ion 
through the oximino nitrogen. The observed 
v(N-0) in complex II is located at a higher fre- 
quency (1160 cm- ‘) than that of complex I (1142 
and 1135 cm-‘) (Table 2). This accords with the 
suggested structures of complexes I and II since 
coordination by the oximino nitrogen will produce 
an N-O bond with a greater double-bond charac- 
ter and consequently a higher v(N-0) than is the 
case with oximino-oxygen coordination of less dou- 
ble-bond character for the N-O bond and a lower 
v(N--C). The magnetic moment of complex II was 
found to be 1.78 BM, which is comparable with the 
spin-only value of the unpaired electron of Cu(I1). 
The suggested structures of complexes I and II rep- 
resented a new example for the isomeric linkage 
for the oximato group whereby both the oximato 
groups are coordinated through the oximino oxy- 
gen and the oximino nitrogen, respectively. Com- 
plex II (N-coordination) was converted to complex 
I (O-coordination) by allowing the aqueous reac- 
tion solution of II to stand at room temperature for 
14 h. This conversion implied the stability of the 
O-coordination mode of the six-membered chelate 
ring over the N-coordination mode of the five-mem- 
bered chelate ring. 

Complex I decomposed in boiling piperidine and 
was recovered unchanged from boiling chloroform 
or after stirring in pyiidine for 14 h. However, on 
refluxing its solution in pyridine for 1 h complex III 
was formed, which is formulated as shown in Fig. 
2. The vibrational features of this complex regard- 
ing the stretching vibrations of the carbonyl and 
oximato groups are diagnostic for the presence of 
the isomeric linkage behaviour of the oximato 
group within the same complex, whereby it exhibits 
0- and N-coordination to produce six- and five- 
membered chelate rings, respectively. Thus, the IR 
spectrum of the complex revealed the presence of 
two distinct v(m) vibrations for the carbonyl 
groups. The higher-frequency vibrations (1688 and 
1680 cm-‘) are located in the 1690-1670~cm-’ 
region of the carbonyl group attached to a six- 
membered chelate ring [in the oxim&mino com- 

plexes’ of Cu(I1) and Ni(lI)] whereas the lower- 
frequency band is located in the 1660-1630~cm-’ 
region of the five-membered chelate ring. Similarly, 
the v(N-0) vibrations are separated by two dis- 
tinct and well-resolved bands where the higher fre- 
quency (1160 cm-‘) is ascribed to the oximino- 
nitrogen coordination (greater double-bond 
character for the N-O bond) whereas the lower 
frequency (1142 cm-‘) is associated with the oxi- 
mino-oxygen coordination (less double-bond char- 
acter for the N-O bond). 

The action of pyridine in the conversion of com- 
plex I to complex III should proceed through dis- 
sociation of the metal-oxygen bond of the oximato 
group. This step could result from the axial ligation 
of pyridine to the metal atom. Charge redistribution 
on the oximato group will lead to its coordination 
through the oximino nitrogen. The magnetic 
moment of complex III (1.82 BM) indicated that 
molecular association is unlikely as was the case 
with complexes I and II. The Ni(I1) analogue to 
complex III was prepared from the reaction of HrL 
with (CHsCO&Ni - 4H20 in ethanol.” The location 
of the vibrational bands of the carbonyl in the Ni(I1) 
and Cu(I1) complexes are identical. However, this 
similarity does not extend to the v(N-0) since it 
is related to the stability of the chelate ring itself 
which comprises the metal ion. 

It is of interest to compare v(C=N) and the Cu- 
ligand stretching vibrations of complex III (which 
showed an isomeric linkage of the oximato group 
in the same complex) with those of complexes I (O- 
coordination) and II (N-coordination) where the 
oximato groups exhibited one mode of the coor- 
dination in the same complex. Thus the v(C=N) 
of complex I is locatedI at a lower frequency (158.5 
cn-‘) than complex II (1604 cm-‘). This implied a 
higher contribution from the imino nitrogen to the 
strength of the chelate ring in the case of the six- 
membered chelate ring. Both these vibrations were 
detected from complex HI where both five- and six- 
membered chelate rings are present. The v(Cu-N) 
(imino nitrogen) appeared at 592 cm-’ in complexes 
I-III, where the ligand had no vibrational bands.17 
In complex I with O-coordination of the oximato 
group, a band appeared at 480 cm-‘, whereas in 
complex II with N-coordination this band was 
shifted to 465 cn- ‘. It is therefore safe to assign the 
480-cm-’ band to v(Cu-0) (oximino oxygen) and 
the 465-cm-’ band to v(Cu-N) (oximino nitro- 
gen). These assignments are supported by the pres- 
ence of those two bands in the case of complex III 
with isomeric coordination. 

The electronic spectra of the metal complexes I- 
III are summarized in Table 3. The Nujol mull 
spectra of complexes I-III are indicative of a planar 
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structure.” The chloroform solutions of complexes 
I-III are red, although they have different colours 
in the solid state (Table 1). The positions of the 
absorption peaks observed from the Nujol mull 
spectra are not identical with those of the solution 
spectra. Moreover, the intensities of these maxima 
are higher than the usually encountered” values. 
The absorption peak of the ligand at 315 nm is 
shifted to 282 nm in complexes I-III. In view of 
these observations it is best to consider all these 
bands as charge-transfer transitions generated from 
intramolecular electronic interactions. 

The reaction of CoCl, - 6HrO with the ligand 
(5 : 1 molar ratio) led to the formation of the red 
complex IV. The IR spectrum of this complex was 
identical with that of the Cu(I1) complex I with 
regard to v(W), v(N-0) and v(metal-ligand) 
vibrations. It is suggested therefore that the struc- 
ture of complex IV comprises O-coordination of 
the oximato group in a similar manner to that 
described for complex I (Fig. 2). The magnetic 
moment of complex IV (1.7 1 BM) indicates a low- 
spin Co(I1) complex and its visible spectrum (Table 
3) is typical of a square.planer Co(I1) complex.” 
The v(C=N) band in complex IV is shifted to a 
higher frequency (15 cm-‘) than the corresponding 
vibration of the Cu(I1) complex I of the same struc- 
ture. This is ascribed to the weaker contribution of 
the imino nitrogen to the strength of the chelate 
ring in the case of the Co(I1) complex compared to 
the Cu(I1) complex. 

reaction 
(C~OJJJO, * 2H100zr U”o:t;v-O,~tk~H~Oe~~~~ 
molar ratio) led to the formation of the yellowish- 
brown uranyl complexes V and VI, respectively. 
The formulations of these complexes (Fig. 2) are 
compatible with analytical (Table l)? spectral 
(Tables 2 and 3) and chemical-reactivity evidence. 
The formation of complexes V and VI is explained 
by the following reactions : 

H2L = (isoacac)zenimine 

CZHSOH 
;-----‘2Hisoaeac+en, (1) 

H2L + UOzX2 + en - HLUqX * en + HX, (2) 

where Hisoacac = isonitrosoacetylacetone, X = 
acetate (complex V) or nitrate (complex VI), and 
en = ethylenediamine. The IR spectra of the com- 
plexes V and VI are almost identical with regard to 
v(C=O), v(C=N) and v(N-0) ‘vibrations. The 
presence of two well-resolved v(C==O) (1693 and 
1680 cm-‘) is indicative of two non-equivalent car- 
bony1 groups. The higher-frequency band is iden- 
tical with that observed from the ligand” itself 
whereas the lower-frequency band is located at a 

comparable frequency to that observed from the 
carbonyl group attached to the six-membered che- 
late ring of the vicinal oxime-imine complexes of 
Ni(II)* and Cu(II)14 as well as from complexes I and 
IV [O-coordination (see Fig. 2)]. The associated 
v(N-0) bands are located at 1073 cm-’ for the 
non-ionized part (shifted from 1062 cm-’ in the 
case of H,L) and at 1102 cm-’ for the six-membered 
chelate ring. The latter band is located at a lower 
frequency (30 cm-‘) than the comparable v(N-0) 
of complexes I and IV with an identical chelate ring. 
This observation could be explained by the weaker 
U-O bond (oxygen of the oximato group in com- 
plexes V and VI compared to the M-O bond in 
complexes I and IV. The v(C=N) vibrations of the 
chelate ring and the non-ionized part of the ligand 
were located at 1604 and 1630 cm-‘, respectively 
(shifted from 1635 cm-’ in the case of H,L). The 
acetato group in complex V showed a v, centred at 
1545 cm-’ , and the splitting of this band (1555, 
1550 and 1540 cm-‘) is indicative of coordinate 
crowding in the equatorial plane of the uranyl ion. 
Bidentate coordination is suggested for the acetato 
group by comparing the v,, in this case with other 
acetato complexes of the metal ion.” The v(NH,) 
of the bidentate ethylenediamine is broad (centred 
around 3250 cm-‘) and mixed with the broad 
v(OH) (centred at 3400 cm-‘) of the non-ionized 
part of the ligand. The IR spectrum of complex VI 
did not show any strong band in the 1350-1400- 
cm-’ region of the free nitrate ion but revealed 
instead a vibrational band at 1485 cm-’ which is 
assigned to v(N-0) of the coordinated nitrato 
broup. Other stretching vibrations for nitrato group 
were observed at 2580, 2495, 1720 and 745 cm-‘. 
These bands are located at comparable locations to 
those of the known bidentate nitrate”~** of the ura- 
nyl ion. Accordingly, it is suggested that the U(W) 
ion in complexes V and VI had achieved 6-coor- 
dination in the equatorial plane [two from the che- 
late ring, two from ethylenediamine and two from 
either the acetato or the nitrato group (see Fig. 2)]. 
The v(U-N) (imino nitrogen) is located near 600 
cm-’ as in complexes I-IV. The strong 
v(O-U-O) stretching vibration is located at 910 
cm- ’ as in other cases of uranyl complexes of Schiff 
bases.*’ 

The electronic spectra of the sparingly soluble 
complex V (a single peak at 355 nm) and complex 
VI (a single peak at 340 nm) is typical of the uranyl 
complexes which usually show absorption peaks in 
the 340-500-mn region related to the UO$+ entity.23 
The suggested half-ionization of the ligand in 
complexes VI and VII is consistent with a similar 
behaviour of the trivalent lanthanides complexes 
of Schiff-bases.24 Moreover, the reaction of 
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uranyl nitrate with the related H2L produced 
the adduct UO,(H,L)(NO,), in which the ligand 
behaved” as a neutral bidentate molecule. 

Chemical evidence for the suggested for- 
mulations of complexes V and VI is derived from 
their reaction with (CH,CO,),Ni - 4H20 (1 : 1 molar 
ratio in ethanol). This reaction led to the formation 
of a Ni(I1) complexes which has been characterized, 
by analytical and spectral evidence, as the pre- 
viously reported” Ni(I1) analogue of complex I. 
The formation of the latter complex is explained by 
the following metal exchange reaction : 

HLU02 - en - X + (CH3C02)2Ni 

C2H50H 
- LNi + (CH3C02)2U02 

+en+HX. (3) 

The freed diamine in reaction (3) reacted with the 
initially formed Ni(I1) complex III analogue to 
form that of complex I, which is in accordance with 
our earlier” observation regarding the reactivity of 
the former complex with the diamine. 
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Abstract-The previously reported preparation of some Anderson-type molybdopoly- 
anions containing divalent metal ions (Zn, Cu, Co or Mn) as a heteroatom has been 
reinvestigated. The molybdopolyanions of Zn(I1) and Cu(I1) were contied, although 
the Cu(I1) polyanion was not stable and could not be recrystallized. On the other 
hand, the polyanions of Co(I1) and Mn(I1) could not be reproduced. Another type of 
heteropoly compound, D((H,O),_.(MO,O~~)]~- [x = Cu(II), Co(II) or Mn(II)], was 
isolated as solids, which are not stable thermally. The mixed-type Anderson polyanions, 
~i(II)Mos_,WX024H,]4-, which have been questioned as mixtures of species with differ- 
ent x values, were also reinvestigated using IR, UV absorption and MCD spectra. They 
are single species, but not mixtures, although some positional isomers may be present for 
the compounds where x = 2-4. The possibility of oxidation of the heteroatom with the 
Anderson structure maintained was examined. The oxidation of [Ni(II)Mo602fis]4- by 
the SzOi- ion in aqueous solution gave the Waugh-type ~i(Iv)Mo,032]6- polyanion, 
whereas the oxidation of [Ni(II)W,024Hd4- gave no heteropoly compound. 

Anderson-type heteropolyanions, represented by 
the general formula ~M,O,,H,l”-, possess a 
heteroatom (X) in a central octahedral cavity 
of the crown by edge-sharing six octahedral MO6 
(M = MO or W).’ These polyanions become a fam- 
ilyforanumberof2+,3+,4+,6+ and7+ metal 
ions as the heteroatom. They have been classified 
into A (x = 0) and B (X = 6) types by the number of 
attached protons, although some polyanions with x 
other than 0 or 6 have been recently reported.2*3 
Most of them have been tabulated in books.‘.4 How- 
ever, some questionable compounds are also 
involved there. In this work, we have done three 
experimental studies. The first is related to members 
of the family of B-type molybdopolyanions, 
especially the polyanions containing some divalent 
metal ions [Zn(II), Cu(II), Co(I1) or Mn(II)] other 
than Ni(II), which have been tist reported by 
LaGinestra et al.,’ and later questioned by Malik 
et al6 The second is a reinvestigation by spectro- 

*Author to whom correspondence should be addressed. 

scopic (IR, UV absorption and MCD) methods of 
the mixed-type Ni(I1) molybdotungstopolyanions 
previously reported by Matijevic et ~1.’ The last 
concerns the possibility of the oxidation of Ni(I1) 
molybdo- and tungstopolyanions leading to the cor- 
responding Ni(IV) ones with the polyanion struc- 
ture maintained. 

EXPERIMENTAL 

Electronic absorption spectra were measured by 
a Hitachi 340 spectrophotometer with an attached 
computer-key board. MCD spectra were recorded 
by a JASCO J-40AS spectropolarimeter mounted 
with a lO.O-kG electromagnet. IR spectra were re- 
corded with a JASCO IR-G spectrophotometer. 
Measurements were made at room temperature. 

Preparations 

WHWWW@d-bl~ 7W3 and W-bMX- 
(II)Mo,O,,Hd - 5H,O. B-type molybdopolyanions 

213 
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containing tervalent metal ions (Cr, Al or Fe) and 
Ni(I1) ion were obtained as crystals by the tra- 
ditional method :* adding an aqueous solution 
of metal sulphates or alums (3.1 x low3 mol) in 
20 cm3 water into a boiling aqueous solution 
of (NH.&Mo~O~~ - 4Hz0 (5 g, 4.2 x low3 mol) dis- 
solved in 80 cm3 water, further evaporating on a 
steam-bath, filtering the hot solution and cooling. 
In the preparation of the Co(II1) polyanion, a 
mixed aqueous solution (30 cm3) of CoSO, - 7H,O 
(4.2 g, 0.015 mol) and 30% aqueous HzOz (2 g) was 
added into the boiling solution of aqueous hepta- 
molybdate (30.9 g, 2.5 x lo-’ mol in 260 cm3 
water). These compounds were recrystallized twice 
from water. The colour and analytical data are 
listed in Table 1. Visible absorption spectra of the 
Co(III), Cr(II1) and Ni(I1) compounds are in good 
agreement with the previous data.g When the 
colourless Fe(II1) polyanion was dissolved in water, 
the solution was a wine-red colour due to the dis- 
sociation and/or the hydrolysis. 

The preparation of B-type Anderson molybdo- 
polyanions containing divalent metal ions (Ni, 
Zn, Co or Mn) has been reported by LaGinestra et 
~1.~ However, some questionable points were seen. 
They stated that such polyanions must be prepared 
without boiling: however, the Ni(I1) and Zn(I1) 
compounds were actually obtained from boiling 
solutions. The Zn(I1) compound was obtained as 
colourless crystals by adding an aqueous solution 
of ZnS04 * 7Hz0 (1 g, 3 x 1 OT3 mol in 20 cm3 water) 
into a boiled solution of heptamolybdate (5 g, 
4.2 x 10e3 mol in 80 cm3 water). It was recrystallized 
twice from water. Analytical data are listed in Table 
1. This compound was very soluble in water. 
Further, the Cu(I1) compound was obtained by 
adding Cu(I1) sulphate solution (0.75 g, 3 x 10e3 
mol in 20 cm3 water) into the boiled solution of 
heptamolybdate (5 g, 4.2 x 10e3 mol in 80 cm3 

Table 1. Colour and analytical data for (NH&X(III) 
Mo60xH6] - 7H,O and (NH&X(II)Mo,O,H,] * 5Hz0 

X 

Found Calculated 
(%) (%) 

Colour NH NH 

Co(II1) Blue-green 2.4 3.6 2.7 3.5 
Cr(II1) Reddish-violet 2.4 3.6 2.7 3.5 
Fe(II1) Colourless 2.4 3.6 2.7 3.5 
Al(II1) Colourless 2.4 3.7 2.7 3.6 
Ni(I1) Sky-blue 2.7 4.6 2.7 4.7 
Zn(I1) Colourless 2.3 4.5 2.7 4.7 

water), filtering the yellow insoluble precipitate 
produced, cooling the filtrate, and adding excess 
amounts of acetonitrile. The light blue solid 
obtained was insoluble in water and not stable 
thermally. The Co(II) and Mn(I1) compounds were 
not obtained from boiling solutions. Any changes 
in the pH of the initial heptamolybdate solution 
and in the reaction time gave mixtures of the initial 
materials and the bluish violet [for Co(H)] or yellow 
[for Mn(II)] insoluble solids. On the other hand, 
from the experiments without boiling, the Cu(II), 
Co(I1) and Mn(II) compounds could be obtained, 
which were insoluble in water and not stable ther- 
mally. They were prepared by concentrating the 
mixed aqueous solutions of the metal sulphates and 
heptamolybdate without heating and/or adding 
excess amounts of acetonitrile. However, their 
spectra were not identical with the characteristic 
IR spectra of the Anderson molybdopolyanions. 

(NH&Ni(II)Mo,_,W,O,H,] * 5H20. B-type 
Ni(II) molybdotungstopolyanions (x = 1,3,5 or 6) 
were prepared according to two methods of Mati- 
jevic et al.’ Method 1 is based on the dropwise 
addition of an aqueous solution of Ni(II) sulphate 
into boiling solutions containing appropriate molar 
ratios of MO and W, where the source of MO is 
(NH.&Mo70z4 * 4Hz0 for x = 0, Na,MoO, - 2H,O 
for x = 1, and Moo3 for x = 2-5 ; and the source 
of W is Na*WO., - 2Hz0 for all x. Method 2 is 
based on heating above 80°C aqueous solutions 
containing appropriate molar mixtures of already 
isolated x = 0 or 6 compounds, and cooling spon- 
taneously to room temperature. All compounds, 
recrystallized twice. from water, were obtained as 
sky-blue crystals. Analytical results for all the 
compounds were in good agreement within the 
experimental error. However, they do not lead 
to direct evidence for these mixed species, because 
they cannot be discriminated from those of 
mixtures of species with different compositions. 

(Na, K),[Ni(IV)W,O$ * nHzO. An A-type 
Ni(IV) tungstopolyanion was obtained by the 
modification of the preparation of the isostruc- 
tural Mn(IV) tungstopolyanion.” A solution of 
Na2W04 * 2H,O (20 g, 0.06 mol) in 100 cm3 water 
was boiled, into which NiSO,* 6Hz0 (2.6 g, 0.01 
mol) in 10 cm3 water was slowly added. Further, a 
fine powder of K&O,, (5.4 g, 0.02 mol) was added. 
The boiling was continued for about 15 min, with 
occasional additions of water. The reaction mixture 
was poured into an equal amount of hot water and 
the solution kept at 80°C for about 30 min on the 
steam-bath. The black crystals formed were filtered, 
washed with water, and dried (yield 2.5 g). This 
compound was slightly soluble in water and insol- 
uble in most other solvents. 
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Oxidation of Ni(II) molybdo- and tungstopolyanions 

When an aqueous solution of (NH,),[Ni(II) 
Mo60z4H6] - 5Hz0 containing (NH&SzOs was 
heated, a colour change was seen ; from sky-blue it 
turned gradually to black. After the homogeneous 
black solution was left standing at room tempera- 
ture, the colourless precipitates produced were 
filtered off. The black crystals obtained from 
the filtrate showed IR spectra identical with 
that of the Waugh-type heteropoly compound 
(NH&Ni(IV)Mo,O,,], which was prepared sep- 
arately.13 On the other hand, in the analogous 
experiments using (NH,)JNi(II)W,O,H,] * 5Hz0, 
no heteropoly compound could be obtained. In 
this reaction, the solution became blackish via 
yellowish-brown, but then it turned to green. 
Further addition of (NH&S208 showed no more 
colour change. Only the mixture of decomposed 
materials was given. 

RESULTS AND DISCUSSION 

B-type molybdopolyanions with divalent metal ions 

as a heteroatom 

In the Anderson heteropolyanion, each hetero- 
atom forms an octahedral complex of six oxy- 
gens for A-type and of six OH groups for B-type. 
Thus, the visible absorption spectra of B-type poly- 
anions of Co(III), Cr(II1) and Ni(II) are com- 
parable with that of the corresponding hexaaqua 
complexes,g although the peak intensities of the 
polyanions are smaller as shown in Table 2. IR 
spectra of Anderson-type ~(III)Mo,O,,H,]~- 
[x(111) = Co(III), Cr(III), Fe(II1) or AI(III)] are 
presented in Fig. 1. The bands due to the hetero- 
atom are seen only in the region less than 450 
cm-‘. Since the IR spectra in the 950-900- and 65& 

1000 600 600 4 
(cm-‘) 
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0 

Fig. 1. Solid IR spectra of Anderson-type 
P(III)Mo~O~~HJ~- polyanions. 

550-m-’ regions become independent of the sort 
of heteroatom, they can be said to be in the 
pattern common to the B-type Anderson mol- 
ybdopolyanions. In fact, the Ni(II), Zn(I1) and 
Cu(I1) molybdopolyanions show the characteristic 
IR spectra (Fig. 2). The IR spectrum previously 
shown for the Mn(I1) compound by LaGinestra 
et al.’ is evidently different from these patterns. 

Table 2. Spectral data of visible and near-IR absorption of Anderson-type 
molybdopolyanions of Co(III), Cr(II1) and Ni(I1) 

I. (x lo-’ cm-‘) (&) 

[Co(III)Mo,0,H,13- 16.5 (18.6) 24.2 (18.4) 
[CO(H~O)J~+~ 16.5 (40) 25.0 (50) 

[Cr(III)Mo,O%H J3- 18.5 (7.8) 25.3 (9.5) 
[Cr(HA%13+ LI 17.4 (13.3) 24.6 (15.3) 

[Ni(II)Mo,OxH$- 9.3 (1.6) 13.7 (1.2) 15.6 (1.8) 
lWH@M*’ a 8.5 (2.0) 13.8 (2.1) 15.2 (1.9) 
[SiNiMo, ,0,H,]6-b 8.6 (5.3) 14.5 (6) 

“Ref. 10. 
‘Ref. 11. 



216 K. NOMIYA et al. 

1000 800 600 8 
km-’ 

Fig. 2. Solid IR spectra of Anderson-type 
[x(II)Mo,0,H,J4- polyanions. 

Although they have attributed the disagreement to 
the different formulae due to the number of 
hydrates, it presumably accounted for the com- 
pound itself. On the other hand, the IR spectrum 
presented by them as that of the Co(I1) compound 
is apparently similar to the characteristic patterns. 
We have occasionally obtained the compound 
showing such an IR spectrum from the reaction 
involving boiling with a Co(II) sulphate solution 
and an aqueous heptamolybdate solution adjusted 
to pH 4.46. However, such a compound was a 
minor product. 

The Cu(II), Co(I1) and Mn(I1) compounds 
obtained from the experiments without boiling were 
not of the Anderson type, but like the Mo70z4 poly- 
anion. These compounds showed IR spectra very 
similar to that of the [Mo~O~~]~- polyanion, except 
for the slightly broad bands in the 650-550~cn-’ 
region and the ca 10 cm-’ shift to the high-fre- 
quency region of the bands at cu 900 cm-’ (Fig. 
3). They were insoluble in water and could not be 
recrystallized. Heating the aqueous suspension led 
to decomposition. These compounds are probably 
the D((Hz0)6_,(M07024)]4--type 1 : 1 complex, 
which was first proposed by Malik et a1.,6 

600 600 400 
(cm? 

Fig. 3. Solid IR spectra of the 1: 1 metal ion 
(X): Mo,O;; complexes and Mo,O& alone (on the 

bottom). 

from the Job method of continuous variation 
in an aqueous solution of metal sulphate and 
heptamolybdate. As a related complex, we have 
previously isolated the 1 : 2 Ce(II1) : Mo70z4 com- 
plex as orange-red crystals from an aqueous 
solution containing ammonium Ce(II1) nitrate and 
ammonium heptamolybdate.14,‘5 The preparation 
was done only at room temperature, and the Ce(II1) 
complex obtained was also insoluble in water, and 
not stable thermally. 

The Anderson heteropolyanion is one of the most 
well-known polyanions and it constitutes a family 
with a number of heteroatoms.‘*4 We propose that 
the Co(I1) and Mn(I1) ions should be excluded from 
the Anderson family and entered into another 
category of polyanion. 

Mixed-type [Ni(II)M06_,W,o,H6]“- polyanions 

For these mixed polyanions, the possibility has 
been pointed that they are mixtures of polyanions 
with different x values.’ However, it was easily 
confirmed from the IR spectra that the x = 3 com- 
pound obtained by method 1 differed from an equi- 
molar mixture of the x = 0 and x = 6 compounds. 
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Further, the IR spectra of the x = 3 compounds 
obtained by methods 1 and 2 were identical, as 
shown in Fig. 4. The IR spectra of each mixed 
polyanion were subtly different, and all of them 
resembled that of the x = 6 rather than the x = 0 
compound as a whole. 

In aqueous solution, these mixed polyanions 
showed the behaviour of a single species. Figure 5 
shows the W and MCD spectra of the x = 0, 1,3, 
5 and 6 compounds obtained by method 1. MCD 
spectra evidently indicate that they are single 
species, but not a mixture of species with different 
compositions, because the peak positions are quite 
different. 

We can see some implications for the formation 
of the mixed Anderson cage in the experiments by 
method 2, and also in the recrystallization process 
for the x = 0 and x = 6 compounds. When an aque- 
ous solution containing the Ni(I1) Anderson poly- 
anion is heated above 8O”C, a colour change of the 
solution is observed from sky-blue to green. During 
the cooling process to room temperature, it returns 
to the original sky-blue. The green solution will be 
due to the Ni(I1) aqua ion produced by dissociation 

1200 1000 800 600 400 
(cmd) 

of the polyanion. Therefore, it seems that, during 
the cooling process, the Anderson cage is formed 
around the Ni(II) ion as a core. The mixed 
Anderson cage will be formed on the basis of the 
reorientation of randomly distributed MO and 
W 0x0 ions at the high temperature. Thus, the 
experiments by two methods do not exclude the 
possibility that the x = 3 compound, and also the 
x = 2 and x = 4 compounds, contain some posi- 
tional isomers. 

Oxidation of Ni(II) molybdo- and tungstopolyanions 

The oxidation of the [Ni(II)Mo60z4HJ4- poly- 
anion by the SzOi- ion in aqueous solution led to 
the formation of a Waugh-type [Ni(IV)Mo,0,,16- 
polyanion, which was isolated separately.13 The val- 
ency of the heteroatom can be changed and the 
polyanion cage is simultaneously transformed. On 
the other hand, the oxidation of [Ni(II)W&H6]4- 
gave the decomposition mixture, but no heteropoly 
compound. The same initial materials have been 
used in the preparations of [Ni(rv)W@z4]8- and 
[Ni(II)w6024H6]4- pdyauhs, except for the 

600 400 
(cm’) 

Fig. 4. Solid IR spectra of [Ni(II)Mo,_,W,O,J5$ polyanions; x = 6 (A) and 0 (B) compounds, 
equimolar mixture (A + B) of them, and x = 3 compounds obtained by methods 1 (C) and 2 (D). 
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Fig. 5. UV absorption and MCD spectra of 
[Ni(II)Mo~_xWxOxH,]4- polyanions : x = 0 (----), 
x=1 (-----), x=3 ( -), x = 5 ( .e..), and 

x = 6 (----). 

addition of the SzOg- ion in the former. Thus, this 
oxidation experiment suggests that the formation 
of the [Ni(IV)W,O,,]“- polyanion does not pro- 
ceed through the oxidation of the already formed 
[Ni(II)W6024H6]4- polyanion. In a Keggin-type 
polyanion, the valency of the central heteroatom 
can be changed sometimes by chemical oxidation, 
with the polyanion structure maintained, such 
as [CO(II)W,,O,]~- + [CO(III)W,~O~]~- 16*17 and 
[CU(I)W~~O~]‘- + [CU(II)W,~O~~]~-,~~ reactions 

which proceed by the outer-sphere mechanism of 
an electron transfer. 18*ig In this case, the Anderson 
structure may be thermally less stable than the 
Keggin structure. 

5. 

6. 

7. 

8. 
9. 

10. 

11. 
12. 

13. 
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15. 
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Abstract-The pentacoordinated tellurium(IV) complexes [R2TeC12 * L] [R = C6HS or p- 
CH30CgH4; L = Ph,PSe, (p-MeC,H,),PSe, Bu,PSe or Ph2P(Se)(CH2),(Se)PPh2] were 
obtained by the reaction of R,TeC12 with L under anhydrous conditions. The complexes 
have been characterized by spectral (IR, ‘H NMR and 3’P NMR) studies. The reaction of 
RTeCl, and L, however, yields tellurium/selenium metal. ‘5(31P-77Se) coupling constant 
data suggest complexation. In case of bidentate donor bases only one donor site is used 
in coordination. The complexes possess distorted octahedral geometry around a central 
tellurium atom which is surrounded by five groups and one vacant site occupied by a lone 
pair. 

The coordination chemistry of phosphine selenides 
is little known compared to that of phosphine, phos- 
phine oxides and sulfides.’ There are only a few 
reports on the complexes of P=Se bases with some 
soft acceptors*-6 such as Pt(II), Pd(II), Ag(I), 
Zn(II), Cd(H) and Hg(I1). A few coordination com- 
pounds of the main-group metals Pb(II), Sn(I1) and 
Sn(IV) have also been reported>* but the cor- 
responding reactions with organometals have not 
been studied. There is a single paper describing the 
coordination behaviour of P=Se with (PhTeBr).’ 
In continuation of our interest in the synthesis and 
reactivity of organotellurium(IV) compounds,” we 
report herein the synthesis of such complexes with 
organotellurium(IV). 

EXPERIMENTAL 

All manipulations were carried out under dry 
nitrogen. TeCl, (BDH) was used as such. 
Ph2TeC12,” @-MeOC&)2TeC12,‘2 Me2TeI,,13 (p- 
MeOC6H4)TeC13,‘4 and Ph,Te(OCOCF,), and 
Me2Te(OCOCF3)2’5 were prepared by literature 
methods. Tertiary phosphine selenides were pre- 
pared from the phosphine and KSeCN in CH3CN16 
or by direct reaction of elemental selenium (red) 
with phosphines in refluxing toluene.17 ‘H NMR 
spectra of the compounds were recorded in CDC&, 

*Author to whom correspondence should be addressed. 

using TMS as the internal standard on a Varian 90- 
D spectrometer. 31P NMR spectra were obtained 
using a JEOL-PFT 400 Fourier transform spec- 
trometer operating at 40.5 MHz. Samples were con- 
tained in spinning IO-mm tubes with CDC13 as the 
solvent system with a l-mm capillary tube con- 
taining 85% H3P04 as a reference. The molecular 
complexes were obtained by the direct interaction 
of the Lewis acids and bases in dichloromethane. 

Reaction of R2TeC12 (R = Ph or p-MeOC,H,) with 
bases 

In a typical experiment a mixture of Ph2TeC12 
(3.52 g, 10 mmol) and Ph,PSe (3.41 g, 10 mmol) 
in dichloromethane (-30 cm3) was refluxed for 
4 h, and the excess solvent distilled off. The sol- 
ution was concentrated to crystallization, yielding 
[Ph,TeCl* . SePPh,]. Similar products were ob- 
tained using Ph,P(Se)(CH,),(Se)PPh, as a base and 
Me,Te(OCOCF,), as an acceptor. 

Reaction of (p-MeOC,H,)TeCl, with bases 

In a representative experiment, a mixture of 
(p-MeOC6H4)TeC13 and Ph,PSe in a 1: 1 molar 
ratio was stirred in dichloromethane at room tem- 
perature. The reaction mixture after a few 
minutes deposited selenium and tellurium metals. 
Similarly, MqTe12 and Me2TeClz with Ph,PSe 
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and PhzP(Se)(CH&(Se)PPh2 deposited free 
metals and failed to yield stable adducts. 

RESULTS AND DISCUSSION 

The analytical data for the adducts (Table 1) cor- 
respond to a 1: 1 (M : L) stoichiometry except for 
[2@ - MeOC,H&TeCl, * PhzP(Se)(CH,),(Se)PPhz] 
which has a 2 : 1 (M : L) mole ratio and possesses a 
bridging ligand. All complexes are white crystalline 
solids having sharp melting points. They are nor- 
mally stable but deposit selenium metal on stand- 
ing for a long time. The complexes possess very 
offensive odours. They are soluble in common 
organic solvents such as MeOH, EtOH, CH2C12, 
MeCN, Me$O, Me*NCHO and PhNO*. The 
molar conductances of lop3 M solutions of the 
complexes in MeOH and MeCN at room tempera- 
ture indicate their non-electrolytic nature. 

All known organoselenophosphorus compounds 
belong to the P(IV)-Se(I1) class. Thus, selenium 
can be bonded to a phosphorus atom by a single 
(a) bond or by a double bond of p,-d, (Se 4pn+P 
3d,) type. P=Se can be considered as essentially a 
double bond because 3d orbitals of phosphorus are 
available for n-bonding. The p,-d, bonding arises 
from donation of non-bonding 4pn electrons of the 
selenium atom into vacant 3d orbitals of phos- 
phorus. This double-bond character in these ligands 
and the presence of valence s-electron density at the 
nucleus of the selenium atom is more than twice 
that for phosphorus, which would normally lead to 
a larger coordinating centre. Depending upon the 
relative importance of the two resonating hybrid 
structures the selenium atom will effectively retain 
from one to two electron lone pairs which have 
most of the selenium s-character, and thus may 
coordinate to a metal atom in one of the following 
ways : 

R,P=Se : + M f+ R,P’SeT-+ M. 

IR spectra 

The IR spectra of the complexes were recorded 
in the range 4000-400 cm- ‘. The diagnostic absorp- 
tions are discussed below. 

Complexes with phosphine selenides 

The v(P=Se) reported in various phosphine 
selenides lies in the range 51 l-562 cn- ‘, and 
undergoes a negative shift of 8-14 cm-’ on coordi- 
nation. A shift of 10-20 cm- ’ in v(P=Se) has been 
reported for zinc, cadmium, mercury and nickel 
complexes.3*‘8 

The shift is attributed to a weakening of the sec- 
ondary p,-d, bonds between the selenium and the 
phosphorus atom in the complexes. It is observed 
that only a small change in the Me stretching 
frequency occurs compared to the corresponding 
v(P=O) and v(P=S) absorptions” in the cor- 
responding complexes. This is reasonable since the 
vibrations involving the relatively heavy selenium 
atom would be less sensitive to coordination than 
those with the lighter phosphorus, oxygen or sulphur 
atoms. 

‘H NMR spectral studies 

The ‘H NMR values are given in Table 2. The 
salient features of the spectra are discussed below. 

In the ‘H NMR spectra of [(p-MeOCJI&TeCl, * 
Ph,P(Se)(CH,),(Se)PPhz] (1 : 1 M : L) and [2(p- 
MeOC6H.&TeC12 * PhzP(Se)(CH,),(Se)PPhd (2 : 1 
M : L), the -CH, protons are doubled due to coup- 
ling with the 31P nucleus. The methyl protons 
of thep-MeOC,H, group show a doublet in the 1: 1 
complex. In the 2 : 1 complex the two methyl singlets 
are separated and are centred at 3.15 and 3.68. 
However, the two complexes show a single spot in 
TLC, ruling out the presence of a mixture of the 
2 : 1 and 1: 1 adducts. The structural change may 
be due to participation of both selenium atoms of 
the bidentate ligand in coordination, giving rise to 
a bridging ligand between the two tellurium atoms. 
The structure of bis(diphenylphosphinoselenide)- 
ethane favours more a bite and an orientation 
of the lone pairs for bridging two metals atoms 

Table 2. ‘H NMR spectral data 

Complex” 
Chemical shift 

(Ppm) 

5 3.72, s, 6H @-CH,O); 6.88, d, 4H (meta- 
protons) ; 7.94, d, 4H [ortho protons of 
@CH,OC.&J] ; 7.2-7.85, m, 15H (C,H,),P 

7 2.3, s, 9H (C&-(X3); 3.73, s, 6H (p- 
CH,O) ; 6X-8.0, m, 20H (phenyl protons) 

8 2.84, d, 4H (-CH,CH,--) ; 3.76, d, 6H (p- 
CH,O) ; 6.92, d, 4H (meta protons) 7.95, d, 
4H [ortho protons of (p-CH,OC&+] ; 
6.5-8.0, m, 20H lphenyl protons of 
%WWl 

9 2.82, d, 4H (-CH,CHJ; 3.75, 3.68, s, 12H 
@CH30) 6.90, d, 8H [ortho protons of (p- 
CH,OC&F]; 668.0, m, 20H lphenyl 
protons of Ph,P(Se)-] 

“See Table 1. 
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Table 3. 31P NMR data for [R2TeC!12 - L] 

L in the complex 
(pMeOC,H.,),TeCl, * L 

Ph,PSe 

Ph2P(Se)(CH,),(Se)PPhz 

a Free-ligand values” 

g(P) d(P) 1J(3’P-“Se) A(“P-“Se) 
(Ppm) (Ppm) (Hz) (Hz) 

35.3 2.4 700.4 - 35.6 
(32.9) (736) 
3598 2.38 635.1 - 100.9 

(33.6) 832.2 (736) +96.2 

rather than forming a chelate ring around a 
single metal.lg It is concluded that diphosphine 
selenide acts as a bridging ligand between two 
tellurium atoms, as reported for diphosphine com- 
plexes with other metals.20-u 

3’P NMR spectra 

31P NMR spectra of a few complexes were 
obtained at room temperature and the data are 
listed in Table 3. 

From the 31P NMR data the following facts are 
deduced : 

(i) Jr_&3’P-77Se) is sensitive toward coordination 
and possesses a lower value compared to that for 
the free ligand. Such a change is attributed to coor- 
dination of P=Se to the metal atom through sel- 
enium.23,24 

(ii) In the complex [(p-MeOC6HJ2TeClz * 
SePPh,] the 8(P) and 1J(3’P-77Se) decrease on co- 
ordination, indicating Se + Te bonding.‘7,23 

(iii) In the complex [(p-MeOC6HJ2TeC12 - 
Ph,P(Se)(CH,),(Se)PPh,] two sets of 77Se satellites 
of equal intensity, with 1J(31P-77Se) = 635.1 and 
832.2 Hz, are observed. The former coupling 
constant [A1J(3’P-77Se = - 100.9 Hz] is due to 
coordination from the selenium atom, while 
the other, being higher (A’J = +96.2 Hz) than 
that in the free ligand, may be due to an unco- 
ordinated selenium atom.25 Thus, from spectral 
data it may be concluded that the complexes possess 
an octahedral geometry around a tellurium atom 
with one site being occupied by a lone pair of elec- 

i R\TC 
R’I’L 

R/r<& Sb’ I’R 
X 

xII IIX 
Ph2P 

‘(CH, ,( 

PPh, 

R = Cl%, &l-l5 or p-MeOC,Hq; X = CL or OCOCF3 

trons. The structures of the complexes may be as 
shown below. 

AcknowledgementsFinancial assistance from the 
Council of Scienti6c and Industrial Research, New Delhi, 
and the University Grant Commission, New Delhi, in 
support of the present work is gratefully acknowledged. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 

10. 

11. 

12. 
13. 
14. 

15. 

16. 

17. 

18. 

19. 

REFERENCES 

N. M. Karayannis, C. M. Mikulski and L. L. 
Pyrlewski, Znorg. Chim. Acta, Rev. 1977,5, 69. 
T. Allman and R. G. Geol. Can. J. Chem. 1984,60, 
615, 621. 
A. J. Blake and G. P. McQuillan, J. Chem. Sot., 
Dalton Trans. 1984, 1849. 
D. J. Williams and K. J. Wynne, Znorg. Chem. 1976, 
15, 1449. 
E. W. Abel, S. K. Bhargwa, K. G. Ore11 and V. Sik, 
Znorg. Chim. Acta 1981, 49,25. 
I. J. Colquhoun and W. McFarlane, J. Chem. Sot., 
Dalton Trans. 1981,658. 
M. J. Fernandezcid, M. P. Pazos Perez, J. Sordo, 
J. S. Casas, M. R. Bermego and M. Gayoso, An. 
Quim., Ser. B 1982,78, 190. 
P. A. W. Dean, Can. J. Chem. 1982,60,2921. 
S. Hauge and 0. Vikane, Acta Chem. Stand. 1973, 
27, 3596. 
T. N. Srivastava, Jai Deo Singh and Shashi 
Mehrotra, Indian J. Chem. 1985,24A, 849. 
R. C. Paul, K. K. Bhasin and R. K. Chadha, J. Znorg. 
Nucl. Chem. 1975,37,2337. 
J. Bergman, Tetrahedron 1972, 28, 3323. 
R. H. Vernon, J. Chem. Sot. 1920,117,86. 
G. T. Morgan and R. E. Kellett, J. Chem. Sot. 1926, 
1089. 
T. N. Srivastava and Jai Deo Singh, Indian J. Chem. 
(communicated). 
P. Nicpon and D. W. Meek, Znorg. Chem. 1966, 5, 
1297. 
S. 0. Grim, E. D. Walton and L. C. Satek, Can. J. 
Chem. 1980,58,1476. 
M. G. King and G. P. McQuillan, J. Chem. Sot. A 
1967,898. 
C. H. Lindsay, L. S. Benner and A. L. Balch, Znorg. 
Chem. 1980,19,3503. 



Pentacoordinated complexes of organotellurium(IV) halides 223 

20. M. M. Olmstead, C. H. Lindsay, L. S. Bearer and 23. P. A. W. Dean, Can. J. Chem. 1979,57,754. 
A. L. Balch, J. Organomet. Chem. 1979, 179,289. 24. S. 0. Grim, E. D. Walton and L. C. Satck, Znorg. 

21. V. G. Kumar Das, J. Znorg. Nucl. Chem. 1976, 38, Chim. Acta 1978,27, L115. 
1241. 25. P. A. W. Dean and M. K. Hughes, Can. J. Chem. 

22. F. A. Cotton, G. G. Stanley and R. A. Walton, Znorg. 1980,58, 180. 
Chem. 1978,17,2099. 



Polyhedron Vol. 6, No. 2, pp. 225-254, 1987 0277-5381/W S3.OOf.00 

Printed in Great Britain Pergamon Journals Ltd 

SINGLE-CkYSTAL OPTICAL ABSORPTION SPECTRA FOR 
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Abstract-Polarized single-crystal absorption spectra in the region 800-250 nm were re- 
corded at 300 and 6 K for the 20 possible Magnus-type crystals containing the PtCl:-, 
I%;;& F($li- and PdBri; anions, and the [Pt(NH,),]2’, [Pt(CH,NHJ#‘, [Pt(en)J’+, 

and pd(en)] cations. Metal-metal distances were obtained from X-ray 
diffracti:: determination of crystal axes. A complete set of X-ray diffraction intensities was 
collected for 2659 reflections over four octants for crystals of Pt(en),PdC&. Triclinic cell 
parameters were: a: b: c: = 11.711(7): 8.480(6): 6.801(2) A; a: /I: y = 96.10(4):91.08(4): 
106.74(8)“; I/ = 642.3(2) A’; Z = 2. However, only 20 very weak reflections occurred 
that would conflict with a body-centered space group. Refinement in 11 yielded Pt, Pd, 
Cl and N positions satisfactory for spectra interpretation. C positions could not be satis- 
factorily established and refinement in Pl, 11 or Pi did not converge. The spectra at 6 K 
provided resolution into components not available at room temperature. The tern- 
perature dependence of intensities and in some cases resolution of vibrational struc- 
ture in the bands was helpful in making transition assignments. For Pt(NH,)QtC1, a 
very sharp electric dipole allowed band, not previously observed, was found just above the 
&d transitions with x,y polarization (normal to the stacking direction). Similar bands 
occurred m the PtCl:- salts with other Pt cations. The evidence is summarized for assign- 
ment of these bands as interionic electron transfers (anion-d,,,Yz + cation-p,). This evidence 
implies that the very intense absorption at cu 35,000 cm-‘, z-polarized (along the stacking 
axis), is also an interionic electron transfer (anion-d =Z + cation-p,). These results together 
with shifts of the intraionic d + d transitions suggest that the d,z-orbital in the free MX:- 
ions lies close in energy to the dxz,yr- orbitals. Spectra of PdCl:- salts with the Pt cations 
reveal broad dipole-allowed transitions above the intramolecular d + d transitions. It 
appears likely that they are interionic electron transfers. However, their characteristics 
indicate they cannot be anion-d + cation-d nor anion-d -+ cation-p, transitions. Hence they 
are most likely anion-la + cation-da* transitions. The results indicated that Pt was more 
effective than Pd in shifting d-d transitions in the region of 3.25-3.55 A. These shifts, except 
for the ‘A Ig + ‘A, transitions, were strongly dependent on the metal-metal distance with 
cations of the same metal. 

The green compound Pt(NH&PtCh first described 
by Magnus’ in 1828 is commonly known as Mag- 

out the years. The anomalous color is apparently 
the result of close face-to-face stacking of alter- 

nus’ Green Salt (MGS). Since the compound is nating cations and anions in one-dimensional 
formed from the normally colorless [Pt(NH3)J2+ arrays with Pt-Pt spacings of 3.24 A.‘,” Indeed, a 
cation and the normally red PtCl:- anion, it has polymorph, Magnus’ Pink Salt, without the one- 
been the subject of numerous speculations through- dimensional stacks, has the normally expected 

color. 
The Magnus-type salts consist of similar one- 

t Author to whom correspondence should be addressed. dimensional stacks of MA:+ cations and M’X:- 
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anions. In the present work single-crystal polarized 
absorption spectra have been recorded at room 
temperature and 6K for the 20 possible Magnus- 
type salts with M and M’ = Pt or Pd, X = Cl or Br, 
and A = NH3, CH3NH2 or half the chelating group 
ethylenediamine (en). 

Previously, single-crystal spectra for MGS of very 
limited quality were reported by Yamada.’ Day 
et aL6,’ published single-crystal spectra for MGS, 
Pt(CH,NH&‘tCI, and Pt(C,H,NH,),PtCh at 
room temperature while Martin et al8 presented 
300- and 15-K spectra for MGS. The various Mag- 
nus-type salts occur with a variety of colors. Miller’ 
as well as Day et aL6 have tabulated wave numbers 
for peaks and some shoulders observed in the 
diffuse reflectance for a number of the Magnus- 
type salts. Anex and coworkers’“,‘r have used single- 
crystal polarized specular reflectance spectra to 
characterize the high-intensity, high-energy tran- 
sition in a number of Magnus-type salts. Such 
specular reflection spectra nicely complement the 
transmission-absorption spectra since they provide 
polarization information about intense bands that 
are beyond the capability of absorption measure- 
ments. Yamada’ and Miller9,‘* considered the 
anomalous color to originate in a band-to-band 
type of transitions in Magnus-type salts. However, 
DayI has argued that the visible-region spectra 
were essentially anion spectra in which a number of 
transitions had been red-shifted. The red shifts for 
adtransition were attributed to the repulsion inter- 
actions between anion electrons and electrons of 
the adjacent cations. A red shift of an intense z- 
polarized transition was suggested to be the result of 
transition dipole-dipole interactions. On the other 
hand Anex and coworkerslOJ1 have argued that the 
intense absorption band for ammonia-chloride 
Magnus-type salts of Pt and Pd involves a “de- 
localized” transition without further specification. 

The low-temperature spectra in the present study 
provide resolution into a greater number of bands 
than can be discerned at room temperature, and 
also a vibrational structure has appeared in some 
bands. The temperature dependence of the band 
intensities is useful since permanent electric dipole 
allowed transitions will have little temperature 
dependence, whereas vibronically-enabled tran- 
sitions (Herzburg-Teller type) decrease signi- 
ficantly in intensity as the temperature falls from 
room temperature to liquid-helium temperatures. 
The use of different amines provides some variation 
in the M-M stacking distances which in turn causes 
a number of band shifts and intensity changes. With 
the large number of compounds involved, the rather 
severe testing of any theory or rationalization of 
orbital and transition energies is now possible. 

EXPERIMENTAL 

Preparation of crystals 

The preparation of the complex anion salts 
K,PtCh, K,PtBr,, K2PdC14 and K2PdBr, has been 
described previously.‘“r6 To prepare the cation 
complexes, ca 50 mg of the potassium salt of the 
chloride or bromide complex was dissolved in a 
minimum of water. A concentrated aqueous sol- 
ution of NH3 or the indicated amine was added 
until the Magnus-type salt formed. The reaction 
mixture was heated until the Magnus-type salt had 
redissolved and most of the liquid had evaporated. 
The remaining solution was added to 500 cm3 of 
a solution formed from 45% diethyl ether, 45% 
acetone and 10% ethanol. The white precipitate 
was stored over a concentrated aqueous solution of 
the amine to minimize ligand replacement reactions. 

Attempts to prepare the compounds 
Pd(CH3NH2)&12 and Pd(CH3NH2JBr2 by this 
technique produced very poor yields of impure 
products that were unsuitable for use in the Mag- 
nus-type salt synthesis. Hence, only 20 Magnus- 
type salts were prepared of the 24 possible with two 
metals, two halides and three amines. 

Thin crystals were mostly grown in the film of 
solutions between glass plates by the technique util- 
ized in the earlier study of MGS in our laboratory.8 
Larger crystals were prepared in a crystal grower 
which consisted of a 25-mm horizontal cyclindrical 
vessel divided into three compartments by fine sin- 
tered-glass discs. The anion salt solution was placed 
in one end compartment, the cation salt in the other 
end compartment, and a potassium halide solution 
in the center compartment. Crystals normally 
formed on the surfaces of the sintered-disc dividers. 

Crystallographic methods 

Atoji et al4 showed that the MGS crystals possess 
a tetragonal unit cell with the ions stacked face-to- 
face along the c-axis so that the metal atoms are 
spaced apart by a distance of 42. Miller’* reported 
from powder film data that the Magnus-type salts 
containing methylamine ligands in the cations also 
formed tetragonal crystals. From the c-axis lengths 
and the optical properties, he concluded that the 
ions stacked along the tetragonal axis similar to 
MGS for all the compounds for which he had data. 
However, the Magnus-type salt with ethylene- 
diamine-complexed cations crystallized as needles 
with triclinic lattices. Optical examinations of all 
our ethylenediamine crystals showed that optical 
extinctions were not appreciably wavelength- 
dependent, and one extinction was aligned with the 
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needle axis. The strong dichromism of the crystals 
indicated that the needle axis, which we have always 
designated as the c-axis, provided essentially the z- 
polarized spectra for the complex. For 16 of the 19 
compounds other than MGS itself, we were able to 
mount suitable crystals on the goniometer head of 
a four-circle X-ray diffractometer, constructed in 
the Ames Laboratory of the U.S.D.O.E. This 
instrument was interfaced with a PDP 15 computer. 
Automatic indexing was accomplished by an inter- 
active program ALICE of Jacobson.17 These in- 
dexing experiments also provided the indices of the 
well-developed faces which served for the crystal 
spectroscopy and the volumes of the unit cells 
needed for evaluating spectroscopic intensities. 
These crystallographic axes and angles, determined 
without any symmetry constraints, are shown in 
Table 1. The results are in good agreement with 
tetragonal assignments for the ammine and methyl- 
amine salts. Variations in a and b, and between a, 
/I and y, indicate uncertainties in the axes of about 
+ 0.02 A, and in the angles of about 0. l”, in agree- 
ment with our experience. Three of the sets of lattice 
parameters in Table 1 are those of Miller, who 
collected X-ray powder data for eight of the com- 
pounds since we did not index these crystals. For 
four of the five compounds for which both Miller 
and we collected data, agreement of axes were 

within the 0.02-A uncertainty. However, for 
Pt(CHNI-12).,PtBr4 our a : b : c axes were 0.16, 0.15 
and 0.13 8, larger than Miller’s. It should be noted 
that Miller’s values would place Pt(CH3NH2).,PtBr., 
unexpectedly in a smaller cell than Pt(CH3NH2)4 
PdBr, and would give Pt(CH3NH&PtBr4 an 
unexpectedly smaller c-axis than Pt(NH3).,PtBr4. 

Since no information was available for the 
triclinic structure of any ethylenediamine 
compound, a full X-ray diffraction structure deter- 
mination was attempted for Pt(en)zPdCl.+ Intensity 
data were collected for 2659 reflections in the four 
octants hkl, liEI, EkkT and m MO-K, radiation 
with a wavelength of 0.70964 8, was utilized. A 
scintillation counter scanned the peaks in a series 
of 0.01” steps in w. The intensities of a set of three 
standard reflections were measured after each 
accumulation of intensities for 75 reflections. 

From 20 independent reflections with 24” < 28 
< 40” the lattice parameters were determined 
by the program LATT.18 The final cell parameters 
were: a: b:c = 11.711(7): 8.480(6):6.801(2) A, a:b: 
y = 96.10(4) : 91.08(4) : h&74(8)0 ; ?‘= 642.3(2) A’. 
A total of 1244 independent reflections were ob- 
served with intensities greater than the limit for 
statistical significance, viz. IF,1 > 3a(F,). Data 
were corrected for both absorption and Lorentz 
polarization. For all but 20 very weak reflec- 

Table 1. Cell constants and metal-metal distances for the Magnus-type salts 

Salt 
d(M-M) 

(A) 

PfW-Md’tC14n 9.03 9.03 6.49 90.0 90.0 90.0 3.24 

W~M-‘dCh 8.967 8.927 6.465 90.0 89.9 90.0 3.23 

POW)J’tBr4 9.279 9.279 6.626 90.0 90.0 90.0 3.31 

PUY%Wdfh 9.317 9.317 6.645 90.1 90.1 89.8 3.32 
Pt(CH,NHJ,PtCI, 10.373 10.351 6.486 90.1 89.9 90.0 3.24 
Pt(CH,NHJ,PdCl., 10.358 10.358 6.491 90.0 90.0 90.0 3.25 
Pt(CH3NH&PtBr4 10.711 10.695 6.743 90.0 90.1 90.0 3.37 
Pt(CH,NH,),PdBr, 10.651 10.664 6.695 90.2 90.1 90.0 3.35 
Pt(en),PtCl, 12.341 8.167 6.826 92.0 94.5 108.9 3.41 
Pt(en),PdCl, 11.711 8.480 6.801 96.10 91.08 106.74 3.40 
Pt(en),PtBr, 12.177 8.551 7.015 99.0 89.4 106.2 3.51 
Pt(en),PdBr, 12.201 8.538 7.051 98.9 89.8 106.1 3.53 
Pd(NH@tCl,b 9.00 9.00 6.50 90.0 90.0 90.0 3.25 
PdWHM-‘dChb 8.96 8.96 6.49 90.0 90.0 90.0 3.25 
PcW-MQtBr4 9.355 9.352 6.664 89.8 90.0 90.2 3.33 
Pd(NH,),PdBrdb 9.32 9.32 6.66 90.0 90.0 90.0 3.33 
Pd(en),PtCl, 12.292 8.175 6.819 92.9 95.8 109.4 3.41 
Pd(en),PdCh 12.294 8.754 6.870 110.6 82.9 109.9 3.44 
Pd(en),PtBr, 12.588 8.426 7.096 95.2 96.3 106.1 3.55 
Pd(en)*PdBr, 12.445 8.800 7.104 108.5 83.9 108.0 3.55 

a Reference 4. 
b Reference 12. 
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tions h +k+Z were even. Thus, although the data 
indicated a P lattice (2 = 2) apparently the 
heavy atoms, Pt and Pd, were very close to body- 
centered, I, positions. With the heavy atoms, 
which dominate the X-ray scattering, in Ipositions, 
it appeared expedient to conduct the preliminary 
refinements in 17. An initial Patterson map in IT 
clearly indicated the Cl positions. These positions, 
introduced into the program FOUR,19 generated an 
electron density map by a least-squares fitting of 
the observed and calculated structure factors. The 
structure refinement was developed stepwise with 
the Pt and Pd in the fixed positions, initially by 
block diagonals and finally with full-matrix aniso- 
tropic temperature factors for the Pt, Pd, Cl and N 
atoms in the structure. However, convergence could 
not be attained with anisotropic temperature fac- 
tors for the C atoms and isotropic factors were 
utilized to give R and R, values of 0.126 and 0.147, 
respectively. 

The positions of the Pt, Pd, Cl and N atoms at 
this point are included in Table 2, and important 
interatomic distances and angles are in Table 3. It 
is to be noted that the .Pd-Cl bonds of 2.316(8) 
and 2.319(8) A, the Pt-N bonds of 2.04(2) and 
2.08(3) A, and the Cl-Pd-Cl angle of 89.5(3)O 
meet very reasonable expectations. However, the 
indicated C-C distance at this stage was 1.43 A, 
unreasonably low for a single-bond distance. 

A number of refinement procedures to improve 
the structure were attempted. The introduction of 
disorder represented by a partial exchange of Pt 
and Pd atoms did not improve the refinement, and 
changes in the occupancy factors were toward the 
nondisordered occupancy. The partial occupancy 
of two sites for the C atoms, individually as well 
as together, were tested. The value of R could be 
reduced only to 0.125 and reasonable C-C bond 
lengths were still not attained. When the space 
group Pi was tried, convergence in the refinement 
of the metal atom positions was not attained. In 
addition, improvement by refinement in Pl, I1 

starting with the Ii positions could not be achieved. 

Table 2. Indicated atom positions from the partial X-ray 
diffraction structure of Pt(en),PdC1, refined under ZT 

Atom X Y Z 

Pt 

Pd 
Cl1 
Cl2 
Nl 
N2 

0 0 0 
0.5000 0.5000 0 
0.5238(g) 0.783(l) 0.024( 1) 
0.7054(7) 0.554(l) 0.002( 1) 
0.007(3) 0.245(3) 0.015(5) 
0.818(3) -0.028(3) -0.007(5) 

Table 3. Some distances and angles in Pt(en),PdC& 

Atoms 
Distance 

(A) Atoms 
Angle 

(“) 

Pt-Pd 3.400(5) Cll-Pd<lZ 89.5(3) 
Pd-Cl 1 2.319(8) Nl-Pt-N2 81.5(11) 
Pd-Cl2 2.316(8) Cl 1-Pd-Pt 87.6(2) 
Pt-Nl 2&l(2) C12-Pd-Pt 87.9(2) 
Pt-N2 2.08(3) N 1-Pt-Pd 86.6( 10) 

N2-Pt-Pd 89.4(9) 

With these unsatisfactory results the structure 
determination was abandoned. 

It is believed that the positions of Pt, Pd, Cl 
and N atoms in the crystal are rather accurately 
established. Apparently, there is disorder in the C 
positions that is not characterized by X-ray diffrac- 
tion because of the dominant scattering by the 
much heavier metal atoms. However, the orienta- 
tions established for the Pt-N and the Pd-Cl 
bond are important in identifying some of the elec- 
tronic transitions in the crystal spectra (see below). 

Spectroscopic methodr 

The procedures we have used for recording pola- 
rized crystal spectra at temperatures down to 6 K 
have been described previously.20T2’ 

The crystals were mounted over small holes in a 
Pt foil. The dimensions of the hole were such that 
the crystal completely covered the hole so no light 
which did not pass through the crystal was trans- 
mitted. The holes were made by denting the sheet 
and then abrading the surface with fine emery 
paper. A sheet might be dented 20 times in order to 
make a single hole. A fine-point sewing needle was 
used to make indentations for round holes which 
could be made as small as 20 pm. However, since 
many of the crystals were long needles, it was fre- 
quently advantageous to use the edge of a new razor 
blade to make the indentations which would form 
slits. These slits covered by the crystal could be 
aligned with the image of the slit in the spec- 
trophotometer sample compartment to provide 
much greater transmitted light than a round hole. 

Generally, from 6 to 10 crystal spectra were meas- 
ured for each Magnus-type salt ; and all of the tabu- 
lated bands in the spectra were observed in at least 
two crystals. It was important to use crystals of 
widely different thicknesses since weak features 
would be masked by variations in the base lines for 
very thin crystals, and more intense bands would 
not provide sufficient transmitted light in thick crys- 
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tals. The thickness of at least one crystal for each 
salt was measured by observing a crystal edge under 
a microscope equipped with a calibrated reticle. 
Variations in crystal thickness as well as difficulties 
in focus limited the uncertainty of such measure- 
ments to not less than 20%. For MGS itself, several 
crystals were found which possessed sufficiently 
good optical faces that well developed interference 
waves were developed in the absorbance vs wave- 
length recording because of multiple internal 
reflections of the light beam. The thickness of crys- 
tals in our previous study’ of MGS utilized these 
waves to estimate crystal thickness and indices of 
refraction. In a subsequent paper16 it was shown that 
neglect of dispersion will introduce considerable 
error into the calculations of crystal thickness and 
index of refraction. The technique of this latter 
paper was utilized to calculate the crystal thickness 
of an MGS crystal which was 4.16(8) ,um thick. The 
indicated index of refraction for u-polarized light 
was na++.,, = 1.85 and l/n,(dn,/dS) = 2.6 x 1O-6 
cm. This compares with the value 1.90 reported 
earlier and was consistent with the observation that 
n, was substantially less than the index of 1.93 for 
a calibration liquid. 

The low-temperature spectra provided better 
resolution of electronic bands than the room-tem- 
perature ones. Even so, it was sometimes found 
useful to resolve Gaussian components by the 
damped least-squares procedure of Paponsek and 
Pliva.** 

RESULTS AND DISCUSSION 

A review of the spectra and excited states of the 
Pt(I1) and Pd(I1) square-planar tetrahalide com- 
plexes is appropriate since the spectra of the Mag- 
nus-type salts have frequently been considered to 
be just those of the anions perturbed by the close 
cation neighbors in the solid state. For this dis- 
cussion we are utilizing the molecular-orbital 
energy scheme illustrated in Fig. 1. For the “strong- 
field” &-complexes in D,h-symmetry, the lowest 
unoccupied molecular orbital (LUMO) is the anti- 
bonding b$-orbital derived essentially from the 
d,z_,,z- and the ligand o-orbitals. All electrons are 
paired so a ground state of ‘A,, is indicated. Our 
present assignments for the transitions of the four 
anions are given in the first columns of Tables 4-7. 
They have been inferred from solution spectra as 
well as single-crystal spectra of the potassium salts 
where the distance between the metal atoms along 
a tetragonal axis is greater than 4.1 A.“,“‘*” 

According to the orbital-energy diagram, the 
low-energy transitions should be the relatively low- 
intensity, electric dipole forbidden d + d tran- 

bh 

METAL M.O. *LlGAND 

,reu* 
,I QlQ 

,: 

n p-‘-J-- %U I 

ns-’ ,/- b,; (s-y21 LUMO 

(n-1)d 

,‘,- b2Q 
,I X’ 33 _#&...a,g 

(XY 1 
kz,yz) 
(z’ ) 

HOMO 

Fig. 1. Ordering of molecular-orbital energies for d*-ions 
in D,-symmetry. The gerade ligand x-orbitals have been 

omitted for clarity. 

sitions, which “borrow” intensity from higher 
allowed transitions by vibronic perturbations. The 
lowest electronic transition in this case would be a 
spin-forbidden singlet-triplet transition which 
attains intensity as a consequence of spin-orbit 
coupling in addition to the vibronic perturbations. 
At higher energies a series of electric dipole allowed 
transitions can occur due to excited ‘Ati-states, 
which will yield z-polarized transitions, and ‘E,- 
states, which will give the x,y polarized transitions. 
Allowed ‘AZu- and ‘&-states can arise from the 
halide ligand to metal charge transfer (LMCT) 
Lx + @z_,J transitions. At a somewhat higher 
energy will be another degenerate pair of LMCT 
La + @z_,,z transitions to ‘&-states. In addition, 
possible electric dipole allowed d -+p transitions 
may be spectroscopically accessible, viz. states ‘A2,, 
nd,z + (n+ lip, and ‘IL ndxz,yz + (n+ l)p,. 

There is a striking difference between the intense 
dipole-allowed transitions of the Pt and Pd com- 
plexes. In aqueous solution PdCl:- shows two 
intense bands at 37,400 cm-’ (E = 9300 cm-’ M-‘) 
and 45,000 cm-’ (E = 25,800 cm-’ M-‘).‘6 Pola- 
rized crystal spectra of K,PdCI, show that both of 
these bands must be largely x,y-polarized. There is a 
much weaker peak at 37,400 cm- ’ in z-polarization. 
The temperature dependence of the intensity for 
this weaker peak indicates that it is electric dipole 
allowed despite its lower intensity. The z-polarized 
absorption could be followed to 44,000 cm-‘, and 
there was no indication of a peak in the vicinity of 
45,000-46,000 cm-’ for it. These results justify the 
assignment of absorption at cu 37,500 cm-’ to the 
L-nMCT transitions and the 45,000~cm-’ absorp- 
tion to L-aMCT. Jorgensen” indicated that mixing 
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of the c- and x-orbital states would greatly enhance 
the ‘Eu, x,y absorption at 37,500 cm-‘. For the ‘AZ, 
transition with the electron-orbital designation of 
b2,, + b$ there is no mixing possible for the cr- and 
x-orbitals ; and, in z-polarization, the transition 
must be pure L-7cMCT. 

The spectra for the PdBr:- ion support this 
assignment as well. The LMCT transitions are 
expected to occur at a lower energy than for the 
corresponding chloride complexes. Thus an intense 
x,y-polarized band at 30,700 cm-’ corresponds to 
the L-nMCT, ‘E, transition ; and a still stronger 
band at 40,400 cm- ’ corresponds to the L-aMCT, 
‘E,, transition. A much weaker electric dipole 
allowed band in z-polarization at 30,900 cm-’ is 
the L-rrMCT, ‘AIU transition. There is no z-polar- 
ized band near 40,000 cm- ‘. 

In contrast to the Pd complexes there is a very 
intense peak at 46,000 cm-’ in PtCl:- with a weaker 
shoulder at 43,000 cm- ‘. Polarized-reflectance spec- 
tra by Anex and Takeuchiz6 showed that in this 
region the z-polarized band was more intense than 
the x,y-polarized absorption. This difference 
between the Pt and Pd complexes has been attri- 
buted to d +pz transitions in this region for the 
platinum. Recently Isci and Masonz7 have observed 
A-terms in the magnetic circular dichroism (MCD) 
spectra of PtCl:- in this region, which indicate the 
presence of two ‘E,-transitions so that they believe 
that the L-KMCT as well as the d + pz transitions 
are in the vicinity of 43,000-46,000 cm-‘. The pres- 
ence of the L-rrMCT transition is also supported by 
the spectra of PtBr:- where an intense x,y-pola- 
rized band is seen at the lower energy of 37,000 
cm-‘, where there is only a weak absorption in z- 
polarization. 

Three of the four spin-allowed d-d transitions 
can be assigned unambiguously for all four 
of the anions. The transition to the ‘A,,-state 
dxy + o*(d,z_,,z) is predicted from consideration 
of all the molecular vibrations of the square-planar 
MX:- ion to be forbidden in z-polarization. This 
selection rule is apparently exact since a pure x,y 
band is observed in each complex (it is at 26,400 
cm-’ for PtClj-).*’ In addition, the ‘E, [dxz,+ + 
a*(d,z_,z)] states have been identified in aqueous 
solution by an A-term in the MCD spectra.28,2g In 
PtCl:- this ‘E,-states can be associated with the 
peak at 30,300 cm-’ (aqueous), 29,200-z, 29,800-xy 
(15-K crystal). 

Although there is a consensusin the assignment 
of these ‘A zs and ‘E, ahi states, the situation is much 
less clear with respect to the third spin-allowed d + 
d state, the ‘B’,, dzz + a*(dxz_yz). For some time it 
was assigned to a weak shoulder at 38,000 cm-’ in 
PtCl:- solution and at 36,500 cm-’ in K2PtC14. 

Such an assignment was proposed by Chatt et uZ.,~’ 
JPrrgensen3’ and supported by semiempirical MO 
calculations of Basch and Gray3’ and Cotton and 
Harris.33 There is a band at about 21,000 cm-’ seen 
in both c- and x,y polarizations, which although 
weaker than the ‘A,- and ‘E,-bands does have 20- 
30% of the intensity of these. There are much 
weaker features still at 17,000 and 23,000 cm-’ 
which can be logically assigned as spin-forbidden 
transitions ; but the intensity of the 21,000-cm-’ 
band is anomalous. Martin and Lenhardt34 sug- 
gested that the ‘B’,-state might be associated with 
the 21,000~cn-’ band. However, a ligand field cal- 
culation,35 which included spin-orbit coupling and 
the electron-electron repulsion Slater-Condon par- 
ameters F2 and F4, which were considered reason- 
able at the time, indicated the 3Bl,-states would fall 
in the region of 14,000 cm-’ where there was no 
detectable absorption. However, two sets of seem- 
ingly satisfactory parameters were obtained which 
placed calculated d + d transitions at observed 
band energies in the spectra. One set placed the 
‘Et-state of 35,300 cm-’ whereas the alternative 
placed it at 29,700 cn-‘, in close proximity to the 
‘E,-band and impossible to resolve from it. Elding 
and Olsson36 indicated that the shift in the 35,500- 
cm-’ band, as Cl- ligands were replaced by H20, 
was different from d + d transitions and favored 
placing the ‘B’,-band at about 29,700 cm-‘. 
Tuszynski and Gliemann,37 on the other hand, have 
performed ligand field calculations which placed the 
‘B’, back at the 21,000-cm-’ anomalous-intensity 
peak of PtCl:- . For this computation they used 
considerably smaller electron-electron repulsion 
parameters than have usually been applied to trans- 
ition-metal complexes. Hence, the spin-forbidden 
3B’,-transitions were placed no lower than 17,000 
cm-‘. 

A very similar situation occurs for the CM tran- 
sitions of PtBr:- . The ‘A,- and ‘E,-transitions are 
indicated unambiguously, and there is an anom- 
alous-intensity band at lower energies.” For the 
PdCl:- and PdBr:- ions again the ‘A,- and ‘E,- 
transitions are identifiable.‘6,38 These states have a 
much smaller separation than in the Pt anions so the 
peaks are not separable in x,y-polarization. Spin- 
forbidden transitions are much weaker with the 
lighter Pd atom. Such very weak transitions were 
observed below the ‘A,- and ‘E,-transitions. There 
is no third, anomalous-intensity band so the ‘El,- 
band must either lie too close to the ‘A.- and ‘E,- 
bands to be resolved from them or else must be at 
a considerably higher energy. In the latter case for 
K,PdC& the ‘B’,-band would have to lie at least 
8000 cm- ’ above the ‘A,,-band and would fall 
under the tail ofthe L-nMCT band. 
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The spectrum of the colorless lPt(NH&]*’ ion 
in aqueous solution is available from the work of 
Isci and Mason.39 They assigned a broad maximum 
at35,OOOcrn’(s=4Ocn-‘M-‘)tothe3Aa-and 
3E,-states ; and an intense peak (a = 10,000 cm-’ 
M-’ at 50,950 cm-‘) was assigned as the d +p 
transitions. Very weakly defined shoulders on this 
intense band at 41,000 and 45,000 cm-’ were 
then assigned as ‘A,, + ‘A, (d,, + @z_,,z), ‘E, 

(dwr + d&,2) and ‘A lg + ‘B1, (dzz + @z-g), 
respectively. Thus, the transitions all have much 
higher energies then the corresponding ones in the 
anions. As a consequence simple halide salts of this 
cation are colorless. 

The single-crystal absorption spectra for all the 
Magnus salts studied are shown in Figs 2-24. Some 
comments about the site symmetries are relevant 
before a consideration of the spectra. The anions 
for the tetraamine and the tetra(methylamine) salts 
are in tetragonal sites, and the spectra are measured 
for a h&,0 face. The c-polarization for such faces 
gives an explicit molecular z-polarization and the 
polarization normal to c gives an accurate mol- 
ecular x,y polarization for a degenerate pair of 
transitions that have been labelled in the figures. 

The partially determined structure determination 
for the Pt(en)2PdC1, can serve to assign polariz- 
ations for the group of salts with ethylenediamine 
complexes. From the atom positions and bond 
angles of Pt(en)2PdCld in Tables 2 and 3 the fol- 
lowing inferences may be drawn. The PdCl:- ion 
is very nearly square-planar ion with D4,,- 
symmetry. In [Pt(en)d*+, the PtN4 grouping of 
atoms must be nearly planar, exactly so if there is 
a i-symmetry. The angles between the Pt-N bonds 
in the chelate ring however are only 81.5“ so the 
PtN4 grouping must be considered to have approxi- 
mately D2,+yrnmetry. The ions stack along the c- 
axis, and it is apparent from the Pt-Pd--Cl and the 
Pd-Pt-N angles that the normals to the planar 
groups are within about 3” of the c-axis. The crystals 
were needles with the c-axis as the needle axis. The 
needle axes for all the ethylenediamine salts were 
invariably observed as a polarization (extinction) 
direction for one of the two waves transmitted by 
the indicated h,k,O face, although this is not required 
by crystallographic symmetry for triclinic systems. 
The two polarizations directions have been labeled 
as molecular z-polarization for the c-polarization 
and lz, polarization for the normal-to-c polariz- 
ation. We have used this designation rather than 
x,y polarization since a nearly D4,, PtBr:- in 
K2PtBr4 * 2H20 exhibited absorptions differing by a 
factor of 2 normal to its z-axis in an orthorhombic 
crystal.40 

The arrangement of the bonds in the counter 

cations also need to be considered because of their 
influence on some possible interionic electron trans- 
fer transitions. For MGS itself which is the one 
tetragonal salt with a complete crystal structure4 
the Pt-N and Pt-Cl bonds can be considered as 
partially staggered since the pt(NH,)]*+ is rotated 
by 28” about the c-axis from an eclipsed con- 
figuration with the PtCl:- . Both ions occupy a 
4/m site. From our partial determination of 
Pt(en)*PdC14 the bisector of the N-Pt-N angle in 
the cation is within 1.7” of being parallel to the 
bisector of the Cl-Pd-Cl bond angle in the anion. 
Hence, the ions can be considered as eclipsed as is 
possible with very approximately mmm (DZh) sym- 
metry. 

MGS 

Day13 has maintained that the color and tran- 
sitions in the visible region of MGS can be explained 
by the shift of d + d transitions of the anions due 
to the close proximity of the neighboring cations. 
The dxy and the d,z_,,z metal orbitals which are 
concentrated in the plane of the ion are presumably 
intluenced least by the presence of neighbors, and 
the transition to an ‘A&-state, dx, (b,) + df$_,,z 
(b,,), is expected to be shifted very little. However, 
the dxzJz (e,) orbitals which place more electron 
density out of the plane are expected to be influ- 
enced more. Repulsions between the d,,,-electrons 
and the electrons of the cation are expected to raise 
the energy of dxr,yr- electrons and result in a red shift 
of the ‘E,-transition. The transition to the ‘B,gstate 
(dzz --* d&z) should be red-shifted an even greater 
amount because of the high electron density placed 
along the z-axis. 

The ‘A,-band, which is forbidden in z-polariz- 
ation, is clearly evident in the potassium salts of 
the four anions, which also possess a vibrational 
structure, exhibiting a long Franck-Condon pro- 
gression. This transition can usually be identified in 
the Magnus-type salts from its polarization, and 
in a number of cases a vibrational structure is 
resolvable as well. 

Crystal spectra for Pt(NH3)4PtC14. considerably 
superior to any recorded previously, are shown in 
Fig. 2. For x,y polarization there is only a single 
broad d+ d band at cu 24,800 cm-‘, whereas 
K,PtCL, has two bands at 26,400 and 30,300 cm-‘. 
The very narrow peak at 31,800 cm-’ is unlike any 
&d transition observed previously for R(H) salts 
and will be discussed later. Hence, it is concluded 
that the ‘E,-band, placed by consensus at cu 30,000 
cm-’ in K2PtCL,, has been red-shifted by about 5500 
cm-’ to about 25,300 cm-’ in MGS. A faint 
vibrational structure with maximum amplitude at 
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Fig. 2. Polarized single-crystal spectra for Pt(NH,),PtC& (MGS). The upper four spectra are for a 
12.3~pm-thick crystal. The lowest curve is for a 4-pm-thick crystal. 

24,900 cm-’ is evident in the 6 K-x,y spectrum of 
the 12.3~pm crystal in Fig. 2, indicating the presence 
of the ‘A&-band which has been shifted by only 
1500 cm-’ from K,PtC&. In x,y polarization MGS 
appears yellow in color. The green color results from 
the z- or c-polarization of the crystals where there 
is a low-absorption “window” in the spectrum in 
the vicinity of 20,000 cn- ‘. The specular-reflectance 
spectra”,’ ’ indicate an intense absorption peak at 
35,000 cn-‘, some 10,000 cm-’ below the highest 
peak in PtCl:- solutions. Although a peak in the 
vicinity of 25,000 cm-’ in z-polarization was at one 
time reported,6T7 it has been shown’ that this was a 
consequence of either a finite elipticity of the polar- 
izer or depolarization at the surface of the crystal ; 
and the absorption rises rapidly in the vicinity of 
25,000 cm--‘. However, the low-energy transitions 
apparently “borrow” z-intensity from the intense 
band at 35,000 cn-‘, and absorption in the vicinity 
of a maximum at 16,000 cxr-’ is at least an order of 
magnitude greater than in the x,y polarization. The 
peak at 16,000 cn- ’ is presumably the peak at 21,000 
cm-’ in K&XI, which has been red-shifted by the 
proximity of the neighboring ions. Since this red shift 
is only 5000 cn- ’ and no greater than the shift of the 
‘E,-band, we have concluded that the 21,OOO-cm-’ 
anomalous-intensity band in KzPtCL, is not the ‘B,, 
(d,z + #+) band, and must therefore be assigned 
to spin-forbidden transitions. Such bands become 
allowed by virtue of spin-orbit coupling, which mix 

in spin-allowed transitions ; their symmetry must be 
treated by the double rotational group 0:. Probably, 
most intensity will be in transition to A;-, B& and E;- 
states since the IA,, ‘Bl, and ‘E, wave functions, 
respectively, are basis functions for these double- 
group irreducible representations. The assignment of 
the three resolvable spin-forbidden bands of KzPtCh 
to the double groups, based on the ligand field par- 
ameter B in ref. 35 are included in Table 4. It is 
noted that all of the bands contain contributions for 
transitions from all four orbitals, dXY, d,, d, and dzz 

so a red shift no greater than that of the ‘&-band is 
reasonable. We are therefore placing the ‘B,,tran- 

sition in the 30,000-cn-’ band at PtCl:- where it is 
not resolvable from the ‘&-transition. In MGS we 
assign it to the fairly weak feature, a shoulder at 
23,500 cm-‘. In this case its red shift is 6500 cm-‘, 
significantly greater than for the ‘B,,band. Moncuit41 
has reported a theoretical treatment of the intensities 
of vibronically allowed d-d transitions of PtCl:- . His 
calculations predict that, although the ‘B,,ba.nd is 
vibronically allowed in both polarizations, the z : x,y 
oscillator strength ratio at 0 K is nearly 40 and the 
x,y oscillator strength of the ‘Big-transition is 0.12 
times that for the ‘A,transition and 0.08 times that 
for the x,ycomponent of the ‘E,-transition. Hence, 
this assignment of the relatively weak 23,500-cm’ 
component appears to be quite consistent with these 
computations. 

A new feature in the MGS spectra of the present 
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work is the remarkably sharp, narrow band seen at 
31,800 cn-’ in the 6K-x,y-spectra of Fig. 2. The 
improved crystal specimens and techniques permitted 
the observation of this band. In previous reports of 
this spectrum for MGS the scans were terminated on 
the rapidly rising portion of this band. The narrow 
width of this band, not over 200 cn-’ at half-height, 
is, unlike any of the other &d bands in which an 
electron is excited into the &,z-orbital, and which 
have half-widths of the order of 2000 cm-‘. Even 
so, the measurements are unquestionably subject to 
instrumental limitations. For example, this peak for 
the 4-pm-thick crystal in Fig. 2 with the better res- 
olution appears as high or higher than that for the 
12.3~pm crystal. (The waves in the low-absorption 
region of the 4-pm crystal are due to interference from 
the multiple reflections in the optical faces of the 
crystal.) In Fig. 3, scans of this peak at a series of 
temperatures show that the peak height increases as 
the peak narrows with lower temperatures and the 
integrated intensity is relatively temperature inde- 
pendent. This is in contrast to the vibronically allowed 
bands and indicates that the transition is effectively 
electric dipole allowed, although it has a relatively low 
transition moment. An unusual feature is the shift of 
the peak to longer wavelengths as the crystal is cooled. 
This is in contrast to most sharp electronic bands in 
crystal spectra where the shift is to shorter wave- 
lengths as thermal excitation of phonon states are 
reduced at lower temperature. Since there appears to 

be no logical molecular transition for this band, we 
are proposing an anion + cation (A + C) electron 
transfer. Since all the indicated transitions to the 
@_,,z (a-antibonding) orbitals are broad, we suggest 
that this transition must be to an orbital not involved 
in the a-bonding. The most reasonable orbital would 
seem to be the (J& orbital. A (&,JA + (&electron 
transfer would be dipole-allowed for x,y polarization. 
The intensity would depend upon the overlap of the 
cation and anion orbitals which, of course, is not high. 
It is not possible to predict the energy of such a 
transition since it would depend upon the ionization 
energy of the anion, the electron afhnity of the cation 
and the lattice energy changes induced by replacing 
doubly charged ions by a pair of singly charged ions. 
The (pJc orbital has a suitable a-symmetry for 
forming a bond to adjacent (dzz)A orbitals and in 
solid-state parlance would be considered to form 
a pair of one-dimensional bands. The observed 
transition would then be a band-to-band transition. 
However, the energy separation of the bands, indi- 
cated by the transition wave numbers together with 
the narrowness of the optical bands preclude any 
significant bonding between the ions. 

An examination of the spectra of other PtCl:- salts 
shows that similar sharp peaks are clearly 
evident in the salts with Pt cations. In 
Pt(CHJW&PQ with nearly the same Pt-Pt dis- 
tance as MGS the peak is at 31,800 err-’ as well, 
whereas for Pt(en)$‘tCl., with significantly higher 
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Fig. 3. Temperature dependence of the narrow high-energy band in the 4qrn MGS crystal of Fig. 2 
for x,y polarization. 
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Pt-Pt distances the band is at higher energy (33,600 
cm-‘). There was no evidence for such a narrow band 

energy to the d,,- and d,,=orbitals. The major prob- 

in the PtCl- with Pd cations. However, the 6-K scans 
lem then is the explanation for the striking 

could only be extended to 3 1,700 cn- ’ for the 
difference in intensities in these similar types of 

lPd(en)Z+ compound and to 32,500 cm-’ for the 
transition since the one with polarization in the 
stacking direction is so much stronger. 

Fd(NH3)4]2+ compound. 
The foregoing information now provides some 

insights into the assignment of the intense absorp- 
tion maximum at 35,000 cm-’ in z-polarization in 
MGS. Day13 attributed this to the dzz +pz tran- 
sition in PtCl:- which had been shifted to a lower 
energy by 10,000 cm-‘. In the treatment of absorp- 
tion in crystals as Frenkel excitons, energy shifts 
are predicted as a consequence of the interactions of 
transition dipoles which will therefore by intensity- 
dependent.42 As Day showed with rather widely 
separated one-dimensional chains extending in the 
z-direction, a z-polarized transition is shifted to 
lower energies and x,y-polarized bands are shifted 
to high energies by one half as much. The shifts 
are proportional to the transition moments squared 
and to a first approximation inversely proportional 
to the cube of the separation of the moments. 

- According to the theory, the shift for a z-directed 
1.0 e 8, transition moment with 6.48 8, separation 
of the moments in a one-dimensional chain is 
less than 2000 cm-‘, much less than the required 
10,000 cm- ‘. In addition, in our spectra for 
Pt(CH3NH2)4PdBr4 (Fig. 20) a truncated very 
intense band is seen that must have a maximum at 
about 28,000 cm-‘. This is assigned as the intense 
L-n + M charge-transfer band that occurs at about 
the same energy (30,200 cm-i) in PdBr:- solutions. 
Hence, no significant blue shift of this intense band 
has occurred in this Magnus-type salt with 3.35-A 
spacing between the oppositely charged ions. There- 
fore, we believe that the 35,000-cm-’ band of MGS 
cannot be the simple molecular dz2 + pz transition. 

For treating the intensities, a one-dimensional 
array of alternating anion and cation metal atoms 
will be considered along the z-axis. There are a total 
of N cells, each contain one anion at z = ! and one 
cation at z = 24 in the array. With the usual neglect 
of end effects, orthogonal and normalized wave 
functions for the one-dimensional bands will have 

(1) 

(2) 

(3) 

where 1 <j < N is the index of the cell in the chain, 
and /, m, n are the quantum numbers 0, 1, . . . N- 1 
for the states in the band. Since the dzz- and pz- 
orbitals each have a-symmetry with respect to the 
z-axis there may be some interaction between the 

$1,. and $z,,,, wave functions. Only an overlap 
between adjacent anions and cations will be sig- 
nificant. For a one-electron treatment the matrix 
elements will be : 

If the n--d,2 orbital on the anion metal atom is 
destabilized by the repulsions with the cation elec- 
trons, then the (n + l)pZ orbital must be destabilized 
to an even greater extent. It is our contention that 
such orbital destabilizations take the transitions 
involving the anion p,-orbitals out of the spec- 
troscopic region and to such a high energy that it 
cannot participate in significant interionic bonding. 
We therefore prefer to assign this 35,000~cm-’ tran- 
sition to the (dzz)A + @Jc inter-ionic electron tran- 
sition. If one considers only a linear system of two 
cation metal atoms about an anion metal there will 
be a Z,’ + Xi transition which will be polarized in 
the z-direction. This is an equivalent interionic tran- 
sition, except that it involves a d,z-electron rather 

than a dXZ,YZ -electron, to the one we assigned to the 
31,800~cm-’ band in x,y polarization, consistent 
with our conclusion that the d,z-orbital lies close in 

H1.n; l,n = (dz2,~,jltildzz,~,j)~ (4) 

Hz,,; 2m = <P&HlPp,c,j)~ (5) 

H1.iq2.m = $1. 2Zi’m--nli’N(d~~,~~lHJp~,~,j) 

+ e- 2nnilN e2”“o’- ‘“N(d~2,A,j(H/p~,~,j_ I)}. (6) 

Equation (6) can be rewritten as : 

H1,,;2,m = fc e2”i’m-“~‘N{dz~,,,jl~~,~~) 

+e- 2xim’N(dz~,~,jl~~,~,j- I >>- (7) 

The sum is zero unless m = n, and the problem 
therefore reduces to a set of N2 x 2 secular equa- 
tions. In addition, since : 

<dz2,A,.Wbr,~,j) = - <4z,,&Qz,c,,- I >v (8) 

the matrix elements can be reduced to : 

HI,,; 2,,, = <dz~,~,jlfQz,~,~>(1 --em 2nin’N). (9) 

The roots of these secular equations will give a 
band of states, filled with electron pairs below 
<42,A,jlffl42,a,j>, and an empty band above 
(pZ,c,jlHlpz,,,j). If the interaction integral in equa- 
tion (9) is small, the bands will be narrow; and a 
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wave function with neglect of overlap can be written 
for the filled- and empty-band orbitals, respect- 
ively : 

and 
%,n = (1 -a,Z)“21CIb-wh2r (10) 

%, = a.lcI~,n+(1-W2~2~n. 

In the present case ]a,,] << 1. 
The z-component for a transition moment of a 

ti ifl + I+& excitation is : 

pz(pyj +  n) = & 

( 

ce2num/N 

J 

x Ce2”YN [WG,_4,j+ (I- k31/2pl,~jl 
> 

. 
i 

(11) 

This expression can be rewritten with the assump- 
tion of zero overlap between nonadjacent anions 
and/or cations : 

K(m + n) = !!-!-eW~-Mi/N 
J 

X ((1 -~~~“2Cm<~~Z,~~jl~ldz2,A,i~ 

- amU - a,Z)“2<p=,~,jlZ~~,~,j) 

+ (1 -a3”‘(1 -a,2)“2[<~z2,A,jlzlp~,~j> 

+e- 2ninlN<d~2~,jlz~~,~,j- 1 >I 

- a~a,[<psc,jlzld,z,~,j) 

+e 2ninlN<p=,C,jIZld=z,Aj+ I >I}- (12) 
If the z-axis origin is placed at the center of the one- 
dimensional stack of ions then the ]z] operator in 
equation (12) can be replaced by lZj+zj], where Zj 
is the z-coordinate of the center of the j cell and 
zj is the coordinate measured from Zi. With this 
substitution in equation (12) the summation pro- 
vides nonzero values only for the transitions where 
n = 171. Since 

and 

&,A,JZj +zjldzz,A,j = Zj- ~14, 

Pz,C,jlzz +zjlPz,C,j = zj + cf4v 

Fzj = O9 

the final expression for pz becomes : 

,u,(n + n) = e(aJ1 -a,Z)‘j2(-c/2) 

+ (1 -a,‘)[<dz2,,,jlzjlpz,~,j) 

+e- 2z*ti~~‘(d~~,~,jl~/lpl,c,j- I >I 

-a2[<p=.c.jlzjld=2.,~,~) 

+e2”i~‘N(p,Cjlzjld~2,Aj+ 1>1>. (13) 

On the other hand the x-component of $3,m + 
Yi,, is : 

,u.&n + n) = i 
( 

C e2”iimlNdXz,Ajle XI 
J 

ae 2”m’N[a,dzz - (1 -a,‘) 1/2pz,c,j] 
> 

. (14) 

Again, only transitions between states with m = n 
are allowed. This equation leads to the final 
expression : 

dn + 4 = -e <4z,&IPz,C,j) 

x (1 -af)“‘[l +e-2”“‘N]. (15) 

This expression contains a factor dependent on 
overlap of the dA- and p,-=orbitals, and a factor in 
square brackets which describes the variation in 
intensity across the band. They are expected to be 
of the same order of magnitude as the overlap terms 
for p&r + n) in equation (13). The high intensity of 
the z-polarized intensity then resides in the first 
term of expression (13) where, although a,, is small, 
a,(c/2) is orders of magnitude greater than the inte- 
grals involving overlap. This is in essence the same 
argument utilized by Robin and Day,43 who used a 
localized rather than a band description to account 
for the high intensity of transitions polarized in the 
stacking (z) direction for mixed-valence 
compounds, [Pt(II)A2Xzl[Pt(IV)A2XJ. In those 
cases square-planar Pt(II)A,X, complexes stack 
alternately with octahedral Pt(IV)A,X, complexes. 
Very intense z-polarized absorption occurs because 
of mixing of the dzz,II, dzz,rv orbitals whereas dipole- 
allowed x,y polarization transitions have orders of 
magnitude lower intensity. This treatment requires 
that anion p,,-orbitals not be mixed significantly 
with the (dzz),&& bands since their presence 
would enhance the x,y-polarized transitions equally 
with the z-polarized transition. 

One disturbing question is the sharpness of the 
x,y A + C transfer transition and the high absorp- 
tion over a wide region in z-polarization in MGS. 
It is apparent that z-polarized transition “borrow” 
intensity from the 35,000~cn-’ peak and the inten- 
sity of the borrowing increases as the distance 
between transitions decreases. The spin-forbidden 
d--f d transitions in the pt(NH3).J2+ are placed at 
35,000 cn-’ and with some red shift as occurs in 
the anion may well be in the vicinity of 30,000 + 
32,000 cm-‘. Their contribution may broaden the 
absorption somewhat. It may also be that the 
reflectance techniques are subject to saturation 
effects which appear to a broaden a peak so that 
an accurate picture of the width of the z-polarized 
absorption is not available. 
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Spectra of PtCli- salts 

The shifts of the d -+ d transitions of the other 
PtCli- salts can be compared with MGS. Although 
the crystal in Fig. 4 for Pt(CH,NH,)QtCh was too 
thin for identification of the ‘B,,-band, the ‘A,, ‘E, 
and the spin-forbidden band all lie very close to the 
values in MGS. However, for Pt(en),PtCl, in 
Fig. 5, the ‘A*,-band can be assigned from the 
well-developed vibrational structure which is a 
maximum on the shoulder at 24,800 cm- ’ . The peak 
at 28,00 cm-’ is due to the ‘&-band that has been 
shifted only about 2000 cm-’ from K,PtCl,. 
Enhancement of intensity in z-polarization is not 
as great as in MGS, and a peak can be identified at 
24,500 cm-’ which is assigned to the ‘B,,-band. 
Also the spin-forbidden band at 17,000 cm- ’ 
has not been shifted as far as with the other 
two Pt cations. For the Pd salts there is much less 
intensity enhancement in the z-polarization. For 
Pd(NH,),PtCl, in Fig. 6 the x,y peak at 26,000 
cm-’ is assigned to the ‘E,-band, and the feeble 
vibrational structure indicates the ‘A&-band is at 
25,300 cm-‘. The maximum in z-polarization 
occurs below that in x,y polarization so that the 
‘B,,-band is placed at 25,000 cm-‘. For 
Pd(en),PtCl., in Fig. 7 the ‘A,- and ‘&-transitions 
are well resolved in x,y-polarization and the ‘B’,- 
transition would be placed at about 26,500 cm-’ 
from the z-polarized absorption of a crystal that 
was only 15 ,um thick. Thus the shift of the spin- 

allowed &d bands are perhaps surprisingly similar 
with the Pt and Pd cations. Although the cor- 
responding Pt and Pd salts give separations that are 
surprisingly similar, the extension of the d-orbitals 
in Pd are usually considered considerably less than 
in Pt. In contrast to the spin-allowed transitions, 
the shift of the band at 21,000 cm-’ in K2PtC14 
which we are assigning as spin-forbidden is shifted 
much less with the Pd cations and appears at 19,600 
cm’. 

Spectra for the PtBr:- salts 

The metal-metal separations range from 0.07- 
0.14 8, higher for the PtBr:- salts than with 
PtCli-. For the &d transitions there is generally a 
similar but small red shift of the transition energies 
from K,PtBr, through the salt series. Pt(NH& 
PdBr, in Fig. 8 shows a merged ‘A,, ‘E, peak 
which requires only a 3300~cm-’ shift of the ‘E,- 
band from KzPtBr, compared to 4700 cm-’ for 
the PtCl system. The ‘B,,-band is evident from the 
z-polarized band. The Pt(CH3NH&PtBr4 spectra 
in Fig. 9 are for a very small thin crystal, and distinct 
base-line problems are evident. For Pt(en)zPtBr, in 
Fig. 10 there is very little shift of the ‘&-band but 
the z-polarization indicates a distinct shift of 3300 
cn-’ for the ‘B,,-band. The spin-forbidden peaks 
of the PtBr:- salts with Pt cations are at very nearly 
the same wavenumber as for PtCl:- which implies 
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Fig. 4. Polarized spectra for Pt(CH,NH,)QtCI, crystal, 6 pm thick. 
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Fig. 5. Polarized single-crystal spectra for Pt(en),PtCl., crystal, 16 pm thick. 

that the shifts for the PtBr$- transitions are about band has shifted by no more than 1200 cm-’ from 
2000 cn-’ smaller. For [Pd(NH&PtBr412- (Fig. K2PtBr, and the z-polarized spectra suggest that 
11) there appears to be a merged broad peak that the ‘B,,-band is contained in this band as well. In 
contains the ‘A,- and ‘&-bands. The z-polarized the Pd salts the one identii?able spin-forbidden band 
spectrum indicates that the ‘B,,-transition is very is shifted very little from K,PtBr,. 
close to the others. For Pd(en),PtBr, in Fig. 12 the The intense ‘E,, charge-transfer band, at 37,000 
appearance of two peaks indicates that the ‘E,,- cn-’ in K,PtBr,, conceals any A + C electron- 
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Fig. 6. Polarized spectra for Pd(NH,),PtC& crystal, 13 pm thick. 
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Fig. 7. Polarized spectra for Pd(en),PtCl, crystal, 26 pm thick. 

transfer transitions in x,y polarization which might Spectra ofPdCl$- salts 
be expected at somewhat higher energies than in 
PtCl:- salts. The z-polarized intensity of the For K,PdCI, the ‘A&-band exhibits a vibrational 
PtBrz- salts does not appear to be enhanced as structure which is centered at 20,800 cm-‘. In the 
strongly as in the PtCl:- salts. In addition, no d + d transition region the x,y-absorption intensity 
vibrational structure for the ‘A%-band was evident. is significantly greater than the z-absorption inten- 
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Fig. 8. Polarized spectra for Pt(NH&PtBr4 crystal, 8 pm thick. 
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Fig. 9. Polarized spectra for Pt(CH,NH,),PtBr, crystal, 4.0 pm thick. 

sity. There is only a very low absorption from this structure is taken as the ‘Ati-transition energy 
24,000 to 30,000 cm-’ ; consequently the ‘E,- and which ranges only 300-900 cm-’ below the K,PdC1, 
‘Bl,-transitions are a ssi gn ed at ca 22,000 cm-’ and assignment. For Pt(NH&PdCl., in Fig. 13 there is 
are not well resolved from the ‘At-band. All the some absorption in x,y polarization with no resolv- 
PdCl$- Magnus-type salts show vibrational struc- able single peak in the region of 22,000-26,500 
ture in the x,y or lz polarization. The center of cm-‘. However, in z-polarization there is a broad- 
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Fig. 10. Polarized spectra for Pt(en),PtBr, crystal, 7 pm thick. 
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Fig. 11. Polarized spectra f6r Pd(NH,).,PtBr., crystal, 6 pm thick. 

peak maximum at 22,400 cm-’ which is more 
intense than the ‘A %-band in x,y polarization. Fur- 

rized peak at 23,000 cm-‘. In Pt(en),PdCl,, (Fig. 

thermore, this 22,400-cm-’ peak does not decrease 
16) the z-polarized peak has moved to still higher 
energy (25,400 cm-‘). In addition, for this salt there 

in intensity at low temperatures as do the d + d 
transitions. Pt(CH3NH&PdC14 in Fig. 14 shows a 

is also a well-resolved band in x,y polarization at 

similar absorption in this region with the z-pola- 
this energy. There is little absorption from 22,000- 
25,000 cm-’ for the two PdCl:- Magnus-type salts 

I I I I I I I I I 

Pd(en12 PtBr, 

3.0 - 

O- _Lz 6K 
1 1 I 1 I 1 1 r 1 

12000 16000 20000 24 000 28000 
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Fig. 12. Polarized spectra for Pd(en),PtBr., crystal, 8 /*m thick. 
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Fig. 13. Polarized spectra for Pt(NH&PdCl, crystal, 9 firn thick. 

with Pd cations (Figs 17 and 18). We have con- components clearly apparent in z-polarizations at 
eluded that the absorption in this region is not due 
to intraionic d + d transitions, but that it must be 

energies below the *Azg-transition, viz. at 13,800 
and 16,200 cm- ‘. The peak at 16,200 cm- ’ is more 

attributed to some solid-state effects which will be intense at room temperature than the other but 
discussed later. In Pt(NH&PdCl., there are two becomes much less intense at 6 K. We assign this 

1 Pt(en12 PdCI, 
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Fig. 14. Polarized spectra for F%(en),PdCI, crystal, 8 jun thick. 
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Fig. 15. Spectrum in x,y polarization at 6 K for Pt(CH3NH&PdC14 crystal, 70 pm thick. 

16,500~cm- ‘-transition as ‘B,,. The z-polarized 
component of this becomes vibronically allowed 
by virtue of only a Bzu molecular vibration. This 
vibrational frequency is not accessible in either IR 
or Raman spectroscopy. However, it is a pure bend- 

ing mode and is expected to have a lower frequency 
than a stretching vibration. The temperature depen- 
dence of a vibronically enabled transition is 
expected to increase as the vibrational frequency 
decreases. Hence, our assignment is based primarily 
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Fig. 16. Polarized spectra for Pt(CH,NH&PdCI, crystal, 11 pm thick. 
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on this temperature dependence. The 13,800~cn- ’ 
component would then be a spin-forbidden band. 
The assignment of the 16,200-cm-’ band as the 
‘B,,-transition appears to be consistent with the 
theoretical treatment of vibronic intensities of 
PdClj- by Em-y and Moncuit.44 They predict an 
oscillator strength ratio f(z)/f(x, y) of 20 for the 
‘B,,-transition of PdCl:- with the ‘A,,-transition 
in x,y-polarization about 4 times as intense as the z- 
component of ‘B,,. However, they placed the ‘B,,- 
transition at 30,000 cm-’ which would enhance its 
intensity since at that energy it would be much 
closer to the allowed transition from which it 
borrowed intensity. 

With Pt(CH3NHJ4PdCh the low-energy absorp- 
tion is very similar to Pt(NH9)4PdCl.,, and for it 
the ‘B,,-band can be placed at 16,800 cm-’ and 
the spin-forbidden band at 14,300 cm-‘. With 
Pt(en),PdC& in Fig. 16 the ‘B,, has not been so 
strongly red-shifted and a z-polarized band is evi- 
dent at ca 17,800 cm-‘. For all of the PdCl:- Mag- 
nus-type salts with Pt cations the ‘E, must be placed 
in the vicinity of the ‘A&-band. For the two 
PdCl:- salts with Pd cations, all of the d + d tran- 
sitions must fall under a single band, the transitions 
appearing somewhat closer together than in 
KzPdC14. 

A number of possibilities were considered for the 
dipole-allowed bands appearing at 22,000-26,000 
cm-’ in the PdCl:- salts with Pt cations. Could 
they be spin-forbidden L-xMCT bands that were 
red-shifted by the proximity of cation neighbors? 
The Pd(NHJ4PdC1, crystal, whose spectra are 
shown in Fig. 17, was very thin so the spin-allowed 

L-xMCT (b, + Q) transition can be identified at 
34,000 cn-‘. This is a red shift of 2900 cm-’ from 
K,PdCl.,. In this transition the chloride MO is a 
linear combination of p,-orbitals with a node in the 
molecular plane. Electron repulsions with cation 
electrons might account for the red shift. However, 
the only spin-forbidden transition which becomes 
electric dipole allowed by spin-orbit coupling 
involves transfers from chloridep’;l’p, orbitals which 
concentrate electron density in the molecular plane 
so a lower electron repulsion should occur. In the 
PdBr:- salts the repulsion of electrons in the A- 
orbitals with the neighbors might be expected to 
be greater, such repulsions together with the lower 
energy of the LMCT would serve to obscure the 
d + d transitions which clearly does not occur. 

It seems necessary therefore to assign these tran- 
sitions to A + C electron transfers and logical 
assignments must be sought. An assignment of dA + 
(J& does not seem likely. First, there is not the 
high intensity in z-polarization nor the narrow peak 
in x,y polarization seen for Pt-Pt A + C transitions. 
Besides, Anex” and coworkers have seen a high 
z-intensity at 40,400 cm-’ in specular reflectance 
spectra for Pt(NH,),PdC& which they correlated 
with the Pt(NH,),PtCI, band at 35,000 cm-‘. The 
possibility of dA + (@x_,,z)~ was also considered. 
For a staggered arrangement of metal-ligand 
bonds, the (dxy)A transition will provide an electric 
dipole allowed transition. However, in an eclipsed 
arrangement this transition is forbidden. For 
Pt(en),PdCl, with very close to anion Da local sym- 
metry, this transition is forbidden and there seems 
no way to account for such a strong z-component 
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Fig. 17. Polarized spectra for Pd(NH&PdCb crystal, 3.1 pm thick. 
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Fig. 18. Polarized spectra for Pd(en),PdCl, crystal, 40 pm thick. 

at 25,400 cm-’ as an dA + dc transition. We believe Spectra of PdBr- salts 
the best assignment to be an (L& + [o*(dxz_,z)Jc 
transition. There are such transitions with orbital Most PdBrj- spectra shown in Figs 19-24 were 
symmetries for an electric dipole allowed character for such thin crystals that the ‘AZ,, L-nMCT band 
in both polarizations. However, orbital overlap for was evident. It occurred at about the same energy 
such transitions would be expected to be very low. at which it occurs in K2PdBr4. As mentioned pre- 

4.0 - Pt(N H3j4 Pd Br4 

I I I 1 I I t I I I I 
12000 16CQO 2 0000 24000 28000 32000 
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Fig. 19. Polarized spectra for Pt(NH,),,PdBr, crystal, 10 pm thick. 
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Fig. 20. Polarized spectra for Pt(CH,NH2).,PdBr4 crystal, 13 pm thick. 

viously, the truncated ‘E,, L-nMCT band could be 20,200 cm-’ in K,PdBr,. Vibrational structure was 
observed for the 3-pm crystal to place this transition not as strongly developed as for the PdCli- salts 
at ca 28,000 cm-‘. The proximity of this intense and indeed was barely evident only in the 13-pm 
transition enhances x,y intensities among the d + Pt(CH3NH&PdBr4. The ‘Big-band is generally 
d transitions. Each of the PdBr$- salts had a mod- placed with the z-polarized absorption below the 
erately strong band with a strong temperature ‘A,-region. In the 13-pm Pt(CH,NH&PdBr, crys- 
dependence for the intensity in x,y polarization that tal (Fig. 20) there are clearly two weak peaks in this 
ranged from 18,700 to 19,200 cm-’ which could be region. The ‘Bigtransition can be associated with 
associated with the ‘A,-transition which is at the 16,5OO-cm-’ peak which had a higher tem- 

4.0 - 
Pt (C H,N H214 Pd Br, 

I I 1 I I I I I 1 I I L 1 I I 
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32000 36000 

Fig. 21. Polarized spectra for Pt(CH,NH&PdBr, crystal, 3 pm thick. 
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Fig. 22. Polarized spectra for Pt(en)zPdBr, crystal, 5 pm thick. 

perature dependence, and the 14,500-cm-’ band is 
then a spin-forbidden band. Again, the ‘I?,-tran- 
sition must be placed close to the ‘A&-band. Unfor- 
tunately, the relatively low z-polarized absorption 
does not clearly indicate this transition because of 
strong x,y enhancement. Absorption above 22,000 
cm-’ can logically be attributed to molecular L- 
R --, M charge transfer. 

There is no absorption apparent that can be cor- 
related to the (LK)~ + [o*(&,z)]~ bands assigned 
the PdClz- salts with Pt cations. Since they do 

involve electron transfers from halides a lower 
energy might be expected for bromide. However, 
the increase in interionic spacing will produce a 
counteracting energy shift and also should serve to 
reduce the intensity appreciably. 

Vibrational structure in the spectra 

As was commented earlier, vibrational structure 
was present in the *A%-band of the potassium as 
well as many of the Magnus-type salts of the anions. 

12000 16000 *O”go 24000 28000 32000 36000 
(cm-‘) 

Fig. 23. Polarized spectra for Pd(NH,).,PdBr4 crystal, 3.1 pm thick. 
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Fig. 24. Polarized spectra for Pd(en),PdBr, crystal, 5 pm thick. 

This structure indicated the presence of long 
Franck-Condon progressions in a totally sym- 
metric vibration of the excited state, which would 
be the v, stretching vibration for the MX bonds. It 
is consistent with a relaxation of the bonds in the 
excited state that would be expected for excitation 
of an electron into a a-antibonding orbital. An 
examination of the spectra in the figures shows that 
the vibrational structure is generally most highly 
developed in the ethylenediamine and least 
developed in the ammonia complex salts. Now 
vibrational detail will be lost when there are a dis- 
tribution of sites persisting even at helium tem- 
peratures which have transition energies which 
differ in energy by the order of v,. These shifts in 
transition energies may result from interactions of 
electrons in the orbitals involved in the transition 
with neighboring atoms. For the ‘A&-transition the 
two orbitals involved are mostly the a,, and &_,,z, 
concentrated in the plane of the atoms in the ion. 
Since these two orbitals would be subject less to 
external influences, it is logical that this transition 
would have the most highly developed vibrational 
structure. Rotation of NH3 groups about the M-N 
bond can result in site differences being frozen in at 
low temperatures which compromise the vibra- 
tional detail. With the more limited motion 
imposed by the methyl group in methylamine and 
especially by the chelate ring with ethylenediamine 
ligands, the vibrational structure is enhanced. Also 
the salts with chloride complexes with higher values 

of v1 generally had better developed vibrational 
structure than those of the bromide complexes. 

For cases where five or more vibrational com- 
ponents could be read from the spectra, their 
wavenumbers were fitted to the component number 
by linear least squares. The indicated values of ii, for 
the ‘A,,-transition are included in Table 8 together 
with the indicated standard deviations. Ground 
state values for V,, available from the Raman spec- 
tra of the potassium salts, are listed in Table 8. 
The values of i$ for the excited ‘Ati-state are quite 
comparable to those observed in the potassium 
salts. They are quite generally 12-15% lower than 
the I1 for the ground state in the potassium salts. 
The value for V, for the salts with ammonia com- 
plexes appear 5-10 cm-’ lower than those for salts 
with methylamine or ethylenediamine complexes. 
The one exception to this rule may be 
Pd(NH&PdCL, ; however, the value for this com- 
pound does have a large 6-13~’ standard deviation. 

For a thick crystal of Pt(CH3NH&PdCb 
sufliciently high resolution was attained, as shown 
in Fig. 15, that clearly each vibrational peak 
was comprised of three components. This result 
suggests that three separate vibrations provide 
vibronic perturbation which induce the necessary 
transition dipole moment. An E, vibration sym- 
metry is required for the ‘Aa-transition and the 
square-planar ions possess only two &-vibrations, 
v6 (an asymmetric stretch) and v7 (an in-plane bend- 
ing mode). From IR spectra these vibrations are set 
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Table 8. Vibrational structure in Franck-Condon 
progressions for Magnus-type salts 

5” for potassium salts 

Compound 
Ground state Excited 

Raman spectrum state 

K*PtCl, 
K,PtBr, 
K,PdCl, 
K,PdBr, 

Pt(NH,).W& 
Pt(CH,NH,),PtCI, 
Pt(en),PtC& 
Pd(en),PtCl, 
Pt(en),PtBr, 
Pd(en),PtBr, 
Pt(NH,)PdCI, 
Pt(CHSNHJ,PdCl, 
Pt(en),PdCld 

Pd(NH,),PdCI, 
Pd(en),PdCl, 
Pt(CH,NH&PdBr, 
Pt(en),PdBr, 
Pd(NH,).,PdBr, 
Pd(en),PdBr, 

Triplet bands 

332b 290 
205b 170d 
3076 264 
192” 164 

v; u for ‘A ly -+ AZq transition 
(x,~ or _Lz-polarization) 

277 (+5) (6)* 
283 (+3) (7) 
281 (+ 1) (9) 
278 (+2) (11) 
176 (23) (7) 
172 (+3) (9) 
255 (+2) (11) 
265 (+2) (13) 
260 (*I) (14) 
262 (+6) (6) 
262 (&2) (15) 
170 (+6) (5) 
172 (+2) (5) 
160 (k2) (7) 
172 (f3) (8) 

Pd(en),PdCl, 
(z-polarization 
14,793-17,391) 
(x,y polarization 
14,17415,798) 

Pt(en),PtCl, 
(1.2 polarization 
21,940-23,370) 

260 (+ 1) (11) 

268 (f4) (7) 

286 (+2) (6) 

=S, in cn-‘. 
b Reference 45. 
’ Reference 46. 
d Reference 15. 
e Reference 16. 
fValues in parentheses indicate the number of com- 

ponents in least-squares analysis. 

at 335 and 195 cn-‘, respectively.47 It is logical to 
assign the largest, central component of each peak 
to the v6 stretching vibration +nV1 vibrations in the 
FranckCondon progressions. The second strong- 
est component in each peak is the lowest member 
that occurs only ca 40 cm-’ below the v6-peak. We 
would assign this to the v7 bending vibration. The 
weakest feature is quite broad and seems likely due 
to a lattice or phonon band. Thus in a peak the 

and D. S. MARTIN 

component would be assigned vL+ (n + 1)~~. This 
means there would be such a component too weak 
to be observed below the first peak, The indicated 
separation of the bending and stretching com- 
ponent of only 40 cm-’ is very low in view of the 
difference of 140 cm-’ for v6v7 in the ground state 
from IR spectra. Harrison er ~1.~~ observed a similar 
arrangement of components in the ‘A ti-absorption 
for PdClz- in a Cs,HfCl, host crystal with some- 
what greater resolution. In that case the bending, 
v7, components was 70 cm-’ below the stretching, 
vg, components. Since the A,, stretching vibration 
for the ‘A&-state is only 44 cm-’ lower than in the 
ground state, it probably indicates that some feature 
in the ion packing of Pt(CHSNH2)4PdC14, perhaps 
hydrogen bonding between Cl and N atoms, serves 
to raise the bending vibration frequency for v7. 

For a very thick crystal of Pd(en),PdCL (105 
pm), vibrational structure was resolved for separate 
low-energy triplet bands in z- as well as x,y polar- 
ization. The indicated A lg vibrational frequencies, 
given in Table 8, were not within the statistical 
uncertainty different from those for the ‘A, band. 

Finally, vibrational structure appears in x,y polar- 
ization on a weak component which is below the 
‘A,,-band and the assigned ‘B,,-peak seen in z- 
polarization of Pt(en),PtC14, which must be for one 
of the triplet bands, largely 3Eu. The indicated A,,- 
frequency, given in Table 8 is about 5 cm- ’ higher 
than for the ‘A,,-band. 

SUMMARY 

The collection of single-crystal absorption spec- 
tra that are now available permit some important 
conclusions about this interesting class of com- 
pounds. First of all, the planar nature of the ions 
provides a close contact of the metal atoms as these 
alternating cations and anions stack in one-dimen- 
sional arrays. There is some orbital overlap between 
the metal atoms in the cations and anions. However, 
there appears to be negligible covalent bonding or 
delocalization as occurs in the mixed-valence chains 
with the planar Pt(CN)4 groups, which have much 
smaller Pt-Pt distances and metallic conductivity. 
There is, however, sufficient overlap with the 3.25- 
3.5-A metal spacing to permit interionic electron- 
transfer transitions and these account for a higher 
absorption of polarized light with the electric vector 
oriented in stacking direction that has been recog- 
nized as a characteristic of a number of these com- 
pounds. It is especially important to this assignment 
that the expected inter-ionic electron transfer with 
polarization normal to the stacking direction can 
now be identified in some of the cases. 
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The energies of a number of d-d transitions for 
the anions are highly sensitive to differences in the 
metal-metal spacings in the region of 3.25-3.6 A. 
These differences in the band frequencies account for 
the anomalous colors which have drawn attention to 
these compounds. Controversy over where to place 
the &orbital with respect to the other d-orbitals 
has simmered for the past 25 years. Our results 
provide, we believe, good but perhaps not over- 
whelming evidence for placing the dzz and the dxz,y, 
pair close together in the free MXi- ion so the ‘Blg 
and ‘E,-bands are not resolved in aqueous solution 
or in the potassium salts. One general conclusion is 
that the valence shell orbitals of Pd are more com- 
pact than the corresponding orbitals of Pt. Thus the 
Pt cations gave greater shifts of aborption bands and 
higher interionic electron transfer probabilities for a 
given anion. The results were also consistent with a 
much lower d + p excitation energy for Pt compared 
to Pd. 

Finally, we believe that the earlier assignment of 
intermolecular electron-transfer transitions for the 
molecular compounds of Pt(en)Cl, and Pt(en)Br, 
should be reconsidered.49*50 These nearly planar 
molecules stack face to face in one-dimensional 
arrays in orthorhombic crystals. Metal-metal 
spacings are 3.39 and 3.50 A, respectively. Both have 
an intense absorption band polarized in the stacking 
direction. Polarized reflectance spectroscopy by 
Anex and Peltier” places the peak at 35,100 cm-‘. 
Diffuse-reflectance spectra on the other hand 
showed maxima at 37,500 and 36,700 cm-‘, respect- 
ively, for the chloride and bromide compounds. 
Thus they each have a strong band similar to those 
in the PtCl:- and PtBr:- Magnus-type salts. In 
view of the present work, it appears logical now to 
assign this transition as an intermolecular d=2 +pr 

electron transfer rather than as the red-shifted 
intramolecular dz2 + pz originally proposed. Al- 
though the neutral molecules would be expected 
to have greater ionization energy and electron 
affinity than the anion and cation, the formation of 
an ion-pair would greatly increase the lattice energy. 
The narrow band, indicated to arise from a dipole- 
allowed transition, polarized normal to the stacking 
direction at 33,100 and 33,500 cm-’ for the chloride 
and bromide would then correspond to inter- 
molecular d,,= + pz electron transfer rather than the 
intermolecular d, + d$ transition proposed. (In 
this case the axes were selected so that the dXY was 
the d-orbital involved in the a-bonds to the 
ligand?‘.) This transition occurred among the nor- 
mal intramolecular d --, d transitions. Although for 
these crystals the metal-metal distances permitted 
the intermolecular electron transfer transitions, 
they were sufficiently large that no significant red 

shift of the spin-forbidden L-d bands occurred as 
in the case of many of the Magnus-type salts with 
ethylenediamine cations. 
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Abstract-“Mo and ls3W NMR data are reported for a series of dinuclear triply bonded 
M(II1) (M = MO or W unless specified) and related [M&R13+ complexes. Complexes of 
general formulae M2L6 (L = [OCMe,]- or [NMeJ- ; M = MO, L = [CH2CMe3]-, 
[CH2SiMe3]-, [OCH2CMe3]- or [OCHMeJ) and M2(OCHMe2)6L2 (L = CSHSN, 
fMe,PCHzCHzPMel or jMeNHCH,CH,NHMe) exhibit very deshielded resonances 
in the a-2430-3695 (M = MO) and 6-4196-4736 (M = W) regions. The novel 
M2(02CMe)4(CH2CMe3)2 complexes exhibit resonances which are shielded relative 
to the above complexes and related Mz(OzCR)4 complexes. The M(CXMe3)(CH2XMe3)3 
(X = C or Si) complexes, which contain formal M=C triple bonds, exhibit resonances at 
6 1400 and 1845 (M = MO), and 6 2867 and 3613 (M = W), respectively. The tungsten 
alkylidyne complexes exhibit septet ls3W resonances due to coupling of ls3W and C&XMe; 
protons (2Jw_i, = 10.5 Hz). The magnitude of the nuclear shielding in these related 
species increases in the order : [MEM14+ (&r4Sz) < [M=M16+ (&r4) < [M=M16+ (n4S2) N 
[M=C13+ < [M=Nj3+. The nuclear deshielding appears to be related to the extreme 
covalency of the multiple bond in which the metals are involved. 

Metal NMR has developed into a powerful probe 
of the solution structure, reactivity and dynamics 
of coordination and organometallic compounds. In 
particular, ‘*MO and ‘83W NMR spectroscopies 
have experienced sustained development since the 
first solution studies were reported 10 years ago.’ 
Molybdenum complexes of oxidation states O-VI 
have now been characterized by “MO NMR, and 
ls3W NMR has been applied to tungsten complexes 
of oxidation states 0, II and VI.* While mono- 
nuclear complexes of M(O), M(II), M(IV) and 
M(V1) (M = MO or W hereafter) generally possess 
the diamagnetism necessary for NMR observation, 
the study of M(V), M(II1) and M(1) complexes by 
NMR is restricted to dinuclear or otherwise spin- 
paired complexes. Interestingly, dinuclear com- 
plexes possessing direct metal-metal bonds exhibit 
unique “MO and ls3W NMR properties. Quadruply 
bonded [M-M14+ complexes, for example, exhibit 

*Author to whom correspondence should be addressed. 

the most deshielded resonances known (6 3225- 
4150 for Mo,~.~ and 6 6760 for W’). In contrast, 
mononuclear M(I1) complexes exhibit resonances 
at the other extreme of the chemical-shift range 
(6 50 to - 2075 for MO, and 6 - 2400 to - 4037 for 
W). 

The origin of the extreme deshielding in the 
[M=M14+ complexes is unclear. In order to better 
understand such phenomena we have investigated 
the metal NMR properties of other complexes con- 
taining metal-metal bonds. Here, we report “MO 
and ls3W NMR data for a series of dinuclear triply 
bonded Mo(II1) complexes (A and B), several of 
their N- and P-donor ligand adducts (C), and 
related complexes containing triply bonded Md 
fragments (D and E). This work represents the first 
study of such complexes by q5Mo and ls3W NMR 
spectroscopies, and provides a basis for the routine 
characterization of such species by these NMR 
techniques. A preliminary account of the g5Mo 
NMR spectra of the [M=Mo16+ complexes has 
appeared.6 
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EXPERIMENTAL 

The compounds M,L, (L = alky1,‘s8 alkoxideg*” 
or amide”*‘*), M&CMe)4(CHKMe3)2,13 
M(CXMe3)3(CH2XMe3)3 (X = C or Si1&16), and 
W(CPh)(OCMe3)3,17 were prepared according to 
published procedures or adaptions thereof. The 
Mz(OCHMe2)6Lz (L = py, idmpe or fMe,en”,‘*) 
were prepared in situ from M2(NMe2)6, HOCHMe, 
and L.* The NMR samples were prepared under 
anaerobic conditions using dried and deoxygenated 
solvents. 

The NMR spectra were recorded on a Bruker 
WM250 NMR spectrometer. The g5Mo NMR spec- 
tra were measured with a IO-mm molybdenum 
probe (16.3-MHz). To reduce the effects of probe 
ringing a Doty Scientific duplexer and preamplifier 
with a 16-MHz center was inserted between the 
probe and the Bruker broadband preamplifier. The 
duplexer was gated off during the pulse and 5 ps 
after the pulse. With this arrangement the pre- 
acquisition delay was reduced to 100 ps. The trans- 
mitter output was amplified with a Heathkit SB- 
201 (1-kW) linear amplifier. The input was attenu- 
ated to give a 26-ps 90” pulse. A 2 M NaJMoO,] 
solution in D20, effective pH 11, was used as the 
external standard. Spectra were run unlocked ; no 
drift of the spectrometer was detected when the 
external standard was measured between samples. 
Typically 104-lo5 transients were accumulated. 

The lg3W NMR spectra were measured at 10.28 
MHz using a lo-mm broadband (7.631.2-MHz) 
probe. The duplexer and preamplifier described 
above was inserted between the probe and the 
broadband preamplifier to reduce the effects of 
probe ringing. A preacquisition delay of 320 ~LS was 
employed. The transmitter output was amplified as 

*Abbreviations used : Me = methyl, py = pyridine, 
dmpe = 1,2-bis(dimethylphosphino)ethane, and Me,en = 
1,4_dimethylethylenediamine. 

described above and the input was attenuated to 
give a 90-ps 90” pulse. A 40-ps pulse was employed 
in data acquisition and the spectrometer was locked 
on the deuterium signal of C6D6. The 183W chemical 
shifts were referenced to an external standard of 
2 M NaJWO,] in D20, effective pH 11. 

RESULTS AND DISCUSSION 

Dinuclear triply metal-metal-bonded complexes 
of type Mo2L6 (L = [CH,CMe3]-, [CH2SiM3]-, 
[OCMe3]-, [OCH,CMe,]-, [OCHMe,]- or 
INMe,]-) exhibit “MO NMR resonances over the 
chemical-shift range 6 2430-3695, a deshielded por- 
tion of the known chemical-shift range.2 The shield- 
ing of the “MO nuclei in these complexes increases 
in the order : alkyl < 3” alkoxide < 2” and 1” alk- 
oxide < dialkylamide. The resonances are not as 
deshielded as those of quadruply bonded Mo(I1) 
complexes, 3*4 but their chemical shifts are almost 
certainly a consequence of the metal-metal bond. 
The relatively narrow linewidths of the Mo(II1) 
complexes (12&1320 Hz) contrast with the broad 
resonances of the Mo(I1) dimers (up to 1960 Hz at 
elevated temperatures).3 The broader resonance of 
Mo2(NMe2)6 could result from enhanced quadru- 
polar relaxation of “Mo bonded to 14N. 

The tungsten complexes W2L, (L = [OCMe,]- 
or [NMe,]-) also exhibit very deshielded reson- 
ances (6 4196 and 4489, respectively) and exhibit 
the same ligand-dependent order as that found 
for the molybdenum complexes. The W2L, (L = 
[OCHMed- or [OCH,CMe,]-) complexes have not 
been isolated due to their decomposition to the 
tetrameric hydrido W(IV) complexes, W4(OR) 1 4H2.1g 
We could not detect signals from dilute solutions of 
the W2(CH2CMe3)6 and WZ(CH2SiMe& complexes. 

The M2(OCHMe2)6 complexes readily react with 
amine and phosphine ligands to form triply bonded 
adduct complexes, I&(OCHMe&L2 (L = py, 
jdmpe or 2 1Me2en10,18). These adducts exhibit chemi- 
cal shifts which are slightly deshielded compared to 
the precursors, M,(OCHMe&. For the molyb- 
denum complexes the magnitude of the deshield- 
ing ranges from 435 ppm for the dmpe adduct to 
ca 280 ppm for the N-donor ligand adducts. Similar 
deshielding is observed in the tungsten complexes 
which exhibit resonances between 6 4380 and 4736. 
183W-31P spin-spin coupling is observed in the phos- 
phine complex W,(OCHMe,),(dmpe). The values 
of the one- and two-bond 1s3W-31P couplings, 228 
and 19 Hz, respectively, are in good agreement with 
those derived from the 31P NMR spectrum of 
the related complex, Wz(OCH2CMe&(PMe& 
(‘J = 240 Hz, 2J = 20 Hz).” The shielding trend of 
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M=Mo M=Wb 

Compound 

M(II1) complexes 
M,(CH,CMe& 
M2(CH,SiMe,), 
MAOCMe,), 
MAOCHKMe,), 
MDCHMeJ, 
MANMe,), 
M@CHMe&(dmpe) 

M2(OCHMe2)6hv)2 2725 1000 
M,(OCHMe,),(Me,en) 2720 950 
Mz(OzCMe),(CHzCMe3), 2040 1460 

M=C complexes 
M(CSiMe3)(CH,SiMe3), 
M(CCMe3)(CH2CMe3), 
M(CPh)(OCMe,), 

1845 
1400 

e 

16 
16 

3695 530 
3625 530 
2645 120 
2445 600 
2445 350 
2430 1320 
2880 850 

E 

e 

4489 
d 
d 

4196 
4736 2Jw_p = 228 

‘J,-, = 19 

4380 
2653 

3613 2Jw_H = 10.5 
2867 2Jw_H = 10.5 
2526 

a “MO and lg3W NMR spectra recorded in toluene and &-benzene, respectively. 
b For lg3W spectra IV,,, = 10 Hz. 
‘Not observed. 
‘These complexes are not known. 

the N- and P-donor ligands observed here is the 
opposite to that observed in a variety of mono- 
nuclear M(S&NEtJ2(C0)2L adducts.” The above 
triply bonded dinuclear Mo(II1) complexes possess 
a 02x4 triple-bond electron configuration. The de- 
shielded nature of their resonances is clearly remi- 
niscent of the deshielded resonances of the Mo(I1) 
complexes Mo~(O~CR)~,~*~ which possess a &r4d2 
electron configuration. 

The novel dinuclear complexes M2(02CMe)4 
(CH2CMe3)2 are extraordinary in that they 
possess a formal metal-metal triple bond of n4d2 
configuration, i.e. there is no o-bond. Their metal 
resonances are substantially more shielded than the 
quadruply bonded M2(02CR2), precursors. For 
example, Mo2(02CMe)4(CH2CMe3)2 has 6 2040, 
whereas Mo,(O,CMe), has 6 3700-3770, depending 
upon the experimental conditions.3 The structures 
and bond lengths of both types of compounds are 
similar : the MZ(02CMe)4(CH2CMe3)2 species have 
neopentyl ligands in the axial positions, aligned 
with the metal-metal vector (B). The 9’M~ NMR 
data for the related pair of complexes, 
Mo~(O~CCF~)~ and Mo~(O~CCF~)~(PY)~, also show 
shielding of the metal resonances (ca 200 ppm) upon 
axial ligation by the pyridine ligands.4- 

As a compliment to the above studies we have 
also examined the NMR properties of the alky- 
lidyne complexes L3MzCR (L = alkoxide or 
alkyl). Although these species formally contain a 
Mo(V1) center, homolytic cleavage of the rather 
covalent M=C triple bond would generate half of 
the [M=M16+ (2~“) core. The alkylidyne-Mo(VI) 
complexes Mo(CXMe,)(CH,XMe,), exhibit reson- 
ances at 6 1845 (X = Si) and 6 1400 (X = C), 
which are toward the deshielded end of the known 
chemical-shift range of monomeric Mo(V1) com- 
plexes.’ The tungsten analogues also exhibit de- 
shielded la3W resonances (X = Si, 6 3613 ; X = C, 
6 2867) as does the related W(CPh)(OCMe3)3 com- 
plex (6 2526). Although more shielded than the 
resonances of the M2L6 SpeCieS, the L3MzCR res- 
onances are significantly deshielded relative to the 
resonances of complexes containing metal-nitro- 
gen triple bonds, e.g. MoN(OCMe,), (S 55).21 The 
photoelectron spectra of the metal-alkylidyne and 
metal-nitride complexes reveal that the metal-alky- 
lidyne triple bond is much more covalent than the 
metal-nitride triple bond.22 The greater covalency 
of the M=C multiple bond may contribute to the 
deshielding of the metal nuclei. Interestingly, the 
alkylidyne carbon nuclei are also extremely de- 
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shielded [S(“C) ca 330].15 The metal resonances for 
the Si-containing complexes are considerably more 
deshielded than the neopentyl derivatives consistent 
with a general deshielding influence for P-Si in sub- 
stituted alkylidyne complexes. In contrast, the 
metal chemical shifts of the M,(CH,XMe,), (X = C 
or Si) complexes are quite similar. These obser- 
vations suggest that the deshielding effect of the p- 
Si atom is mediated through the electronic structure 
of the metal-alkylidyne fragment, in support of a 
covalent M=C bond being associated with the 
deshielding of the metal nuclei. 

Both tungsten-alkylidyne complexes exhibit sep- 
tet resonances (see Fig. 1) produced by the coupling 
of ls3W to six equivalent CI12XMe3 protons: the 
magnitude of this two-bond coupling is 10.5 Hz. 
This is the first reported two-bond lg3W-lH coup- 
ling to be derived from a lE3W spectrum, and the 
potential of such a coupling to characterize com- 
plexes with mixtures of alkyl, alkylidene and alky- 
lidyne ligands is obvious. The value of the coupling 
is in close agreement with that derived from the ‘H 
spectrum of W(CSiMe3)(CH2SiMe3)3.‘4 A similar 
coupling has not been previously reported for 
W(CCMe3)(CH2CMe3)3.15*16 

The 95Mo and lg3W chemical shifts of analogous 
pairs of complexes are often related by linear 
expressions which yield shielding sensitivities’ 

J=10.5 Hz 

3640 3600 3560 
6 

Fig. 1. la3W NMR spectrum of W(CSiMeJ(CH,SiMe3), 
in &-benzene. The insert shows an expansion of the 
septet resonance. Acquisition parameters were : spectral 
width, 5 kHz; acquisition time, 1.638 s ; digital res- 
olution, 0.61 Hz (point)- ’ ; number of scans, 17,400. 

[defined as AS(‘83W)/AS(95Mo)]. Several diverse 
classes of MO and W compounds exhibit shielding 
sensitivities of 1.3-l .7. 20,23-26 For the complexes 
under discussion a broad correlation with a shield- 
ing sensitivity of ca 1.5 is observed when all data, 
except those for the M2(02CMe)4(CH2CMe3)2 com- 
plexes, are considered. This correlation may be 
indicative of a common electronic origin for the 
deshielding in the [MEM14+ (a27t46*), [M=M16+ 
(a2n4) and [M=CR13+ (a’~“) species. 

Detailed theoretical calculations of the nuclear 
shielding are not yet feasible for large polyelectron 
atoms such as MO and W. However, it is generally 
recognized that the paramagnetic term in the Ram- 
sey equation for nuclear shielding dominates the 
chemical-shift differences among transition-metal 
compounds by mixing the angular momentum of 
appropriate metal excited states into the ground 
state.27 For some series of complexes the metal 
chemical shift is inversely correlated with the energy 
of the lowest electronic transition of the mole- 
cule.28-30 In other instances there is no correlation 
between the energy of the first excited state and the 
metal chemical shift.*s3’ The latter situation applies 
to the present study. The lowest-energy excited 
states of the M2(02CR)4 and M2(02CR)4(R’)2 
species occur at similar energies,32 yet their chemi- 
cal shifts are quite disparate. On the other hand, 
the lowest-energy excited states of the M2(NR2)6, 
M2(OR)6 and M2(OR)6L2 COmpkXeS are rather 
different,22*33 yet their chemical shifts span a rela- 
tively narrow range. These observations are consis- 
tent with the assignments for the lowest-energy elec- 
tronic transitions in these complexes. For example, 
the lowest-energy transitions in the [MEEM14+ 
(0~7~~6~) and [M=M16+ (rr4S2) complexes are 6 + 6* 
and 6 + n* (0,CR) (MLCT) in origin. Neither of 
these transitions should be an important contrib- 
utor to the nuclear shielding. The 6 + 6* transition 
leaves the angular momentum unchanged, and the 
6 + rc* (0,CR) (MLCT) excitation removes the 
electron from the metal center. On the other hand, 
the metal-centered transitions of the [M=M16’ unit 
which occur at higher energies (6 + rc*, 6 + cr*, 
71 + a* and rc + (r*) could be very important 
contributors to the nuclear shielding.4 

In conclusion, deshielding of the metal nuclei in 
multiply bonded dinuclear species appears to be 
related to the strongly covalent nature of the 
bonding present in such complexes. For the com- 
plexes studied herein the magnitude of the nuclear 
shielding increases in the order: [M%EM14+ 
(a2x4d2) < [M=M16+ ($x4) < [M=M16+ (x46*) N 
[M=C13+ < [M=Nj3+. There is no clear cor- 
relation of the chemical shift with the HOMO-, 
LUMO energy gap, which underscores the import- 
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ante of the entire excited state manifold to the para- 
magnetic term of the chemical shift. 
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Abstract-A new, high-yield method has been developed for the preparation of 
Mo(CO)212(~2-dppm)(~‘-dppm). The title compound was prepared by the reaction of 
[Et.,Nj]Fzo(CO),I,] with dppm in benzene in 95% yield. It has been characterized by a 
single-crystal X-ray study. The crystallographic data are as follows: monoclinic, space 
group P2,/n, a = 19.023(4) A, b = 14.439(3) & c = 20.141(5) A, fl= 100.45(2)“, 
V = 5440(2) A3, Z = 4. The geometry around the central metal atom could be considered 
as either a distortion from a capped octahedron with a carbonyl in a capping position or 
from a trigonal prism with the iodine capping a rectangular face. The solution behavior of 
Mo(CO)212(dppm)2 was examined with 3’P NMR, which showed it to be fluxional. 

Recently we have been investigating the possibility 
of forming multiply bonded heteroatomic dimers. 
One of the designed approaches would be to have 
a bidentate, dangling ligand on one metal atom. 
The dangling ligand might then coordinate to a 
second metal atom, bringing it close enough for 
an M-M’ bond to be formed, with the dangling 
ligand(s) becoming a bridge spanning the dimetallic 
core. For such a purpose the starting material 
would have to meet at least the following criteria : 

structurally characterized. Mo(CO)2C12(dppm)2 
was first prepared3 by Colton et al., and then later 
structurally characterized7 as possessing a seven- 
coordinate molybdenum atom with two carbonyl 
groups, two chlorine atoms, one chelating diphos- 
phine ligand and one dangling dppm ligand. 

(1) contain a metal that easily forms multiple 
bonds, or 

(2) have the metal already in a suitable oxidation 
state. 
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Of the possible bidentate ligands, phosphines are of 
the greatest practical interest, with bis(diphenyl- 
phosphino)methane (dppm) being one of the best 
choices. 

There are only a few examples in the chemical 
literature of complexes with dangling diphos- 
phines. ‘-7 At first we focused our attention on 
Mo(II) and Mo(II1) compounds, since they fu&ll 
the above requirements. A search of the chemical 
literature then revealed that a promising candidate 
for our experiments already existed and has been 

*Author to whom correspondence should be addressed. 

The reported synthesis of Mo(CO)2C12(dppm)z 
utilized the following reactions : 

MOM+ Cl2 -, Mo(CO)&lz, 

Mo(C0)&12 + 2dppm + Mo(CO)2C12(dppm)2. 

In our hands the first step, i.e. the oxidative 
halogenation of molybdenum hexacarbonyl, has 
proved to be unreliable. In view of recent struc- 
tural characterization of other M2(CO)& type 
dimers8s9 it is possible that dimeric Mo,(CO),CL, 
instead of monomeric Mo(CO),Cl, is the product 
of chlorination of Mo(CO),, and that this may 
lead to poor yields of Mo(CO)2C12(dppm)2. 

We turned our attention to the corresponding 
bromo and iodo compounds. We found that 
Mo(CO)z12(dppm), (1) had been prepared by the 
following procedure :‘O 

MOM + dppm --) Mo(CO),dppm 
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This method gives not only the molecular com- 
pound Mo(CO)Jz(dppm)z, but also the cis and 
trans isomers of [Mo(CO)J(dppm)JI, which have 
to be separated. We therefore searched for an alter- 
native method of preparation of 1. 

After trying several reactions we found that the 
desired product could be synthesized in 95% yield 
by the following procedure : 

carbon monoxide. After all the iodine was added, 

Mo(CG)Jz(dppm)l (I) 

the reaction mixture was stirred for an additional 
15 min. It was dark orange at this time. 100 cm3 of 
diethyl ether was added to initiate precipitation and 
the reaction mixture was refrigerated overnight. 
The crystalline product was filtered, washed with 
ether and vacuum dried. The yield was 18.1 g (73%) 
of dark yellow crystals. An additional 2.4 g of the 
product could be recovered from the mother liquor, 
bringing the yield to 83%. 

The starting material, [R.NJ[Mo(CO),I,], can be 

+ Mo(CO)zIz(dppm)z + &NI. 

easily prepared in a high-yield, one-pot synthesis 
from Mo(CO),. Compound 1 had not been struc- 
turally characterized, and some unusual stereo- 
chemistry might be found in a relatively crowded, 
presumably seven-coordinate molecule. The mol- 
ecular structure was therefore determined by single- 
crystal X-ray studies. 

[E&~[Mo(CO),I,] (1 .O g, 1.40 mmol), 1.6 g (6.1 
mmol) of dppm and 40 cm3 of benzene were stirred 
at room temperature. The reaction proceeded with 
CO evolution and an orange precipitate was 
deposited. After 6 h of stirring the reaction mixture 
was brought to a boil and filtered hot. Remaining 
solids were treated with an additional 40 cm3 of 
hot benzene and filtered. A white solid (Et,NI) 
remained on the filter stick. The combined filtrates 
were treated with 100 cm3 of hexane and refriger- 
ated. The product was filtered, washed with hexane 
and vacuum dried, to give a yield of 1.55 g (95%) 
of orange-red crystalline material. The complex is 
air-stable in the solid state, but it is light-sensitive 

During the routine spectroscopic characteriz- 
ation we discovered that the “P NMR spectrum 
was temperaturedependent, indicating fluxional be- 
havior of Mo(CO),I,(dppm), in solution. The 
low-temperature 31P spectrum is in accord with 
the observed solid-state structure. 

both in the solid state and in solution. Found : C, 
55.5 ; H, 4.1%. Calc. for Mo(CO)JZ(dppm)z - CsHs : 

EXPERIMENTAL C, 55.6 ; H, 4.0%. IR spectrum (Nujol mull) : 
v(C0) = 1930(s) and 1850(s) cm-‘. Solution 

General spectra (chloroform and toluene) were essentially 
identical. Electronic spectrum (chloroform sol- 

Standard Schlenk tube techniques were employed ution) : A_ = 450 mn (sh), and 350 nm (sh). 
throughout. All solvents were dried and freshly dis- 
tilled prior to use. Tetraethylammonium iodide was 
purchased from Aldrich Chemical Co. and used as 

Measurements 

received. Elemental analyses were performed by Galbraith 
Laboratories Inc. IR spectra were recorded on a 

Formation of [Et,Nl[Mo(C0)413]” 

Molybdenum hexacarbonyl (9.08 g, 0.0344 mol) 
and EtdNI (9.19 g, 0.0359 mol) were charged into a 
500~cm3, round-bottom flask. 100 cm3 of THF was 
added and the reaction mixture was refluxed for 1.5 
h. After that time the color of the reaction mixture 
was bright yellow, indicating the formation of 
[EtJ+JJ[Mo(CO)J], which can be isolated by adding 
ether and refrigerating. If any unreacted MOM 
is still present, the reaction mixture should be 
filtered while still hot. The bright yellow solution 
was cooled and 8.7 g (0.0344 mol) of elemental 
iodine was added from an addition finger during a 
period of 5 min. The reaction mixture was stirred 
vigorously during that time. Addition of each por- 
tion of iodine was accompanied by evolution of 

Perkin-Elmer 785 spectrophotometer. The elec- 
tronic spectra were recorded on a chloroform 
solution using a Cary 17D spectrophotometer. 
31P-{1H} NMR spectra were recorded on a Varian 
XL 200 spectrometer at an operating frequency of 
80.98 MHz in CDCl, solutions. 85% H3P04 was 
used as an external standard. For the variable- 
temperature measurements the sample was refer- 
enced to H3P04 at room temperature. 

X-ray crystallographic procedures 

Single crystals of 1 were grown by layering hex- 
ane on top of a benzene solution of the complex. 
The diffraction data were collected on a P3 auto- 
diffractometer. Lorentz, polarization and absorp- 
tion corrections were applied to the data. Standard 
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Table 1. Crystal data for Mo(CO),I,(dppm), * CJ-I, 
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Formula 
Formula weight 
Space group 
Systematic absences 

a (A) 
b (A) 
c (A) 
a (“) 
B (“) 
Y (“) 
v (A3) 
Z 
dd (g cm-9 
Crystal size (mm) 
~.r(Mo-Kz) (cm’) 
Data collection instrument 
Radiation (monochromated in 

incident beam) 
Orientation reflections 

[number, range (20) (“11 
Temperature (“C) 
Scan method 
Data collection range (20) (“) 
Number of unique data, total 

with c > 3a(Z$) 
Number of parameters refined 
Transmission factors (max, min) 
R” 

R> 
Quality-of-fit indicatof 
Largest shift/esd (final cycle) 
Largest peak (e A-‘) 

M012’.@~G&o 
1252.69 

P&/n 
h01:h+l#2n;OM):k#2n 
19.023(4) 
14.439(3) 
20.141(5) 
90.0 
100.45(2) 
90.0 
5440(2) 
4 
1.529 
0.2 x 0.3 x 0.6 
15.128 
P3 

MO-I& (1; = 0.71073 A) 

25,16 < 28 < 25 
27 
2&r, 
4-45 

5469,4354 
569 
0.9987,0.8640 
0.0416 
0.0555 
1.17 
0.84 
0.60 

b R, = [x w(lF,I -lr;,l)*/~ wIF,~~]"~; w = l/d(]F,]). 
‘Quality of fit = [E w(]F,] - ]Fe])2/(N0,,s - NW_acrs)]‘/z. 

procedures were used to process the data.“* The 
solution of the structure was initiated by placing 
the MO atom at a position obtained from the 
Mo(CO)#&(dppm)r - C6H6 structure7 (x- and z- 
coordinates were reversed). Additional atoms were 
located from the alternating least-squares cycles 
and difference Fourier maps. All the nonhydrogen 
atoms with the exception of the benzene molecule 
present as solvent of crystallization and C(44) were 
refined anisotropically. The structure converged 
to a value of R = 0.0416. The final difference 
Fourier map was featureless with a highest peak 
of 0.60 e A-‘. All the relevant crystallographic 
data are presented in Table 1. 

* Calculations were done on the VAX 11/780 computer 
at the Department of Chemistry, Texas A&M University, 
College Station, Texas, with a VAX-SDP software pack- 
age. 

RESULTS AND DISCUSSION 

Synthesis 

Preparation of 1 proceeds through the following 
synthetic steps : 

Mo(CO)e+ R,NI + [RDKMo(CO),Il+ CO 

2 [R,N]mo(CO),I,I 

dppm Mo(CO),I,(dppm),+ 2C0 + &NI. 

The first stage entails thermal CO substitution 
of Mo(CO), by tetraalkylammonium iodide. The 
reaction is of a general type, and has been widely 
used with other alkylammonium salts. The product, 
[R.,NJ~o(CO,)IJ, was not routinely isolated, 
but oxidized in situ with elemental iodine. The 
iodine has the advantage of being a mild oxidiz- 
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ing agent and it is easy to handle. The oxidation 
proceeds rapidly, with high yields. Despite 
the earlier reports of the extreme instability of 
[&Nj[Mo(CO),I,], we found that it can be iso- 
lated and conveniently handled. In the absence 
of light and air the complex could be stored for 
several days. The last step in the preparative pro- 
cedure, the ligand substitution with dppm, gives 
the desired compound (1) with yields over 95%. 
A variety of tetralkylammonium salts have been 
tried (ethyl, propyl and butyl), with tetraethyl- 
ammonium being the most convenient. 

The preparation of 1, by the method of 
Colton” has several disadvantages, namely, 
lower yields, and, in addition to the desired mol- 
ecular complex Mo(CO)J2(dppm)z, cis- and truns- 
[Mo(CO),I(dppm),]I are also formed. 

Colton and coworkers also investigated reactions 
of [Mo(CO),X,]- with dppm,13 but under their con- 
ditions only the ionic complex [Mo(CO)Jzdppm)2]I 
was formed. 

The preparation of 1 via the route employed for 
the synthesis of Mo(CO)&(dppm)~ is not feasible 
because diiodotetracarbonyl molybdenum is inac- 
cessible. 

Our method of preparation of 1 gives only the 
molecular complex, uncontaminated by the ionic 
isomers. Mo(CO)&(dppm), can be recrystallized 
from dichloromethane-hexane, but refluxing of 
dichloromethane solutions of 1 or even their 
prolonged storage leads to the formation of ionic 
species. 

Spectroscopy 

The IR spectrum shows two strong c-=0 absorp- 
tions at 1947 and 1869 cm- ’ in toluene (1940 and 
1865 cm-’ in CHC13). 

Figure 1 represents a series of variable-tem- 
perature 3’P studies of 1 in CDCl, solution. 

At - 40°C (Fig. la) the spectrum consists of four 
groups of peaks (integration 1: 1: 1: l), indicating 
that all four phosphorus atoms are nonequivalent, 
which is in accord with the solid-state structure. 
The assignment of all the lines in the spectrum is 
given in Fig. la. There are four chemical shifts 
(ppm) (12.64, 7.78, -25.40 and -43.04) and four 
coupling constants (Hz) (30.50,84.7, 168 and 22.3). 

* Supplementary material available. Atomic positional 
parameters, full listing of bond angles, bond distances, 
isotropic-equivalent displacement parameters, and 
observed and calculated structure factors (28 pp.). Copies 
are available from the Editor. Atomic coordinates have 
also been deposited with the Cambridge Crystallographic 
Data Centre. 
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A large coupling constant (JAD = 168 Hz) is prob- 
ably between P(3) and P(2), since these are the 
most trans phosphorus atoms. The second largest 
coupling is observed for P(1) and P(2) in the chel- 
ating dppm (JnB = 84.7 Hz). Small coupling con- 
stants are observed for the two phosphorus atoms 
in the dangling dppm (JAc = 30.5 Hz) and between 
P(3) and P(1) (JAB = 22.3 Hz). The doublet at 
-25.40 ppm is assigned to uncoordinated phos- 
phorus. This value is consistent with that of free 
dppm. The coupling to the second phosphorus atom 
in this dppm molecule splits the signal into a 
doublet. One of the chelating phosphorus atoms 
is shifted upfield to - 43.04 ppm, an unusual chemi- 
cal shift, since phosphorus atoms in a five-mem- 
bered ring are usually shifted downfield from the 
corresponding uncoordinated phosphines. 

Upon warming, the resonances due to P(1) and 
P(2) start broadening. Also the JAB coupling is 
“lost” in the P(3) resonance. At room temperature 
(Fig. Id) the resonances of P(1) and P(2) are broad, 
and the fine structure of (P3) is very poorly resolved, 
except for the AC coupling. The dangling phos- 
phorus P(4) is still present as a sharp doublet, sug- 
gesting that fluxionality does not involve opening 
of the chelating ring, and closing with an unco- 
ordinated phosphorus P(4). There are at least two 
possible exchange mechanisms for 1. One is a 
dissociative mechanism, involving dissociation of 
iodide from the capping position in the trigonal 
prism. The trigonal prism can then rearrange to 
an octahedron, rendering the phosphorus atoms 
equivalent. Another possibility is a simple 
rearrangement between capped trigonal prisms14 
which can be achieved easily by compressing and 
elongating bonds (see Fig. 2). As the temperature 
increases the sharp doublet assigned to the unco- 
ordinated phosphorus atom begins to broaden as 
well, but it has been observed that 1 is decomposed 
in boiling dichloromethane or even at room tem- 
perature over a period of days. 

Molecular structure 

Selected bond distances and angles for 1 are listed 
in Table 2. Figure 3 presents a labelled ORTEP 
diagram of 1 along with a labelling scheme.* The 
molecule is seven-coordinate with the molybdenum 
atom bonded to two carbonyl groups, three phos- 
phorus atoms and two iodine atoms. One of the 
dppm ligands is bidentate, but the second one is 
only monodentate. This type of structure has been 
postulated and observed before. The structure is 
distorted from a capped octahedron with CO(2) 
capping the P(l)-P(3)-lC(1) face and a trigonal 
prism with the I(1) capping the C(l)-P(2)-I(2)-- 
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Fig. 1. Variable-temperature “P-{‘H} NMR studies. Referenced to H3P04 as an external standard 
at room temperature. (a) -4O”C, (b) OT, (c) lO”C, (d) 25”C, and (e) 40°C. Peak assignment on top 

of Fig. la. 
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P(2) P(I) P(2) P(I) 

c(,,wc(2, = c(,,Q$j2) 

P(3) P(3) 

Idealized capped trigonal prism geometry showing one of the possible exchange Fig. 2. mechanisms. 

Table 2. Selected bond distances (A) and angles (“) for 

Mo(C%L(dppm)z * Cd-b 
Table 3. Comparison of selected bond angles (“) 

for Mo(CD)zXz(dppm)z 

Atom 1 Atom 2 Distance 

Mo(1) I(1) 2.846(l) 

Mo(1) I(2) 2.904( 1) 

Mo(1) P(1) 2.491(2) 

Mo(1) P(2) 2.589(2) 

Mo(1) P(3) 2.574(2) 

Mo(1) C(1) 1.957(10) 

Mo(1) C(2) 1.945(9) 

P(1) C(3) 1.827(8) 

P(2) C(3) 1.839(8) 

P(3) C(4) 1.850(8) 

P(4) C(4) 1.866(9) 

O(1) C(1) 1.136(10) 

O(2) C(2) 1.160(10) 

Atom 1 Atom 2 Atom 3 Angle 

I(1) 
I(1) 
I(1) 
I(1) 
I(1) 
I(1) 
I(2) 
I(2) 
I(2) 
I(2) 
I(2) 
P(1) 
P(1) 
P(l) 
P(1) 
P(2) 
P(2) 
P(2) 
P(3) 
P(3) 
C(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
P(1) 
P(3) 

MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
P(1) 
P(2) 
P(3) 
C(1) 
C(2) 
C(3) 
C(4) 

I(2) 
P(1) 
P(2) 
P(3) 
C(1) 
C(2) 
P(1) 
P(2) 
P(3) 
C(1) 
C(2) 
P(2) 
P(3) 
C(1) 
C(2) 
P(3) 
C(1) 
C(2) 
C(1) 
C(2) 
C(2) 
C(3) 
C(3) 
C(4) 
O(1) 
O(2) 
P(2) 
P(4) 

86.77(3) 
145.35(6) 
82.98(5) 
83.64(6) 
80.9(3) 

142.5(3) 
82.86(5) 
86&l(5) 
83.21(5) 

167.6(3) 
116.4(3) 
63.53(7) 

127.40(8) 
106.3(3) 
70.4(3) 

163.62(7) 
89.9(3) 

124.9(3) 
97.2(3) 
71.4(3) 
75.2(4) 
97.8(3) 
94.2(3) 

116.6(3) 
174.8(8) 
174.6(8) 
93.7(4) 

115.2(4) 

a Numbers in parentheses are estimated standard devi- 
ations in the least significant digits. 

Angle x = Cl x=1 

P(l)-Mo-P(2) 
P(l)-Mo-P(3) 
P(2)-Mo-P(3) 
X(l)-Mo-X(2) 

C(l)_Mo--C(2) 
X(l)-_Mo-C(l) 
X(l)--Ma--c(2) 
X(2)_Mo-C(1) 
X(2tMo-C(2) 
X(l)-Mo-P(1) 
X(l)-MO-P(~) 
X(l)-MO-P(~) 

63.5(2) 
126.4(2) 
163.1(2) 
86.7(2) 
73.5(l) 

115.5(7) 
141.5(7) 
170.4(7) 
83.9(8) 

147.8(2) 
80.0(2) 
81.2(2) 

63.53(7) 
127.40(8) 
163.62(7) 
86.77(3) 
75.2(4) 
80.9(3) 

142.5(3) 
167.6(3) 
116.4(3) 
145.35(6) 
82.98(5) 
83&l(6) 

P(3) rectangular face (see Fig. 2). The principal 
distances (in A) in the molecule are : Mo( l)-I( 1) = 
2.846(l), MO(~)-I(2) = 2.904(2), MO(~)---P(1) = 
2.491(2), MO(~)-P(2) = 2.589(2), MO(~)-P(3) = 
2.574(2), MO(~)-C(1) = 1.957(10), and MO(~)- 
C(2) = 1.945(9). All the distances are with the 
normal range and require no further comment. All 
the angles are almost identical to those observed in 
the chloro analogue, Table 3, demonstrating that 
substitution of chlorides by iodides had almost no 
effect on the molecular structure. 

Concluding remarks 

We have developed a new synthetic method for 
the preparation of Mo(C0)J2(~2-dppm)(~,-dppm). 
The title complex has been characterized by a single- 
crystal X-ray diffraction. The central molybdenum 
atom is seven-coordinate with two iodine atoms, 
two carbonyl groups and three phosphorus atoms 
forming the immediate coordination sphere. One of 
the dppm ligands is chelating, the other one has one 
dangling phosphorus atom. The geometry around 
the central molybdenum atom is distorted from a 
capped octahedron or a capped trigonal prism. 
Variable-temperature 31P NMR studies revealed 
that the molecule is fluxional in solution. The reac- 
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Abstract-The kinetics of the photoaquation of the octacyanomolybdate(IV) ion in aqueous 
solution were studied by potentiometric and spectrophotometric methods. In an alkaline 
medium a simple scheme analogous to the photoaquation of the hexacyanoferrate(I1) ion 
describes the process. The values of the constants of the kinetic equation are: Q = 1.0, 
k, = (6.55 f 0.8) x 10e9 s-l, and k-, = (7.88 + 0.5) x lo-’ mol-’ dm3 s-l (pH = 10.5). 
The reversibility of the photoaquation is also explained by the scheme. A simultaneous 
measurement of free cyanide ion concentration and the absorbance at 5 12 nm shows that 
the red coloured transition product is a heptacyano complex. 

The kinetics and mechanism of the photoaquation 
of different cyano complexes have been intensively 
studied for a long time.’ Nevertheless, the reversible 
photoaquation of hexacyanoferrate(I1) and octa- 
cyanomolybdate(IV) ions remained unsolved. In an 
earlier paper we dealt with the kinetics of the 
photoaquation of the hexacyanoferrate(I1) ion.’ It 
was shown that a simple scheme (see Fig. 3 in Ref. 
2) explains all the experimental observations. The 
success of those experiments is due to the appli- 
cation of a cyanide-selective electrode. This sensor 
can sensitively monitor both the thermal reactions 
and the photoreactions without perturbing the 
system, even if the conversions are very small. Since 
there are many similarities in the photochemistry 
of the two cyano complexes, we have tried to 
investigate the photoaquation of the octacyano- 
molybdate(IV) ion in an alkaline medium by apply- 
ing the same experimental and computational 

*Dedicated to Professor Viktor Gutmann on the 
occasion of his 65th birthday. 

tAuthor to whom correspondence should be addressed. 

methods as in the case of the hexacyanoferrate(II) 
ion.’ 

The aqueous solution of the complex ion is stable 
in the dark. The rate constant of its thermal 
aquation reaction was determined by Wilson et al.3 
Its value is 8.5 x lo-* s-l. It is well known’ that on 
illumination by sunlight or 365-nm monochromatic 
light the yellow coloured aqueous solution of the 
complex turns to red and hydrogen cyanide is 
formed simultaneously. By interrupting the illumi- 
nation, the solution turns back to its original yellow. 
The photoreaction is reversible. If, however, the 
irradiation time is longer, the transient red colour 
disappears and the solution turns irreversibly green 
and finally blue. Formation of a blue precipitate 
can also be observed at a high concentration of the 
complex. 

Mitra and Mohan4 isolated a yellow complex as 
a potassium salt by addition of a calculated amount 
of KOH to the red solution. The composition of 
this yellow complex was K,MO(CN),(OH). Their 
experiments suggest that the blue product is formed 
by photolysis of this complex ion, rather than, as 
previously supposed, by a series of thermal reac- 
tions. A careful investigation of this blue product 
showed that it should be a mixture of different 
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species. Their results can be summarized by the process. Only such an experiment can finally resolve 
following scheme: the controversy. 

+on- 
Primary product - [Mo(CN),OH]~- 
(red, &,, = 512 nm) (yellow) 

hv (ligand-field 
excitation) 
(340 nm < il < 430 nm) 

+0tl- 

CMo(OW,(CNM2 - z. [MoO(OH;CN),]~ - zo [MoO,(CN),]~ - 

(blue, A,,,,, = 618 nm) (blue, A,,,,, = 595 nm) (red, A,,,,, = 515 nm) 

Surprisingly, the composition of the primary We hoped that an exact kinetic investigation of 
product is still a subject of controversy in the the photoaquation by our method’ would result in 
literature. A number of investigation.? support an accurate value of the quantum yield, since rather 
the following simple reaction (A) as the primary different values were determined earlier by different 

process: methods (Table 1.) 

[Mo(CN),]~- ;(LF)*+H+ [Mo(CN),(H,O)]~- + 

(yellow) CN-. (red) 
(A) 

EXPERIMENTAL 

Jakob et al.’ proposed reaction (B) that results 
in an increase in the coordination number: 

(B) 

Reaction (C) was suggested by different 

Potassium octacyanomolybdate(IV) dihydrate 
was obtained by the method of Van de Poe1 and 
Neumann.14 The yellow crystals were recrystallized 
4 or 5 times from ethanol solutions. Purity was 
controlled by a spectrophotometric method 
(E = 15,540mol11 dm3 cm-’ at 240nm). 

authorsi’s” according to spectrophotometric 
investigations: 

(A) Investigation of the stoichiometry of the 
primary photoreaction 

[Mo(CN),]~- y; [Mo(CN),(OH)]~- + 
CN-. (C) 

The conductometric and pH titration ctirvesi2 

120cm3 of2.5 x 10e3 moldmp3 potassium octa- 
cyanomolybdate(IV) solution was put into a 
150cm3 beaker. The pH of the solution was 
adjusted to 10.3 by adding a few drops of l.OM 

of the photolysed solutions of octacyanomolybdic 
acid corresponding to the stage of maximum optical 
density at 512nm showed a sharp minimum and 
an inflexion, respectively, at 4 equivalents of KOH 
per mole of the complex. First the three strong H+ 
ions were neutralized and then in a slow reaction 
1 equivalent of the base was consumed. This latest 
process was attributed to a ligand exchange reac- 
tion, in which the coordinated water molecule of 
the product of reaction (A) was replaced by an OH - 
ion. According to these observations, reactions (B) 
and (C) cannot be taken into account as the main 
photoreactions. 

Table 1. Quantum yield (a) of the photoaquation of the 
octacyanomolybdate(IV) ion on the exposure to 365nm 

light 

Our esperimental set-up allows us to determine 
simultaneously the free cyanide ion concentration 
and the optical density at the characteristic wave- 
length of the red species. Therefore we can perform 
a direct experimental investigation of the primary 

Method @ Reference 

Determination of OH- 
production, initial pH = 6-7 0.8-0.9 6 

Determination of the initial rate 
of the decrease in 
[Mo(CN);]‘- 
concentration by 
spectrophotometric method in 
0.1 M KOH solution -1 11 

Determination of cyanide ion 
production by 
spectrophotometric 
method, pH = 8-12 in borate 
buffer 0.15 13 
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carbonate-free sodium hydroxide solution. The sol- 
ution was kept in the dark and under an argon 
atmosphere for at least 30min. The free cyanide 
concentration was monitored potentiometrically by 
using an OP-711-D-I ion-selective electrode and a 
Radiometer Type K401 saturated calomel electrode 
with an OP-205 Radelkis mV-meter. The pH of 
the solution was measured by a combined glass 
electrode (GK 301 B Radiometer) and a PHM-51 
Radiometer mV-meter. A Hitachi-Perkin-Elmer 
139 single-beam spectrophotometer was used for 
determination of the absorbance of the red product 
at 512nm. The optical length of the flow-cell was 
0.51 cm. The solution was stirred with a magnetic 
stirrer. 

After reaching an equilibrium state in the dark, 
the solution was irradiated by sunlight. (Although 
sunlight is not monochromatic, its intensity is much 
more higher than that of the lamp used in our 
standard photochemical experiments. Therefore, on 
illumination by sunlight the red state was reached 
within a few minutes.) 

The side of the beaker opposite to the direction 
of the irradiation was covered with an aluminium 

(mol dni: 

foil to maintain nearly the same intensity of 
irradiation in the whole volume of the solution. 

(B) Kinetics of the photoaquation in an alkaline 

medium 

A detailed description of the photochemical 
device is given in our earlier paper.* In these 
experiments, however, the light source was a 
TUNGSRAM PRK-2 medium-pressure mercury 
lamp. The constant intensity of irradiation was 
measured by the ferrioxalate method.15 It amounts 
to 2.1 f 0.1 x lo-” mol ofphotons (365 nm)cm-* 
s. For monitoring the reaction, the same electrodes 
and mV-meters were used as described in part (A) 
of this section. 

RESULTS AND DISCUSSION 

Figure 1 shows the simultaneous changes in 
the absorbance at 512nm and the free cyanide 
concentration on exposure to sunlight. The cyanide 
ion concentration increases monotonically to a final 
value that corresponds to 1.8 mol of free cyanide 

I 

I I I 

10 20 30 

12 nm 

a04 

OD3 

0.01 

0. 
mm) 

Fig. 1. Simultaneous change in the free cyanide ion concentration (0) and absorbance (0) at 5 12 nm 
on exposure to sunlight. [Mo(CN)]f- = 2.5 x 10m3 mol dm-‘. 
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ion released by 1 mol of the initial complex ion. 
The absorbance changes according to a maximum 
curve. At the maximum value the free cyanide ion 
concentration is 2.35 x 10e3 mol dmm3. Since in a 
strongly alkaline solution the amount of hydrogen 
cyanide formed can be neglected, the kinetic mean 
coordination number (fi,) can be calculated by the 
following equation: 

n f = TCN - CCN-I, 
T MO 

where TCN and TM, are the analytical concentrations, 
and [CN-1, is the actual concentration of the 
free cyanide ion. At the maximum value of the 
absorbance fi,,, = 7.06. This value is in good agree- 
ment with the stoichiometry proposed by reaction 

(A). 
The roughly estimated molar absorbance of the 

red species is about 50moll’ dm3 cm-‘. Its magni- 
tude is consistent with the fact that the ligand-field 
transitions are symmetry-forbidden. 

The small decrease (O.l-0.2pH units) in pH 
during the irradiation confirms the reaction scheme 
of .Mitra and Mohan.4 

When the intensity of the irradiating light is small 

as in our kinetic experiments and the time of 
illumination is not too long, the reaction system 
remains in the so-called reversible stage. Figure 2 
shows a few periods of the alternating increase and 
decrease in the free cyanide concentration in the 
subsequent periods of illumination and darkness. 

This behaviour of the system can be qualitatively 
described by scheme (D), neglecting the decompo- 
sition and the ligand exchange reaction of the red 
species: 

the recombination and decomposition of the excited 
complex ion, respectively. k, and k_, are the 
rate constants of the thermal reactions. K, is the 
dissociation constant of hydrogen cyanide. 

Introducing the quantum yield @ 
[ = kJ(k, + k,)] and applying the steady-state 
approximation for the concentration of the excited 
complex ion, the following rate equation can be 
derived: 

- dCWCN),14- = dCMo(CN),(H,0113 - 
dt dt 

= @I, + ks[Mo(CN)J4- 

- k_,[Mo(CN),(H,0)3-][CN-]. 

Taking into account that the total amount of 
cyanide released by the complex ion always equals 
the concentration of the heptacyano complex ion, 
the concentration of hydrogen cyanide, cyanide and 
hydroxide ions can be calculated as the components 
of an acid-base equilibrium system. The exact 
values of the constants of the kinetic equation were 
calculated by a least-squares method from the linear 
algebraic system of the equations given for the 
parameters. The calculation of the kinetic curves 
(full lines in Fig. 2) was based on the required 
combination of the fourth-order Runge-Kutta 
and Newton-Raphson numerical methods. The 
values of the constants are: CD = 1.0, 
k, = (6.55 + 0.8) x 10-9s-‘, and k-, = (7.88 
f 0.5) x 10-2mol-’ dm3 s-i. According to these 
data the photostationary (A*) and thermal-equilib- 
rium (A) values of free cyanide ion concentration 
can be calculated. As is shown by Fig. 2, the 
difference between these values is nearly one order 

y ‘Mo(cNJs;\ 
CMO(CN),(H,O)]~ - + Cy- ( ‘[Mo(CN)J4-* 

TIKd 
HCN+OH- 

This scheme is completely analogous to the 
scheme applied for the description of the kinetics 
of the photoaquation of the hexacyanoferrate(I1) 
ion in alkaline solution. (The water molecules are 
systematically omitted from the scheme.) I, is the 
average number of moles of photons (365nm) 
absorbed by the complex ion per unit volume and 
unit time. In our experiments it amounts 

6.3 x lo-*mol 
h0(CN)J4-* . 

of photons dmm3 s-l. 
1s the excited state of the complex 

ion. k, and k, are the first-order rate constants of 

of magnitude only. The reversibility of the photo- 
aquation can be interpreted in the light of the two 
stable solutions, depending on the conditions. 

Applying the definition of the fir, its change 
during the reaction can be easily calculated (see 
dashed line in Fig. 2). The conversions in both 
photoreactions and thermal reactions are small 
(1.98 and 0.11%) respectively). Nevertheless, these 
very small changes could be exactly determined 
because of the high sensitivity of the cyanide ion 
selective electrode. 
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Fig. 2. Experimental (0) and calculated (full line) changes in the free cyanide ion concentration in 
5.0 x lo-’ mol dm-’ octacyanomolybdate(IV) solution at pH = 10.5. The order of periods is: 
illumination, darkness, illumination. Dashed line: calculated change in the kinetic mean coordination 
numher (4). A and A* are the thermal and photostationary values of the free cyanide ion 

concentration, respectively. B and B* are the analogous values of the coordination number. 

It follows from the kinetic data that the stability 

constant of the eighth complex (Ks) (= k- ,Jk8) is 
(1.2 + 0.1) x 10’ mol-’ dm3. Unfortunately, no 
reference data are available in the literature on the 
stability of the complex ion or on the stepwise 
complex formation reactions. Our result is consist- 
ent with the fact that the hexacyanoferrate(I1) ion 
is more stable in alkaline solution and its K, value2 
is higher by a factor of 5. 

One should take into consideration that scheme 
(D) is correct only in the case of small conversions. 
For describing the complete photochemical 
decomposition of the octacyanomolybdate(IV) ion, 
scheme (D) should be simply extended by the 
reaction scheme of Mitra and Mohan.4 

1. 

2. 
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Abstract-Several new peroxo complexes of molybdenum and tungsten containing different 
organic ligands have been prepared. The complexes have the compositions [Mo(O)(O,)L,], 
[Mo(O),(O,)L(H,O)]+, [Mo(O)(O,)L’] and [W(O)(O,)L,] [L = oxoquinolino, aniline-Z 
carboxylate, 2_aminophenoxide, picolinato or 2-carboxylatoquinolino ligand; L’ = N-(2- 
oxophenyl)salicylidenimino ligand], respectively. The complexes were found to oxidize ally1 
alcohol, and also PPh, and AsPh,, to their oxides. The IR spectra of the complexes 
indicate that the frequency of the v,-mode of the M(0,) grouping, which is essentially an 
O-O stretch, decreases with the increase in atomic number of metals in a particular 
group. 

In recent years, there has been considerable 
interest in the dioxygen complexes of transition 
metals because of their coordination chemistry as 
well as their role in synthetic organic chemistry.‘-‘0 
Dioxygen itself is a reactive entity but, since it has 
a triplet ground state, its direct combination with 
organic molecules is a spin-forbidden process.2 
Transition metals having multiple spin and oxi- 
dation states can readily interact with dioxygen, 
and, in some cases, they form isolable oxygen 
adducts. 

Investigations into the fixation and activation of 
molecular oxygen by transition metals were largely 
initiated to understand the bondings and structures 
of such compounds, but later these were found to 
be both stoichiometric and catalytic reagents for 
epoxidation of olefins, ally1 alcohols etc. We have 
been interested to extend such a study with new 
hetero ligand peroxo complexes of molybdenum 
and tungsten. We report here the synthesis of 
these complexes and their possible oxygen transfer 
reactions. 

EXPERIMENTAL 

Physical measurements 

IR spectra (as KBr discs) were recorded with 
a Pye-Unicam SP3-300 IR spectrophotometer. 

*Author to whom correspondence should be addressed. 

Conductivities of solutions in nitrobenzene or N, 
N’-dimethylformamide (DMF) were measured at 
298 K with a conductivity bridge type M.C.3 (Elec- 
tronic Switchgear Ltd, London). 10Y3 M solutions 
of the complexes were used for this purpose. 

Reagents 

All chemicals used were of reagent grade and 
were used as supplied by Merck. 

Analyses 

Molybdenum and tungsten were determined 
gravimetrically. l 1 Methanolic solutions of the per- 
0x0 complexes were titrated with Ce(IV) to deter- 
mine the number of active oxygen atoms present. ’ r 
Carbon and hydrogen analyses were done by 
Mikroanalytisches Labor Pascher, Germany. 

Preparation of the Schifl base (L’) 

This was prepared from 2-aminophenol and 
salicylaldehyde following the published procedure.‘j 

Preparation of complexes 

General method for the preparation of complexes 
(1, 3, 4, 6 and 7): M(O)(O,)L, [M = Mo(VI) or 
W(V), L = picolinato or 2xarboxylatoquinolino 
Zigands]. A suspension of MO, (0.013mol) in 30% 
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H,O, (50 cm3) was stirred overnight at 45-50X! to 
get a clear solution. This was cooled to 0°C when 
a solution of organic ligand L (0.026 mol) in acetone 
(20cm3) was added to it. The mixture was stirred 
while cooling at the same time in an ice-salt bath. 
A bright yellow precipitate appeared, which was 
washed successively with water and n-hexane, and 
dried in uacuo over P,O,,. 

Preparation of I-I+ CMo(O),(WCJWH, 
COO)(H,O)]. The same procedure was applied 
to 2.2g (0.0153 mol) of molybdic acid and 2.1 g 
(0.0153 mol) of 2-aminobenzoic acid. Yield 3.Og 
(62%) of the complex. 

Preparation of [Mo(0)(0&,,H9N0,]. This 
was prepared from 1.5 g (0.01 mol) of molybdic acid 
and 2.4 g (0.01 mol) of N-(2-hydroxyphenyl)salicyl- 
idenimine. Yield 2.5 g (67%) of the complex. 

Reaction of 1 with ally1 alcohol (reaction A) 

Compound 1 (6.5 g, 0.015 mol) was suspended in 
20cm3 of tetrahydrofuran (THF), and a stoichio- 
metric amount of ally1 alcohol was added. The 
mixture was refluxed at 60°C for 24 h. Micro- 
distillation under ca 19mmHg yielded glycidol 
[O.Sg (57%)] at 145-150°C. The glycidol was 
identified from its boiling point. 

Catalytic reaction of 1 and H,O, with ally1 
alcohol (reaction I?) 

A 25-cm3 quantity of ally1 alcohol (21.3g, 
0.367 mol) was dissolved in 20 cm3 of dioxane and 
1.1 g of 1 was added followed by 25cm’ of 30% 
H,O,. The mixture was kept under reflux at 90°C 
for 24 h. The reaction mixture was filtered and the 
filtrate distilled at 19 mmHg pressure. The fraction 
collected at 175-180°C was identified as glycerol 
[18 g (53% yield)]. 

Reaction of 3 with triphenylphosphine (reaction C) 

A solution of triphenylphosphine (0.7 g, 
0.0026 mol) in THF (20 cm’) was added to a solution 
of 3 (0.94 g, 0.0026 mol) in the same solvent (60 cm3). 
The mixture was refluxed for 48 h. TLC indicated 
that the reaction was complete. The solution was 
Rltered and the residue collected. A yellowish white 
powder was recovered from the filtrate which was 
identified as OPPh, [m.p. 155-157°C (lit. 157”C)l. 

Reaction of 4 with triphenylarsine (reaction D) 

A solution of triphenylarsine (0.68 g, 0.0022 mol) 
in THF (30cm3) was added to a solution of 4 

(0.86g, 0.0022mol) in the same solvent (70 cm3). 
The mixture was refluxed for 72 h. TLC indicated 
that arsine was converted entirely into arsine oxide. 
The solution was filtered and the residue collected. 
Evaporation of the filtrate yielded the product [m.p. 
187-189°C (lit. 189”C)]. 

Complexes 6 and 7 were also found to be effective 
stoichiometric reagents for the oxidation of PPh, 
and AsPh, to their oxides. 

RESULTS AND DISCUSSION 

The analytical and molar-conductance data 
(Table 1) are consistent with a seven-fold coordi- 
nation of the metal atom. Titrations of methanolic 
solutions of the peroxo complexes with Ce(IV) 
indicated that l-7 were monoperoxo complexes. 
The molar-conductance values indicated that all of 
the complexes were non-electrolytes in solution 
except for 2 which exhibited a value characteristic 
of a 1: 1 electrolyte in DMF (Table 1). Literature 
values12 for 1: 1 electrolytes are comparable to ours. 
Alkalimetric titration of 2 indicated an inflection 
point at pH 6.3 which corresponds to the neutraliz- 
ation of the outer-sphere proton. 

IR spectral data are shown in Table 2. The v(O- 
H) band at 3405cm-‘, observed in the free 8- 
hydroxyquinoline disappears upon coordination, 
which indicates deprotonation and coordination at 
the oxygen site. Further, in compounds 1 and 
7, the decrease in v(C=N), by 50 and 3Ocm-‘, 
respectively, relative to the free-ligand value 
(1610cm-‘) indicates coordination by the hetero- 
cyclic nitrogen. 4,g~1 3 The shifting of v(C=N) modes 
thus suggest that Mo(V1) acts as a stronger acceptor 
than W(V1). Complexes 2 and 3 show two v(N- 
H,) bands (Table2) significantly lower than the 
values for 2aminobenzoic acid and 2-aminophenol 
(3390, 3300 and 3414, 33421zm-‘).~ Complexes 2, 
4 and 6 show a decrease in v(C=O) by 48, 85 and 
77 cm- l, respectively, from the free-ligand values, 
indicating carboxylate binding in the com- 
plexes.4*6*‘3 In 4 and 6, the appearance of v(C=N) 
at 1595 and 159Ocm-‘, respectively, suggest that 
the heterocyclic nitrogen is coordinated to the metal 
atom. The Schiff-base N-(2-hydroxyphenyl)- 
salicylidenimine in complex 5 behaves as a triden- 
tate-dinegative ligand coordinating at the imino 
nitrogen and two oxygen atoms.6 In complex 5, the 
decrease in v(C=N) by 25 cm- 1 relative to the free- 
ligand value6 indicates coordination through the 
imino nitrogen atom.‘4.‘5 The v(O-H) band 
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observed in the free Schiff-base at 3290 cm - 1 disap- 
pears upon coordination, which indicates deproton- 
ation and coordination at the oxygen site. Further 
support for M-O’ (0’ = oxygen in organic ligand, 
M = MO or W) and M-N bondings in 1-7 are 
evident from the appearance of v(M-0’) and 
v(M-N) modes at 375-405 and 280-312cm- ‘, 
respectively. All of the complexes display v(M=O 
modes.’ 

The metal-peroxo grouping gives rise to three 
IR-active vibrational modes. These are predomi- 
nantly 0-O stretching(v,), the symmetric M-O 
stretch (v,), and the antisymmetric M-O stretch 
(vg). The characteristic ~~(0-0) modes of 1-6 
appear at 848-9OOcm-‘. There is a decrease in vi 
upon passing from molybdenum complexes to the 
tungsten complex 7. The v,-mode was found to 
decrease further in the peroxo complex of uranium.6 
The vj and v,-modes in l-7 appear at 637-680 
and 538-6 12 cm - ‘, respectively. The assignments 
shown in Table 2 are based on comparisons with 
other peroxo complexes of molybdenum and tung- 
sten. 4.5.16.17 

Reactivity 

Peroxo complexes of melybdenum and tungsten 
were not explosive. These were found to liberate 
iodine on treatment with aqueous iodide. So that the 
possible reactivity of the present peroxo complexes 
toward olefinic compounds could be explored, 
compound 1 was allowed to react stoichiometrically 
with ally1 alcohol (reaction A) which produced glyci- 
do1 as indicated by an IR band at 1055 cm- ’ 
assigned to a C-O-C stretching mode.7*18 With 
H,O, and only a catalytic amount of 1 (reaction B), 
the product isolated was glycerol as indicated by 
its boiling point. The IR spectrum was identical 
with that of an authentic sample. A possible reaction 
path is shown in Scheme 1. 

Reactions C and D produced OPPh, and OAsPh,, 
respectively. The products showed IR bands at 1190 
and 880cm-‘, assigned to v(P=O) and v(As=O) 
modes, respectively. 19*20 IR spectra of the metal 
residues of reactions C and D showed the disappear- 
ance of ~~(0-0) bands, thereby indicating the 
transfer of peroxo oxygens to the substrates. 

1. 

2. 
3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 
13. 

14. 
15. 
16. 
17. 
18. 

19. 

20. 
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Abstract-The literature reports on the syntheses of CpfMOCl, (M = MO 
or W, Cp* = cyclopentadienyl or indenyl) could not be confirmed, and 
attempts to prepare (C,H,),MoOI, by oxidative addition of I, to ($- 
C,H,),MoO failed. 

We were interested in studying the reactivity of the 
complexes CpfMOCl, (M = MO or W, 
Cp* = C,H,, &Me, or indenyl) as suitable start- 
ing materials in organometallic chemistry and 
catalysis. 

The preparation of the cyclopentadienyl and 
indenyl complexes, according to the following 
equation: 

THF,A 

MOCl, + 2Cp*H (or Cp*Na) + 

CptMOCl, + 2HCl (or NaCl) 

has been reported by Multani et al.lm6 since 1968 
without mentioning possible problems in the iso- 
lation and crystallization of the products. These 
syntheses appeared very simple, and suitable to be 
extended to the preparation of (CSMe,)2MOCl,. 

Surprisingly all the attempts to prepare these 
compounds were unsuccessful. This fact, in addition 
to the recent reports’** on the failure to confirm the 
synthesis of (C,H,),WOCl, and other preparations 
by Multani et al., stimulated us to relate our results. 

RESULTS AND DISCUSSION 

Molybdenum and tungsten oxide tetrachlorides 

It has been repeatedly asserted by Multani et 
ai.2S3S5*Q that the MOCl, oxychlorides, necessary 
for the synthesis of the title complexes, were pre- 

*Author to whom correspondence should be addressed. 

pared from MO3 in refluxing SOCl,, following the 
preparation described by Colton and Tomkins.” 

We have found that only MoOCl, could be easily 
obtained by this way, since WO, did not react in 
refluxing SOCl, even when a long reaction time 
(48 h) was employed. We succeeded in preparing 
WOCl, either by reacting WO, with an excess of 
&Cl, at 18O”C,” or from tungstic acid (Fluka) in 
refluxing SOCl, for 3 h (yield 75% of sublimed 
product). This last route, which is analogous to that 
reported by Colton and Tomkins” who prepared 
MoOCl, from sodium molybdate and SOCl,, has 
been independently discovered by Crabtree and 
Hlatky.’ 

Reaction of molybdenum and tungsten oxychlorides 
with Cp*H 

According to the literature method,lw6 the 
MOCl, oxychlorides were reacted with an excess 
of Cp*H ([Cp*H]/[MOCl,] = 3-4) in refluxing 
THF for 6-8 h, giving dark-blue or black products 
insoluble in pentane and diethyl ether, hardly 
soluble in benzene, chloroform and methylene 
chloride, and partly soluble in THF. These solu- 
bilities were very much different from those reported 
for the expected complexes, and all attempts to 
obtain pure crystalline compounds failed. Moreover 
the raction products were found not to be inert to 
water, in contrast to the literature report.4 Although 
the IR spectra were not well resolved, bands at 
950-98Ocm-‘, attributable to the stretching of 
M=O, were observed. The ‘H NMR spectra of 

281 
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the CDCI, or CsDs extracts showed enlarged 
signals in the region of the Cp* resonances that 
might be ‘indicative of a mixture of products and/or 
the presence of paramagnetic impurities. The results 
of elemental analyses changed from run to run, and 
in general the carbon and chlorine percentages 
were markedly lower than those calculated for the 
expected products. 

In the case of the reaction of WOCl, with 
indene, the elemental analysis of the residue to the 
extraction (THF) of the crude reaction product 
gave a chlorine percentage close to that expected 
for (CgH,)2WOC12, but a carbon percentage clearly 
lower; the elemental analysis of the product re- 
covered from the THF extracts gave results that 
were consistent with the formulations 
(C9H,)sWOCl or (C9H,)sWOCl. THF (see Exper- 
imental). 

On the basis of these results, and of some 
reports6v’ 2 on the preparation of complexes of type 
CpXMoO on reaction of CpfMoOCl, or MoOCl, 
with Cp*Na, we repeated the reactions using a 
[Cp*H]/[MOCl,] molar ratio of 2: we obtained 
again insoluble dark-blue or black crude products. 

The same results were obtained by adding the 
Cp*H reagent at low temperature (-20”(Z), or 
varying the reaction time, or the solvent (benzene, 
diethyl ether or n-hexane), or carrying out the 
reaction in the presence of diethylamine as HCl 
trapper. 

Since several alkyl complexes of type 
(C,H,)2WOR2 (R = Me, Et, Ph or CH,Ph) were 
prepared3 by alkylation of (CsHs)2WOC12, we tried 
to obtain the methyl derivatives by the treatment 
of the crude residues with MeMgI in diethyl ether: 
we could not obtain any pentane-soluble product 
nor isolate other organometallic compounds. 

Reactions of the molybdenum and tungsten 
oxychlorides with Cp*Na 

In spite of many attempts carried out according 
to the described procedure,1-6 we failed to obtain 
(C5Hs)2MOC12 by reacting MOCL oxychlorides 
with two equivalents of C,H,Na in refluxing THF 
for 3-4 h. Instead brown-black precipitates were 
obtained, which were extracted with THF. Addition 
of n-hexane to these solutions caused the precipi- 
tation of blue-black compounds, whose IR analyses 
were indicative of the presence of CsH, and M=O 
groups; however elemental analyses gave carbon 
and chlorine percentages lower by far than those 
calculated for the desired products (M = MO, 
Found: C, 30.4; H,3.7; Cl, 16.6%. Calc. for C,,, 
H,,Cl,MoO: C38.4; H,3.2; Cl,22.7%. M = W, 
Found: C21.6; H,2.9; Cl, 12.5%. Calc. for 

C10H,,C120W: C, 30.0; H,2.5; Cl, 17.7%.) 
In the case of the reactions of the MOCl, 

oxychlorides with C9H,Na in refluxing THF no 
precipitate formed: evaporation of the solvent led 
to residues insoluble in benzene and diethyl ether. 
Attempts to eliminate NaCl by washing with H20 
gave insoluble blue-black residues whose elemental 
analyses were very different (chlorine percentages 
always lower than 6%) from those calculated for 
the expected complexes. 

Variations in some reaction parameters such as 
temperature (- 20 to + 20°C) or medium (n-hexane, 
diethyl ether or benzene) did not cause any improve- 
ment. 

Since we were interested in the synthesis of Group 
VI transition metal metallacycles,’ 3 we treated 
the crude mixture obtained from the reaction of 
MoOCl, and C,H,Na with an excess of 1,4- 
dilithiobutane in diethyl ether. Chromatographic 
purification of the pentane-soluble materials on a 
column of neutral alumina yielded a small quantity 
of orange-red crystals identified as bis($-cyclo- 
pentadienyl)molybdenacyclopentane by elemental 
analysis and by comparison of its ‘HNMR spec- 
trum with that of an authentic sample.i3 
We do not know whether ($-CsH5)2 
Mo(CH2CH2CH2CH,) is derived from the alky- 
lation of the (r,?-CSH,),MoC12 compound, or from 
(C,H,),MoOCl,, 1,Cdilithiobutane behaving both 
as a reducing and an alkylating agent. 

Alkylation of the other crude mixtures obtained 
from MOCl, and Cp*Na with 1,Cdilithiobutane 
failed to give identifiable organometallic com- 
pounds. 

Reaction of bis(cyclopentadienyl)molybdenum oxide 
with I, 

In the attempt to obtain (CSH,),MoO12 by an 
alternative route, we reacted the ($-C,H,),MoO 
complexi with I, in THF at room temperature, 
but the desired oxidative addition of I2 did not 
occur, and we recovered a precipitate (59% yield) 
identified as ($-CSHs)2M~12 by comparison of its 
IR and ‘H NMR spectra with those of an authentic 
sample. l5 No organometallic compound was iso- 
lated from the THF solution. 

In contrast to the literature reportslm6 the reac- 
tions described here failed to give the desired 
compounds, leading always to mixtures of insoluble, 
intractable compounds. 

We cannot, of course, exclude the possibility that 
our failure to repeat the described syntheses of the 
title compounds is due to some unpublished but 
important experimental detail. However, on the 
basis of these and other7 efforts to repeat this 
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chemistry, we would suggest that one must be 
careful before choosing CptMOCl, complexes as 
starting materials. 

EXPERIMENTAL 

All operations were carried out under dinitrogen 
or argon by Schlenk techniques. Diethylether and 
THF were first refluxed and distilled from sodium, 
and then from lithium aluminum hydride. Pentane 
and benzene were washed free of olefins or thio- 
phene with concentrated sulphuric acid, dried on 
calcium chloride, and then distilled from lithium 
aluminum hydride. Unless otherwise stated, other 
solvents were reagent grade, and were degassed 
under reduced pressure and dried on molecular 
sieves before use. 

IR spectra were run on a Perkin-Elmer 283-B 
instrument. ‘H NMR spectra were run at 60 MHz 
on a Varian T60 instrument using SiMe, as the 
internal standard. Microanalyses were performed 
by the Laboratorio di Microanalisi of the Istituto 
di Chimica Organica, Facolta di Farmacia, Univer- 
sita di Pisa. 

MoOCl,,l’ WOC1,,7 C,H,Na,16 C,H7Na,17 
Li(CH,),Li” and ($-C,H,)zMo0’4 were pre- 
pared as described. 

The reactions of MOCl, with Cp*H (or Cp*Na) 
were performed as described,‘-6 or with the vari- 
ations described in Results and Discussion; the 
resulting solid products were washed with diethyl 
ether and pentane, and then dried in vacua 
(0.1 mmHg). The reactions of l+dilithiobutane 
with the crude products obtained by reacting 
MOCl, oxychlorides with Cp*Na were carried out 
according to the described procedures.13 

Reaction of WOCl, with indene 

WOCl, (1.2Og, 3.52mmol) dissolved in benzene 
(50cm3) was treated with freshly distilled indene 
(1.8cm 3, 15.4mmol). The resulting mixture was 
refluxed for 14 h and then the brown solid formed 
was separated, washed with diethyl ether 
(3 x 30cm3) and extracted with THF (2 x 50cm3). 
The insoluble black residue was recovered and 
dried in uacuo. (Found: C,35.3; H,2.7; Cl, 15.4%. 
Calc. for C,,H,,Cl,OW: C, 43.2; H, 2.8; Cl, 14.2%.) 
Evaporation to dryness of the THF extracts gave 
a brown solid which was washed with pentane and 
dried in vacua. (Found: C, 58.3; H, 4.6; Cl, 6.5%. 
Calc. for C,,H,,ClOW: C, 55.8; H,3.6; Cl,6.1%. 
Calc. for C,,H,,ClO,W: C, 57.0; H,4.5; Cl,5.5%.) 

Reaction of (r$-C,H,),MoO with I, 

($-C,H,),MoO (0.241 g, l.Ommol) dissolved in 
THF (50cm3) was treated with I, (l.Ommol, 4cm3 
of a 0.25 moldme THF solution). The resulting 
mixture was stirred at room temperature for 4 h 
and then the black solid formed was separated, 
washed with diethyl ether (3 x 10cm3), and dried 
in vacua. ($-C,H,),MoI, (0.284g, 59% yield) was 
obtained. (Found: C, 25.6; H, 2.6; I, 53.1%. Calc. 
for C,,H,,I,Mo: C,25.0; H,2.4; I, 52.7%.) 
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Abstract-Some new U(VI) and Ce(IV) complexes of l-(2’-hydroxybenzyl)-2-(2’-hydroxy- 
phenyl)-benzimidazole have been prepared and characterized by spectral, magnetic and 
conductance studies. IR spectral data suggests that the ligand in all the complexes is 
monodenate through the tertiary nitrogen and that the phenolic oxygen is free from co- 
ordination. Conductivity measurements indicate that the nitrate and acetate complexes of 
U(V1) are non-electrolytes, whereas the nitrate complex of Ce(IV) is a 1: 1 electrolyte. 

Uranyl complexes with various nitrogen and oxy- 
gen donars have been extensively reviewed.le7 
Recently the Schifl’s base compounds have aroused 
new interest because of their high stability, and they 
can be used for selective chemical separations.8*9 
Herein we report the synthesis and characterization 
of the uranyl and cerium complexes. 

EXPERIMENTAL 

Physico-chemical measurements 

Elemental (C, H and N) analyses of the complexes 
were recorded in the Analytical Division, Regional 
Research Laboratory, Hyderabad, India. IR spectra 
were recorded in both Nujol mulls and KBr pellets 
on a Perkin-Elmer 983 G IR spectrophotometer. 
Magnetic susceptibilities for the solid compounds 
were determined by the Guoy method using 
Hg[Co(NCS),] as standard. The molar conduc- 
tances of the complexes were determined by using 
Systronics direct reading Conductivity Meter 303. 

Synthesis and characteristics of the ligand 

l-(2’-Hydroxybenzyl)-2-(2’-hydroxyphenyl)-benz- 
imidazole was prepared according to Subbarao and 
Ratnam” by refluxing 1,2_phenylenediamine with 
salicylaldehyde (1: 3) in glacial acetic acid. The white 
product that separated was recrystallized from 
MeOH. 

*Author to whom correspondence should be addressed. 

The IR spectra measured in KBr pellets showed 
a peak at 148Ocm- ’ which can be assigned to 
v(C=N) stretching. A peak at 350&37OOcm- l 
corresponding to the free phenolic -OH is not 
observed, instead a peak at 3300 cm- ’ confirms the 
intramolecular hydrogen bonding of the two -OH 
groups. 1”13 Based on the above observations the 
structure of, the ligand can be represented as 

Calculated 
Experimental 

75.9 5.6’ 8.9 
75.8 5.8 8.7 

Preparation of the compound 

The complexes were prepared by refluxing meth- 
anolic solutions of ligand and corresponding metal 
salts at 70-80°C. The solution containing the com- 
plex was evaporated in vacua until the solid crystal- 
lizes. The precipitates were filtered off and washed 
with aqueous MeOH. The product was dried in 
vacua for 24 h. 

Physical properties 

Uranyl(VI) nitrate, uranyl(V1) acetate and Ce(IV) 
nitrate complexes are soluble in MeOH, DMSO 

285 



286 K. M. M. S. PRAKASH et al. 

Table 1. Elemental and conductance data 

% metal % c % H % N 
Molar 

Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Solvent conductance Complex 
33.9 32.3 39.8 39.2 2.8 3.0 3.8 

21.2 22.0 44.6 44.5 2.9 3.0 7.7 

22.6 23.2 47.0 47.8 3.2 3.2 5.3 

22.1 22.7 46.2 46.0 3.1 3.1 5.3 

11.8 12.8 47.2 47.1 3.1 3.1 11.3 

12.9 13.5 49.4 49.8 3.2 3.1 5.8 

3.8 MeOH 
DMF 
DMSO 

7.8 MeOH 
DMF 
DMSO 

5.6 MeOH 
DMF 
DMSO 

5.4 MeOH 
DMF 
DMSO 

11.0 MeOH 
DMF 
DMSO 

5.8 MeOH 
DMF 

31.25 
12.04 
48.18 
- 

27.02 
54.05 
- 

- 

125.00 
151.00 
145.83 

- 
- 

DMSO - 

CUO,LJ’JW,I .3H@ 

[UOzL,SOJ2. 3H,O 

[U02LzC12] .4H20 

CWNW,LINO, .4HzO 

and DMF. All the complexes are crystalline pow- 
ders, decomposed only by strong hot perchloric 
acid. 

Chemical analysis 

Uranium was determined by the oxine method 
as U308 and cerium was estimated by the Ce(IV) 
iodate method and subsequent ignition to Ce02.14 

RESULTS AND DISCUSSION 

Analytical data of the complexes and ligand are 
shown in Table 1. The ligand has two potential 
sites for co-ordination, the pyridine nitrogen and 
the phenolic oxygen atom. Since no change was 
observed in the pH of the free-ligand solution and 
its solution after complexation, it can be inferred 
that the ligand has not been deprotonated. This 
fact is also supported by the IR spectra where 
the shift corresponding to the -OH stretching 
vibration is not observed. 

IR spectra 
IR spectra of the ligand and its metal chelates* 

shows a strong IR absorption around 33OOcm-’ 
which is due to -OH stretching vibrations associ- 

*A table of IR spectral data has been deposited with 
the Editor as supplementary material. 

ated with intramolecular hydrogen bonding.“~r3 
The hydrated complexes also show a strong absorp- 
tion in the same region. There is no absorption at 
1605 and 9OOcm-’ corresponding to stretching, 
and scissoring and rocking modes of vibration of 
co-ordinated water. Beyond 16OOcm- ’ the first 
absorption band in the ligand appears between 
1590 and’l450cm-‘, which can be attributed to the 
C=C of the phenyl ring and the C=N stretching 
frequency. The v(C=N) band in the ligand observed 
at 1480cm-’ is shifted to 1470cm-’ in its com- 
plexes. Hence it can be concluded that co-ordi- 
nation takes place through the pyridine nitrogen 
and the ligand acts as a neutral one. 

The unto-ordinated nitrate (Dar,) is expected 
to exhibit three IR-active fundamentals: v2(A2), 
831 cm-‘; v@), 1390cm-‘; and v4(J?), 790cm-‘; 
whereas a co-ordinated nitrate (C,,) exhibits six 
such fundamentals:” v,(&), 1530-1480cm-‘; 
v,(A,), 1290cm-‘; v&4,), 1030cm-‘; v&), 
810cm-‘; v&4,), 740cm-‘; and v&Jr), 731 cm-‘. 
In the nitrate complexes of Ce(IV) and U(V1) the 
v4(B1) mode falls in the range 1435-1460cm-’ 
and v,(A,) in the range 1250-1320cm-‘. The 
magnitude of v4 - vr # (140-185cm-‘) in these 
complexes might be considered to be in favour of 
the bidentate character of the CzO nitrate,16 though 
this has not been considered as a good criterion to 
distinguish between a bidentate and a monodentate 
nitrate by Kowano and Osokio.” A very weak 
band at lOlO-1035cm-’ is assigned to the v,(A,) 
mode and those in the region 790-815 cm-’ to the 
vg(B2) mode of the Czv nitrate. The vg(Er) mode is 
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not observed in both of the nitrate-containing 
complexes, similar to results of Mishra et ~1.~’ In 
the sulphate complexes the peaks at 1050, 1160 
and 1230cm- ’ can be attributed to the bidentate 
bridging sulphate group~.‘~*” The sharp peak at 
155Ocm- l which is absent in the ligand and other 
complexes is attributed to the v_-mode of the 
monodentate acetate group. l5 The metal-chloride 
stretching frequency of the uranyl chloride is 
observed in the range 250-35Ocm-’ as a weak 
band, which is absent in the ligand.20*21 

Laboratories, Hyderabad, for their help in C, H and N 
analyses. Thanks are due to the Council of Scientific and 
Industrial Research, New Delhi, for awarding Senior 
Research Fellowships to two of the authors (KMMSP 
and LDP). 

1. 

2. 

The uranyl ion exhibitszzVz3 three vibrational 
frequencies: a symmetric (v,), asymmetric (v,), and 
stretching and bending (vz) frequency. With the 
linear uranyl ion, only the asymmetric stretching is 
easily observed in the normal IR spectrum, since 
the bending frequency is predicted to be around 
2OOcm- ’ and the symmetric stretching is IR- 
inactive. The observed frequencies (890-920 cm- ‘) 
lie below that found for an aqueous solution of 
uoq+. 

3. 

Conductance measurements 8. 

The molar conductance of the complexes are 
shown in Table 1. All the complexes except the 
Ce(IV) nitrate complex, show a low conductance in 
DMSO, DMF and MeOH which shows that they 
behave as non-electrolytes24 in these solvents. The 
Ce(IV) nitrate complex shows a conductance 
attributable to a u&univalent electrolyte, 
[Ce(NO,),L,] +NO;, in all solvents, which indi- 
cates that three of the four nitrate groups are in a 
co-ordination sphere whereas the fourth one is out 
of the sphere. Thus it can be concluded that only 
in the CeJIV) nitrate complex is the nitrate group 
acting as ionic, monodentate and bidentate. The 
ability of the nitrate group to function as both a 
monodentate and a bidentate ligand has been 
recognized earlier. 

9. 

10. 

11. 

12. 
13. 

14. 

15. 

16. 
Magnetic susceptibilities 

All complexes are diamagnetic, as generally 
expected for Sf”U(VI) and 4f”Ce(IV) compounds, 
and it can be concluded that reduction of the metal 
does not take place under the influence of the 
ligand. 

17. Y. Kawano and M. K. L. Osokio, J. Inorg. Nucl. 
Chem. 1977, 39, 701. 

18. A. Mishra, M. P. Singh and J. P. Singh, J. Indian 
Chem. Sot. 1980,57, 249. 
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Abstract-The novel macrocyclic Schiff base ligands L’, L2 and L3 were prepared by the 
condensation of N,N’-bis(2-formyl-4nitrophenyl)ethylenediamine with ethylenediamine, 
bis(3-aminopropyl) and N,N-bis(3-aminopropyl)methylamine, respectively, under 
high-dilution conditions. Their complexing abilities and extractabilities for transition-metal 
ions have been investigated and Lz has been found to be an excellent extractant for 

coPper( 

Many macrocyclic ligands, such as crown ethers 
and polyaza compounds, have been extensively 
synthesized and their complexation with metal 
ions investigated. However, the complexation and 
extractability of unsaturated polyaza macrocycles 
for transition-metal ions have been little studied 
so far. Zolotov et al. reported several tetraaza 
macrocyclic Schiff base ligands which can selec- 
tively extract copper( l-3 

Recently, we have reported that the dinitro- 
substituted ligand of 5,7,12,14-tetramethyl-1,4,8,1 l- 
tetraazacyclotetradeca-1,5,7,1Ztetraene has a much 
more efficient extraction rate and selectivity for 
copper than the parent macrocycle. Moreover, 
we have reported that the polymeric ligands con- 
taining a tetraaza macrocyclic Schiff base in the 
polymer backbone can be applied as effective 
extractants5.6 and adsorbents7 selective for 

copper( 
In this paper, we will describe the preparation 

of novel pentaaza macrocycle Schiff base ligands 
(Fig. 1) and their extractabilities for transition-metal 
ions such as copper( nickel(I1) and cobalt(I1). 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Preparation of macrocyclic Sch@ base ligands 

N,N’-bis(2-formyl-4-nitrophenyl)ethylenediamine 
was prepared as yellow crystals, according to the 
methods described in the literature.‘.’ 

L’, L2 and L3 stand for 7,8,15,16,17,18_hexa- 
hydro-3,lZdinitrobenzo [e, m] [1,4,8,11] tetraaza- 
cyclotetradecane, 7,8,9,10,11,12,13,20,21,22,23- 
undecahydro-3,17-dinitrodibenzo[e,r] [1,4,8,12,16] 
pentaazacyclononadecane and 7,8,9,11,12,13,20, 
21,22,23-decahydro-N(lO)-methyl-3,17-dinitro di- 
benzo[e,r][1,4,8,12,16]pentaazacyclononadecane, 
respectively. 

These ligands were obtained as yellow crystals 
as follows: A solution of the required diamine or 
triamine in 50 cm3 of N,N-dimethylformamide 
(DMF) was added slowly with stirring to a solution 
of 0.358 g (1 mmol) of N&V’-bis(2-formyl-4-nitro- 
phenyl)ethylenediamine in 500 cm3 of DMF which 
had been warmed at about 65°C. The yellow 
solution was stirred for 24 h at 65°C and then the 
solvent was removed under reduced pressure. The 
resulting yellow powder was collected on a glass 
filter, washed with ethanol, and dried in vacua. 
The yields of the ligands were 70-80%. 

L’: m.p. 299-300°C (decomp.). Found: C, 56.5; 
H, 4.7; N, 21.9%. Calc. for C,,H,,N,04: C, 56.5; 
H, 4.7; N, 22.0%. IR (in KBr disc): 1635, 1605, 
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65°C 

L’ 

L2 

L3 

Fig. 1. Synthesis of macrocyclic Schiff base ligands. 

1580,1540,1495,1435,1330,1300,1235,1195,1150, 
1105 and 750cm-‘. MS: m/z =*382 (M+ = 382). 

L2: m.p. 213-214°C (decomp.). Found: C, 57.9; 
H, 6.0; N, 21.1%. Calc. for C22N2,N,04: C,58.3; 
H, 6.0; N, 21.6%. IR (in KBr disc): 3300,2920,2825, 
1635, 1605, 1580, 1535, 1495, 1455, 1430, 1320, 
1295,1185,1155,1105,940,905,820and 750cm-‘. 
MS: m/z = 453 (M+ = 453). ‘H NMR (in CDCl,): 
6 (ppm) = 1.54-2.00 (m, 6H, CH2-CI12-CH2 
and C,H,-NH-CH,); 2.76-2.98 (t, 4H, CH,- 
NH-CI12); 3.58-3.88 (m, 8H, C6H,-NH-CI-12 
and CH=N--CI-12); 3.98 (s, H, CH2-NH- 
CH,); 6.60-8.26 (m, 6H, C&I,); and 8.41 (s, H, 
CH=N). 

L3: m.p.: 252-253°C (decomp.). Found: C, 58.8; 
H, 6.2; N, 21.0%. Calc. for C23H29N704: C59.1; 
H, 6.2; N,21.0%. IR (in KBr disc): 3300,2925,2835, 
2775, 1635, 1605, 1580, 1535, 1495, 1450, 1325, 
1300, 1195, 1155, 1105, 820 and 750cm-‘. MS: 
m/z = 467 (M+ = 467). ‘H NMR (in CDCl,): 6 
(ppm) = 1.62-1.90 (m, 6H, CH,-CH2-CH2 and 
C,H3-NI-IJ; 2.15 (s, 3H, N-CH3); 2.42-2.62 (t, 
4H, CII,-N-CH,); 3.60-3.78 (m, 8H, CH 
=N--CH2 and C,H,-NH-Q,); 6.58-8.26 (m, 
6H, C,II,); and 8.35 (s, 2H, CI-J=N). These assign- 
ments were made according to those for the anal- 
ogous compounds described in the literature.“*” 

Preparation of copper and nickel(lZ) complexes 
with L’ 

The copper and nickel(H) complexes with L’ 
were prepared according to the literature,g*‘2 and 
confirmed by the elemental analyses. 

Preparation of copper and nickel(ZZ) complexes 
with L2 

To a DMF solution (100cm3) of copper 
acetate monohydrate (0.2g, 1 mmol) was added L2 
(0.45 g, 1 mmol), the solution was stirred for 2 h at 
5O”C, and then the solvent was removed to dryness 
under reduced pressure. The resulting brown pow- 
der was collected on a glass filter, washed with 
ethanol, and recrystallized from DMF. The yield 
was 79%. Found: C, 50.4; H,4.9; N, 18.2%. Calc. 
for Cu(C,,H,,N,O,): C, 51.3; H,4.9; N, 19.0%. IR 
(in KBr disc): 1610, 1590, 1535, 1490, 1430, 1275, 
1245, 1180, 1150, 1105,820, 750 and 690cm-‘. 

A nickel(I1) complex of L2 was obtained in a 
similar manner to that described for the copper 
complex, using nickel(I1) acetate tetrahydrate in 
place of the copper salt. It was recrystallized from 
DMF. The yield was 76%. Found: C, 50.9; H, 4.9; 
N, 18.8%. Calc. for Ni(C22H25N704): C, 51.8; 
H,4.9; N, 19.2%. IR (in KBr disc): 1610, 1590, 1535, 
1485, 1430, 1285, 1250, 1185, 1155, 1100, 800, 750 
and 690cm-‘. 

Preparation of copper and nickel(ZI) complexes 
with L3 

Both copper(I1) and nickel(I1) complexes with L3 
were obtained in a similar manner to those 
described for L’. These were recrystallized from 
DMF. The yield of the copper(I1) complex was 
83%. Found: C,52.0; H,5.1; N, 18.5%. Calc. for 
CU(C~~H~,N,OJ: C, 52.2; H, 5.1; N, 18.5%. IR (in 
KBr disc): 1605, 1590, 1535, 1490, 1435, 1400, 1285, 
1245, 1160, 1105,805,750 and 7OOcm-‘. 
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The yield of the nickel(H) complex was 78%. 
Found: C, 52.3; H,5.2; N, 18.8%. Calc. for 
Ni(C,,H,,N,O,): C,52.7; H,5.2; N, 18.7%. IR (in 
KBr disc): 1605, 1585, 1535, 1485, 1430, 1395, 1285, 
1250, 1200, 1155, 1100, 795, 750 and 7OOcm-‘. 

Procedure for solvent extractions 

band at 16.7 and 16.1 x 103cm-‘, respectively, 
which can be assigned to ligand field transitions. 
As for the nickel(I1) complexes, the shoulder band 
was observed around 16.7 and 16.1 x 103cm-’ 
for Ni(L2-2H) and Ni(L3-2H), respectively. These 
bands can also be assigned to ligand field tran- 
sitions. 

Solvent extractions were carried out as described 
previously.6 

Measurements 

All measurements were carried out as described 
previously.6 

The magnetic susceptibilities of Ni(L’-2H) and 
Ni (L3-2H) are diamagnetic, suggesting that the 
nickel(I1) ion of these complexes may adopt a four- 
coordinate planar configuration. On the other hand, 
for Cu(L2-2H) and Cu(L3-2H) a coordinate environ- 
ment about the copper(I1) ion, four- or five-coordi- 
nate, could not be determined from the available 
data. 

Materials Solvent extractions by L’, L2 and L3 

All reagents were of reagent grade. DMF was 
distilled over CaH, under reduced pressure prior 
to use. Other solvents were purified by the usual 
manner. Water was deionized. Acetate buffer sol- 
utions (0.2M) were used for adjusting pH from 
pH3.5 to 5.8. The pH values below 3.5 or above 
5.8 were adjusted by the addition of adequate 
amounts of 1 M hydrochloric acid or sodium 
hydroxide. 

Extractabilities of L’-L3 toward transition-metal 
ions such as copper( nickel(I1) and cobalt(H) 
have been studied under various conditions. 

E&ct of shaking time on extraction 

RESULTS AND DISCUSSION 

The novel pentaaza macrocyclic SchitI base 
ligands were obtained in good yields by a high- 
dilution method. Their copper(H) and nickel(H) 
complexes were prepared by the reaction of the 
free ligands with metal ions and characterized by 
electronic spectroscopy. Moreover, these ligands 
were applied as extractants for transition-metal 
ions, and L2 was found to be a highly selective 
extractant for copper(I1). 

Electronic spectra 

Figure 2 shows the electronic spectra of the free 
ligands L2 [Fig. 2(A)] and L3 [Fig. 2(B)] and their 
copper(H) and nickel(I1) complexes in DMF. L2 
and L3 have an intense absorption band at 25.3 
and 25.6 x 103cm-l, respectively, which can be 
assigned to the x + a* transitions. The spectra of 
the complexes show the absorption band shifted to 
lower energies: 21.9 x 103cn-’ for Cu(L’-2H), 
20.4 x lo3 cm-’ for Ni(L’-2H), 21.8 x 103cm-’ 
for Cu(L3-2H) and 20.2 x lo3 cm-’ for Ni(L3-2H). 
These absorption bands can be assigned to the 
transitions from the same origin as the ligands. 
Moreover, in the visible region, the spectra of 
Cu(L’-2H) and Cu(L3-2H) exhibit an absorption 

Figure 3 shows plots of percentage of copper(I1) 
extracted by L’-L3 against shaking time. The 
concentrations of the extractants in chloroform and 
of the metal ion in the aqueous phase were 1 x 10V3 
and 1 x 10w4M, respectively, and the pH of the 
aqueous phase was adjusted to nearly 6.7 using 
a 0.2M acetate buffer solution plus appropriate 
amounts of an aqueous solution of sodium hydrox- 
ide. The extraction rate by L2 was found to be 
much faster than those by L1 and L2. Moreover, 
the percentage of coppcr(I1) extracted by L2 reached 
nearly 100% within 30min, whereas with L’ and 
L3 only 20 and 40% of copper(H), respectively, were 
transferred into the organic phase after shaking for 
4 h. The large difference in the extraction rates 
between L2 and L3 may arise from the difference 
in their hydrophilicity: the former possesses a sec- 
ondary amino group (-CH,NHCH,-) which is 
more hydrophilic than the tertiary amino group 
[-CH,N(CH,)CH,-] of the latter. 

On the other hand, no nickel(I1) and cobalt(I1) 
were extracted by these extractants under the same 
conditions as the copper(I1) case after shaking for 
8 h. 

E$ect of pH on extraction by L2 

Figure 4 shows the effect of the pH of the aqueous 
phase on extractions of copper( nickel(I1) and 
cobalt(I1) by L2. The extractions were made under 
the following conditions. The concentrations of L2 
in chloroform and of the metal ions in the aqueous 
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Fig. 2. Electronic spectra in DMF. (A)(p) L’, (- - -) Cu(L’-2H), and (---.-): Ni(L’-2H). (B)(---) 
L3, (- - -) Cu(L3-2H), and (-.-.-): Ni(L3-2H). 

30 60 120 

Shakmg time / min 

240 

Fig. 3. Effect of shaking time on extraction of copper(I1) 
(1 x 10m4M) by L’, L2 and L3 (1 x low3 M) at pH6.7. 

(0) L’, (0) L2, and (a,) L3. 

PH 

Fig.\ 4. pH dependence of extraction of metal ions 
(1 x 10-4M) by L2 (1 x 10e3 M). Shaking time 2h. 

phase were 1 x 10m3 and 1 x 10m4 M, respectively. 
The shaking time was 2 h for all systems. No 
copper(I1) was extracted in the pH region below 
3.0. The extraction began to occur at pH3.5 and 
its percentage increased with increasing pH of the 
aqueous phase and reached nearly 100% in the pH 
region above 6.5. No nickel(I1) or cobalt(I1) as 
extracted at a pH lower than 7.0 or 7.8, respectively. 
Moreover, the percentage extractions of these metal 

ions were much less than that of copper(I1). These 
results indicate that the selective extraction of 
copper(H) by L2 can be achieved by adjusting the 
pH of the aqueous phase to about 6.7. 

From these results L2 is considered to be a better 
extractant than the tetraaza macrocyclic Schiff base 
ligands which were reported previously by us4s5 in 
its extraction rate, efficiency and selectivity for 
copper(I1). 

Relationship between distribution factor and pH or 
extractant concentration 

In order to identify the species of copper(I1) 
extracted by L2, the relationship between the distri- 
bution factors of copper(I1) and the pH or extractant 
concentration was investigated. The slope of the 
plot of the logarithm of the copper(I1) distribution 
factor (1ogD) vs the pH of the aqueous phase is 
about 2, which indicates that two hydrogen ions of 
L2 should be substituted through complexation 
with copper(H). Moreover, the plot of 1ogD vs log 
[L2] is linear over the range of L2 concentration 
of 1 x 10W3-1 x 10m4M, and its slope is nearly 
unity. This suggests that the ratio of copper to 
L2 in the extracted species is 1: 1. These results 
indicate that the copper is extracted by L2 as 
the neutral complex Cu(L2-2H). 

Recovery of copper extracted by L2 

The copper(I1) extracted by L2 was recovered by 
treatment with aqueous solutions of hydrochloric 
acid as follows. The copper(I1) in the aqueous phase 
was completely extracted into the organic phase of 
L2 by shaking for 2 h at pH6.7 and then the 
aqueous phase was separated and removed. A 
dilute hydrochloric acid solution was added to the 
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Fig. 5. Back-extraction of copper (1 x 10m4 M) with 
acidic solutions after complete extraction by Lz 

(1 x lo-‘M). 

remaining organic phase and it was shaken for an 
appropriate time. The copper(I1) back-extracted 
into the hydrochloric acid solution was determined 
by atomic absorption spectrometry. The results are 
shown in Fig. 5. When an aqueous solution of 
pH 3.05 was used, the percentage of recovered 
copper was very low (ca 10%) after shaking for 
4 h. With an aqueous solution of pH 2.58, it reached 
ca 45% after shaking for 4 h. However, in this case, 
nearly 20% of the extractant in the organic phase 
was found to decompose, which was determined 
spectrophotometrically. Moreover, with an aque- 
ous solution with a pH lower than 1.0, nearly 100% 
of copper(I1) was recovered, but almost all the 
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Abstract-Appreciable changes in effective magnetic moment, isomer shift (13 and 
quadrupole splitting (AES (Miissbauer spectra) as well as in the EPR spectra occur upon 
cooling a sample of the title compound [Fe(salophen)NO] at a temperature of about 
180K. The observed changes are consistent with a S = 3/2 @ S = l/2 spin crossover. At 
300K Z, = 0.29 and AE, = O.l98mms-l, while for a sample temperature of 100 K values 
are observed of 0.15 and 1.738 mm s-l, respectively. In the EPR spectrum of polycrystalline 
samples a broad signal is observed_ At 1OOK two sharp lines corresponding to g, = 2.108 
and g,, = 2.211 are present. The EPR spectrum for 12 K is nearly identical to the spectrum 
obtained at 100 K. The physicochemical properties of the complex resemble strongly those 
of the analogue [Fe(salen)NO] and consequently rationalization of the results in terms of 
the MO diagram for the latter complex can be given. From the magnetic susceptibility 
and MSssbauer data a separation of the orbitals -involved in the spin-crossover process - 
of about 300 cm- ’ was calculated. Analysis of the magnetic-susceptibility data further 
reveals, via the large values found for ASe (286.2 J mol- ’ K-l) and AHe (28.9 kJ mol- ‘), 
that the spin crossover is accompanied by a relative large change in the bonding distances 
and/or angles. In oxygen- and/or water-containing solutions the complex is rapidly 
transformed into the p-oxo-dimer [Fe@lophen)],O. 

The pentacyanonitrosylferrate or nitroprusside 
dianion is very interesting from several points of 
view. The properties of this anion have been recently 
reviewed.’ Nitroprusside is frequently used as a 
reagent for detection and/or determination of a 
wide variety of nucleophillic species-generated in 
(strongly) alkaline medium from compounds such 
as thiols, ketones, aldehydes, phenols, pyrrols, 
indols and thioureas-and sulphite. Moreover, 

*Author to whom correspondtm~~ should be addrarsed. 

nitroprusside is a potent hypotensive drug. Unfor- 
tunately, a number of drawbacks limits its thera- 
peutic use. Nitroprusside is administered by (intra- 
venous) infusion (in the clinic), because the drug is 
not absorbed after oral administration. Secondly, 
nitroprusside is especially light-sensitive in 
(infusion) solutions. On the other hand, the drug is 
toxic due to the in vivo loss of the cyanide ligands. 
Reactivity, and most probably the biological 
activity as well, are related to the Fe@)-NO+ 
moiety. 

Therefore, our ultimate aim was the synthesis of 

295 



296 0. R. LEEUWENKAMP et al. 

/O 

Fig. 1. Structure of [Fe(salophen)NO]. 

stable and less toxic (mono)nitrosyl analogues of 
nitroprusside with at least a comparable hypo- 
tensive action. In general the separations of the 
orbitals involved in the ligand coordination in iron 
nitrosyl complexes are small.’ As a consequence 
both the stability of iron mononitrosyl complexes 
and the character of the nitrosyl group (NO+, NO0 
or NO-) are sensitive to subtle changes in the 
properties of the coordinated ligands. A survey 
of the literature on mononitrosyl iron complexes 
reveals that only a minority of these compounds 
are to a certain extent stable in the solid state and 
in solution. On the basis of the anionic multidentate 
ligands present in the relatively stable complexes 
porphinato,3 phthalocyanato,4 dithiolato,’ dithio- 
carbamato6 and Schiff base’-’ mononitrosyl coor- 
dination compounds can be distinguished. Appar- 
ently, n-extended systems possess stabilizing 
properties towards iron nitrosyl complexes. This 
is not surprising, since cyanide present in the 
comparatively stable nitroprusside ion is a strong 
field ligand with an exceptional dn-accepting ability. 

An alternative approach to the preparation of 
nitroprusside analogues is the replacement of the 
central metal ion by Ru(I1). In this ion the fully 
occupied t$-orbitals extend far more into space 
and consequently strong back-bonding interactions 
with common n-acceptor ligands such as NO+ 
occur.10-13 For this reason Ru(II) nitrosyl com- 
plexes can be formally regarded as Ru-NO+ and 
are in general relatively stable. Unfortunately, 
Ru(I1) complexes are both mutagenic and carcino- 
genic. l4 

In order to obtain more insight into the role 
of conjugation in stabilizing mononitrosyl iron 
complexes, the phenylene analogue of [N,N’-ethyl- 
enebis(salicylideniminato)]nitrosylferrate, [Fe(sal- 
ophen)NO] (Fig. l), was prepared and its physico- 
chemical features were compared to those of 
[Fe(salen)NO] which was recently characterized by 
Wells et al.’ 

Finally, the stability of [Fe(salophen)NO] was 
investigated in the solid state and in solution, 
employing the intensity of the characteristic nitrosyl 
stretching frequency in the IR spectrum as criterion. 

EXPERIMENTAL 

Reagents and ligands 

Sodium acetate, sodium nitrite, o-phenylene- 
diamine and sulfuric acid (Merck analytical grade), 
ferrous perchlorate hexahydrate (Ventron), sali- 
cylaldehyde (Baker reagent grade), methanol and 
ethanol (Baker analytical grade) were used in the 
synthetic procedures. The ligands o-ethylene- and 
o-phenylenebissalicylideniminato were obtained 
by condensation of the respective diamines with 
salicylaldehyde (1: 2) in refluxing ethanol. The crop 
of yellow and orange crystals was subsequently 
thoroughly washed with ethanol and recrystallized 
from ethanol. 

Preparation of [Fe(salophen)NO] 

Earnshaw et al.’ prepared [Fe(salen)NO] via the 
extremely air-sensitive [Fe(salen)] complex. In our 
method the desired nitrosyl complex is produced in 
one step, circumventing the unstable intermediate. 
0.32 g powdered ligand was added to 30cm3 meth- 
anol, which was deoxygenated by purging with 
nitrogen purified via a BTS tower. Thereafter, a 
0.16g sodium acetate (0.02 M) and 0.36g ferrous 
perchlorate (0.01 M) were added. Immediately NO 
gas, generated from sodium nitrite by dropwise 
addition of 2 M sulfuric acid and purified by passage 
through a 30% KOH solution and a column of 
KOH pellets,15 was bubbled through the well- 
stirred reaction medium. The solution turned black 
and a black product precipitated. After 1.5 h the 
excess NO gas was removed by purging with 
nitrogen and the black microcrystalline material 
was filtered, washed with 30cm3 deoxygenated 
methanol under a stream of nitrogen and finally 
dried in vacua for 1.5h. 

Found: Fe; 13.7%. Calc. for [Fe(salophen)NO] 
(FeC,,H,,N303): Fe, 14.0%. vNo = 1720cm-’ 
(KBr, Nujol mull). 

Preparation of [Fe(salen)NO] and [Co(salophen)- 

NOI 

The complex [Fe(salen)NO] was prepared in an 
analogous way. In the synthesis of [Co(salo- 
phen)NO] Co(I1) acetate tetrahydrate was used, 
while sodium acetate was omitted. 

[Fe(salen)NO]: vNo = 1710cm-’ (KBr); [Co(sal- 
ophen)NO]: VNo = 1640cm-’ (KBr). 

Physical measurements 

Powder X-ray diffractograms were recorded by 
means of a Philips diffractometer, type PW 1025/25 
using Cu-K, radiation (2 = 1.5418 A). 
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Fig. 2. Effective magnetic moment (perr) for [Fe(salophen)NO] in the temperature range 80-300K. 

The magnetic properties of [Fe(salophen)NO] 
were determined in the temperature range 2-300 K. 
The high-temperature susceptibility (T > 77 K) was 
measured using a Faraday balance. In the low- 
temperature range susceptibility and magnetization 
measurements were performed using a PAR vibrat- 
ing sample.magnetometer. Field-dependent magne- 
tization curves were recorded at liquid-He tempera- 
ture applying fields up to 5.6T. All susceptibility 
data were corrected for diamagnetism of the 
samples16 and the sample holder. 

The IR spectra were recorded for both the KBr 
pellet and the Nujol mull by means of a Beckman 
IR-10 spectrometer in the frequency range 4000- 
2OOcm-‘. For the Mossbauer experiments a con- 
ventional constant-acceleration type spectrometer 
was applied. The source was 57Co diffused in 
rhodium. All isomer shifts (13 are relative to sodium 
nitroprusside. 

The EPR spectra for a polycrystalline sample of 
[Fe(salophen)NO] were recorded at room tempera- 
ture, and 100 and 12 K on a Varian E 3 at X-band 
frequencies, employing a 9.22-GHz field modu- 
lation. 

RESULTS 

Magnetic susceptibility 

The data for polycrystalline [Fe(salophen)NO] 
are represented in Fig. 2. 

These results closely resemble those for 
[Fe(salen)NO]. At about 180K a spin crossover 
occurs. Above the crossover temperature (T,) the 
effective magnetic moment (z& is approximately 
3.9, while at temperatures below T, the effective 
magnetic moment is about 1.9. These values are 

very close to the spin-only values for S = $ (3.88) 
and S = f (1.73), respectively. In addition a mag- 
netic phase transition due to antiferromagnetic 
coupling of the Fe centres is observed at T = 6 K 
(Fig. 3). 

The magnetic-susceptibility data can be treated 
according to eqn (1): 

Z& = a.Z&3,2 + (1 - a)&=l,~, (1) 

in which z+= 3,2 and cc,+ 1,2 are the theoretical spin- 
only values of 3.88 and 1.73. The equilibrium 
constant at various temperatures for the spin cross- 
over (K&) can be calculated by eqn (2): 

Kc’, = a/( 1 - a), (2) 

where a denotes the fraction in the high-spin state. 
Subsequently, eqn (3): 

In Ke’, = ASefR -AHgIRT (3) 

offers the possibihty of calculating both enthalpic 
and entropic changes accompanying the spin tran- 
sition. In Fig. 4 the plot of In K& vs T- ’ is given. 
From this plot values of 286.2 J mol- ’ K- ’ and 
28.9 kJ mol- ’ were calculated for ASe and AHe. 
The ASe value comprises an electronic entropy 
change related to a difference in spin multiplicity 
and state degeneracy for the high- and low-spin 
states. In theory the electronic entropy change for 
the present case equals R In (4) = 5.8 J mol-’ K- ‘. 
Thus the calculated value for ASe may almost 
entirely be ascribed to changes in bond distances 
and/or bond angle occurring concomitantly with 
the spin-crossover process. The value of 
286.2 J mol- ’ K- ’ is very high. Petty et a1.17 found 
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Fig. 3. Reciprocal magnetic susceptibility (l/x) for [Fe(salophen)NO] in the temperature range 2-80 K. 

Fig. 4. Plot of In K& vs T - ‘. 

a value of 112.2 J mol- 1 K-r for an iron(I1) com- 
plex. Apparently, large changes in bonding dis- 
tances and/or angles occur during the spin cross- 
over. A change in bonding distance of 0.1-0.2 A is 
reasonable. l6 Assuming a change equal to 0.2 A, the 
expected inner coordination sphere reorganization 
energy is 25.1 kJ mol- ‘.ls As a consequence, the 
estimated electronic contribution to the observed 
enthalpic change amounts to 28.9 - 25.1 = 
3.8 kJ mol-‘. This value reflects the separation of 
the electronic levels involved in the spin transition 
and is estimated as 3OOcm-‘. 

Miissbauer spectroscopy 

In the Mtissbauer experiments performed at 
various temperatures the spin transition is also 
observed at T, = 180 K. The Mossbauer data are 
summarized in Table 1. In Fig. 5 the variation in 
the quadrupole splitting (AE,) and I, with tempera- 
ture is depicted. Representative Mijssbauer spectra 

Table 1. Mossbauer spectroscopy 
data for [Fe(salophen)NO] 

(k A& 1, 
(mms-‘) (mms-‘)o 

300 0.198 -0.29 
220 0.292 -0.30 
200 0.364 -0.29 
180 1.231 -0.19 
160 1.576 -0.15 
130 1.705 -0.15 
100 1.738 -0.15 

“Relative to sodium nitroprusside. 

2.0 I I 

1 O l/r 3 

100 200 300 
TEMPERATURE IK) 

Fig. 5. Variation of quadrupole splitting (AEJ (open 
circles) and isomer shift (I,) (closed circles) with tempera- 

ture in the range 100-300 K. 

for T = 293, 200, 160 and 100 K are given in Fig. 
6. The magnetic-susceptibility and Mossbauer data 
are thus in good agreement. The quadrupole- 
splitting values at each temperature [A&(7’)] are 
related to the quadrupole splitting at T = 0 K 
[A,?&(O)] via eqn (4):lg 

A&(T) = AE,(O) tanh (A&T). (4) 
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Fig. 6. Miissbauer spectra for [Fe(salophen)NO] at the indicated temperatures. 

In eqn (4) A represents the separation of the levels 
playing a role in the spin crossover. Using for 
A&(O) the extrapolated value of 1.83mm s-l a 
reasonable fit between experimental and calculated 
values is obtained for A = 280cm- ‘. This value is 
relatively close to the value of 3OOcm-’ derived 
from the susceptibility data. 

X-ray analysis 

The X-ray powder diffraction pattern of [Fe@& 
ophen)NO] can be indexed in an orthorhombic 
space group. The cell parameters are a = 16.74& 

b = 17.32A and c = 10.65A. Systematic absences 
indicate P222 to be the most likely space group. 
Data for the observed reflections with 20 between 
10 and 25” are presented in Table 2. The results 
agree qualitatively with the reported structure for 
one of the modifications of the related Co complex 
[Co(salophen)]. ‘O The cell parameters are about 
the same for both complexes, but in the case of the 
iron compound the c-parameter is doubled with 
respect to the value for the Co compound. This is 
probably due to the presence of the NO moiety in 
the Fe complex and to the larger size of the central 
Fe ion. Both conditions may give rise to a shift 
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Table 2. X-ray powder diffraction DISCUSSION 
data for [Fe(salophen)NO] 

;; 

Comparison of the magnetic behaviour, EPR, IR 

hkl and Miissbauer parameters of [Fe(salen)NO] and 

10.22 020 [Fe(salophen)NO] leads to the conclusion that 

13.20 021 only minor changes occur upon extension of the 

13.45 201 conjugation in the equatorial Schiff base ligand. 

14.18 121 This is consistent with the observation that peff for 
14.52 211 the S = + and 3 spin states approximates the 
16.07 130 theoretical spin-only values, suggesting a limited 
17.35 012 admixture of the salophen orbitals and the metal 
17.47 102,031 d-orbitals. Lack of suitable orbitals on the phenolic 
17.97 301 
19.51 022 

oxygen may account for a slight degree of delocaliz- 

20.23 122 
ation involving the equatorial ligand. Because of 

20.48 040, 212,231 
the similarities in the properties of [Fe(salen)NO] 

21.06 400 and [Fe(salophen)NO] the MO description pro- 

23.54 420 posed by Wells et a/.* (Fig. 8) might be used for the 

24.48 241 explanation of the observed features of [Fe(sal- 
ophen)NO]. The relatively low nitrosyl stretching 

(a) 

‘1: 100 K 

I 1 

2.5 30 3.5 
MAGNETIC FIELD (kc i1 

frequency of 1720cm- ’ is, according to Gaughan 
et t&21 indicative either of an Fe(H)-NO0 or an 

(b) 

295K 

_. , 3.0 b.0 2.5 30 35 
MAGNETIC FIELD Ikt) MAGNETIC FIELD IkG) 

Fig. 7. Polycrystalline EPR spectra for [Fe(salophen)]NO]. The sample temperatures are indicated. 

coordination. In the structure of the orthorhombic 
modification of the Co complex the c-axis is perpen- 
dicular to the almost planar ligand. Alternation of 
the assumed out-of-plane shift of the Fe atom in 
the positive and negative direction will result in a 
doubling of the translation symmetry along the c- 
axis with respect to the original structure. 

EPR spectroscopy 

Figure 7 shows the EPR spectra for polycrystal- 
line [Fe(salophen)NO]. At T= 295 K a broad 
polycrystalline EPR signal is observed. Upon lower- 
ing the sample temperature the EPR spectrum 
changes markedly at about 180K. At T = 100 K 
two sharp lines are observed which correspond to 
g, = 2.108 and gll = 2.211. The EPR spectrum for 
T = 12 K is practically the same with g, = 2.090 
and g,, = 2.195. 

BENT 

- dx2-*y2 - 

+ :;z - 7 

+ $-i- A 

+ by -tt - 

-tt- dxz it 

it- dyz -H- 

S =3/2 s=1/2 

MO-DIAGRAM 

Fig. 8. MO diagram for an {FeNO}’ complex with a 
bent geometry. 

Fe(III)-NO- moiety. In the given MO diagram six 
d-electrons are placed in orbitals with a predomi- 
nant d-character, while one electron resides mainly 
in the antibonding $-orbital. Thus, the high- 
temperature state can be formally regarded as 
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temperature state can be formally regarded as 
Fe(II)-NO. Furthermore, the NO stretching fre- 
quency for [Co(salophen)NO] is 164Ocm-‘. The 
decline in the NO stretching frequency, going from 
d6 [Fe(salophen)NO] to d8 [CO(salophen)NO] is 
in agreement with the orbital leveling as given by 
Wells et al.’ In the Co analogue a second d-electron 
is placed in the @-orbital leading to substantial 
weakening of the bond between the N and the 0 
atom in the nitrosyl group. 

As suggested by the large values found for AH’ 
and AS’, the spin-crossover process is accompanied 
by structural changes, i.e. changes in bond distances 
and/or angles. X-ray analysis of [Fe(salophen)NO] 
at 293 K suggests that in the high-spin state the Fe 
ion is displaced out of the plane of the Schiff base 
ligand. Wells et aZ.’ derive from their Miissbauer 
experiments that on going from the S = 2 state to 
the S = 3 state the recoil-free fraction increases. 
These authors attribute this phenomenon to the 
movement of the iron atom from an out-of-plane 
position to an in-plane position. It is clear that this 
implies a change in bond distances and angles. 
Therefore, changes in the bond distances and angles 
must be taken into account in the interpretation of 
the Miissbauer parameters. Wells et al.,s however, 
neglect these changes in their explanation given 
for the variation of Mossbauer parameters with 
temperature. According to the MO diagram, the 
spin crossover consists in the transfer of electron 
density from the d,,-orbital to the d,z-orbital. The 
d,l-orbital possesses less d-character because of 
overlap between the d,z- and the a*-orbital. As a 
consequence the electric field gradient (EFG) and 
thus the quadrupole splitting is larger for the 
S = 4 state. At the same time the Fe atom moves 
into the plane of the equatorial salophen ligand 
and consequently the bond distances (r) become 
shorter. This effect will also lead to an increase in 
the EFG, since the EFG is proportional to rm3. 
As a result of these two cooperative effects the 
quadrupole splitting will greatly change in the 
neighbourhood of the spin conversion temperature 
(180K). On the other hand a relatively small 
decrease in I, is observed. This indicates the effective 
s-electron density as experienced by the iron nucleus 
in the S = 3 state to be smaller. The spin crossover 
is apparently associated with an increase in shield- 
ing of the s-type iron electrons due to transfer of 
electron density from the a*-type d,z-orbital to the 
d,,-orbital. 

The complex [Fe(salophen)NO] is relatively 
stable in the solid state. No decrease in the intensity 
of the nitrosyl stretching frequency (1720 cm- ‘) was 
observed over a period of 2 months. By contrast, 
in oxygen- and/or water-containing solutions a red 

precipitate is rapidly formed. The observed peak at 
82Ocm- ’ in the IR spectrum of the red material 
points to the formation of the p-oxo-dimer [Fe(sal- 
ophen)] zO_ 22*23 Gulotti et al. 24 have reported that 
the p-oxo-dimer [Fe(salen)120 is cleaved in the 
presence of excess cyanide, while [Fe(salen)(CN),] 
is slowly converted into the oxygen-bridged species. 
Most probably this type of dimirization can be 
prevented by a (strong) ligand at the sixth position. 
Placing a sixth ligand along the z-axis will lift the 
d x.-, d,,- and especially the d,z-orbital. This may 
result in an orbital leveling very similar to the 
orbital configuration in the nitroprusside ion.25 

In conclusion [Fe(salophen)NO] is not a suitable 
nitroprusside analogue. Most probably replace- 
ment of the four equatorial cyanide ligands in 
nitroprusside by an anionic multidentate with 
exceptional dn-accepting ability may result in a 
stable Fe(II)-NO+ complex. 
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Abstract -The complex species formed in aqueous solution between Be(I1) and iminodia- 
cetic, N-methyliminodiacetic, N-ethyliminodiacetic and N-propyliminodiacetic acids were 
studied at 25°C and ionic strength 0.5 M in Na ClO,. The application of the least-squares 
computer program LETAGROP to the experimental potentiometric data, taking into 
account hydrolysis of the Be(I1) ion, indicates that, upon varying the ligand-metal 
relationship, only the monohydroxide complex [Be(OH)C]- (H& ligand) is formed in 
significant amounts for the four systems studied. The formation constants jIpr (11, - 11 and 
-21) of the protonated species of the ligands, &,, (- 12 and - 33) of the hydrolytic species 
of Be(II), and /I,, (- 3 11) of the complex [Be(OH)C] - were determined. 

The coordinating properties of Be(I1) in aqueous 
solution with polyaminocarboxylic acids have, in 
general, been very little studied,lm3 probably 
because of the strong tendency to hydrolyse dis- 
played by the small Be(I1) cation.4 In some cases 
where such a study has been carried out, as with 
iminodiacetic acid (IDA), the results have been 
contradictory: Dyatlova et a1.5-7 found that IDA 
did nof form complexes with Be(I1). No references 
to the same are to be found in the tables of stability 
constants.’ -3 However, more recently, Jain ef ~1.~ 
and Dubey et al.* have determined from potentio- 
metric measurements the stability constant of the 
neutral complex BeC (ligand H2C). But these 
authors have not taken into consideration the 
hydrolysis of Be(I1) in their calculations. 

In our studies in aqueous solution of the systems 
Be(II)-EDTA1o*” (EDTA = ethylenediamine- 

*Author to whom correspondence should be addressed. 

tetraacetic acid) and Be(II)-NTA” (NTA = nitrilo- 
triacetic acid) we have found upon analysing the 
experimental potentionmetric data by means of 
the NERNST/LETA/GRAFICA” version of the 
LETAGROP14 program that the species resulting 
from hydrolysis of Be(I1) must be taken into con- 
sideration in the calculations in order to determine 
the complex species really present in the solution 
and to obtain correct values of the stability con- 
stants. Otherwise, the values obtained are higher 
than the true ones, since the acidity due to hydroly- 
sis of the non-complexed Be(I1) is included in the 
value of the stability constant obtained. 

For these reasons we decided to reinvestigate 
in this work the Be(II)-IDA system in aqueous 
solution. The analogous Be(II)-MIDA (MIDA 
= N-methyliminodiacetic acid), Be(II)-EIDA 
(EIDA = N-ethyliminodiacetic acid) and Be(II)- 
PIDA (PIDA = N-propyliminodiacetic acid) sys- 
tems have also been studied, no references to these 
having been found in the literature. 
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EXPERIMENTAL 

Reagents 

IDA was prepared by recrystallization of IDA 
(Merck, analytical grade). MIDA, EIDA and PIDA 
were synthesized by reacting methylamine, ethyl- 
amine and n-propylamine (Merck, products for 
synthesis), respectively, with previously neutralized 
chloroactic acid, following the procedure described 
by Souchay et al. l5 The previously obtained barium 
salts gave the corresponding acid on adding cont. 
HzS04. The acids were purified by recrystallization 
in water-isopropanol mixtures, and were identified 
by their potentiometric equivalents, and NMR and 
mass spectra. 

The solution of Be(ClO,), was prepared by 
reacting metallic Be (Spex Industries Inc.) with an 
excess of HC104 (Merck, analytical grade), its 
free acidity16 being determined, as well as the 
concentration of Be(I1) in aqueous solution which 
was evaluated gravimetrically.‘7~‘8 The carbonate- 
free sodium hydroxide solution was prepared 
according to the school of Sill&” and standardized 
against potassium hydrogen phthalate. NaClO, 
was prepared by recrystallization of NaClO, 
(Merck, analytical grade). 

Apparatus and titration procedures 

The potentiometric titrations were carried out in 
an inert argon atmosphere, at 25 f 0.0.5”C, ionic 
strength 0.5 M in NaClO,, using a Radiometer 
Type PHM-64 potentiometer, a Radiometer 
G 202 B glass electrode and a K 401 calomel elec- 
trode. The celI constants were determined according 
to the method of Biedermann and Sillen, the 
liquid junction potentials being found to be negli- 
gible within the margins of [H’] studied. It was 
found that pK, = 13.72, in excellent agreement 
with reported data.21 

Measurements were taken of the ligands alone 
at the following concentrations: IDA, MIDA and 
EIDA (C, = 10 and 20mM); PIDA (C, = 10 and 
5.7mM). Be(I1) was measured alone (C, = 10 and 
20mM) in order to study hydrolysis, and the 
ligands in the presence of Be(I1) at the following 
concentrations and ligand: metal ratios: Chl = 10, 
20 and 40mM and l:l, 2:1, 4:l and 6:l ratios for 
IDA and EIDA, Cw = lOmM, and l:l, 21 and 41 
ratios for MIDA; and Ch( = lo,20 and 40 mM, and 
1:l ratio for PIDA. 

Data treatment 

The experimental potentiometric data were 
analysed by means of the NERNST/LETA/ 

GRAFICA version’ 3 of the LEGATROP pro- 
gram,14 based on a generalized form of the least- 
squares method that establishes the best model’and 
best values of the /&, constants, minimizing the 
function U = c (Zcxp - ZcalJz, Z being the average 
number of disassociated protons for the total con- 
centration of ligand (Z,) or for the total concen- 
tration of metal (Z,). The LETAGROP calculations 
also give the standard deviations a(Z) and 
a(log &J.22 The computations were performed on 
a Burroughs 6700 computer (Facultad de Ciencias, 
Universidad Central de Venezuela, Caracas). 

RESULTS AND DISCUSSION 

Hydrolysis of Be(I1) 

The aquo cation Be(Hz(0)f + only exists in a 
strongly acid medium.’ Since the work of Kakihana 
and Sillen,23 later confirmed by other authors,24-2g 
it has been established that the main product of 
the hydrolysis of Be’+, in solutions more concen- 
trated than 1 mM, is the trinuclear species 
[Be,(OH)J3+. In a more acidic medium, the dinu- 
clear species [Be,(OH)] 3+ has been identified, the 
percentage of formation of which increases with the 
concentration of beryllium.26 The species Be(OH)2 
has been proposed before precipitation of the 
hydroXi&22,25+26*29 in a small proportion because 
of the very little solubility of Be(OH)2 in water4 
Mesmer and Baes4vz7 question of the existence of this 
species at concentrations above 1 mM, and from 
the studies of Bertin et aLz6 it is deduced that 
neither is it present at concentrations of 10mM or 
over. 

Prior to our study of the coordinating capacity 
in aqueous solution of Be(I1) with different imino- 
diacetic ligands, we investigated the hydrolysis of 
Be(I1) under the same conditions of temperature 
(25°C) and ionic strength (0.5 M in NaClO,). We 
also used concentrations of Be(H) of 10 and 20mM, 
similar to those employed in the study of the 
coordinating capacity. 

The constants B_, are defined by means of 
equilibrium (1): 

qBe2 + + pH,O=[B e,(OH)J(2q - p)+ f pH + . (1) 

The model that best fits the experimental results 
is that which considers the presence of the hydroxy- 
lated species Be2(OH)3+ and Be,(OH)z+ in the 
range of concentrations and pH values (2.5-5.3) 
studied. Forty-eight experimental points of the two 
potentiometric titrations carried out were used for 
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E?!z 
IO mM 
20mM 

Fig. 1. 2, vs log[H+] curves of the hydrolysis of Be(II). 
Full curves have been calculated using the constants B, 

found. 

the calculations. It was found that: 

Standard 

-Log&,, Log/?-,, deviation [a(Z)] Reference 

3.20 8.92 f 0.08 0.018 Present 
work 

3.20 8.81 26 

in good agreement with other authors4,23-27,29 and 
especially with Bertin et aLz6 who worked at the 
same ionic strength and temperature. Figure 1 
shows the excellent agreement between the experi- 
mental curves Z vs -log [H ‘1 and those calcu- 
lated from the values found for fl- i2 and fi-33. It 
should be noted that Z + 1 in accordance with the 
major formation of the species (Be3(OH)3]3’. 

Ionization constants of the acids 

From the values obtained for the constants fl, 
corresponding to equilibrium (2): 

pH+ + rH2C=[HdH2C)r]P + (2) 

the ionization constants of the acids (Ki) given in 
Table 1 could readily be determined. 

The values of pKi are in good agreement with 
those found at 25°C and ionic strength 0.1 M in 
KCl,” and with those found for IDA’*2.31-34 and 
MIDA2*” at 25°C and ionic strength 0.5M in 
NaClO,. It is observed that the order of basicity 
of the N atomJ6 (equilibrium HC-/C2-) is IDA 
< MIDA < EIDA G PIDA, which order corre- 

sponds to the electron donor effect to the corre- 
sponding alkyl radical. 

Formation constants ofthe complexesformed 

The formation constants /I, are defined by means 
of equilibrium (3): 

pH+ + qBe’+ + rH,C+H,Be,(H2C),]‘P + ‘@+. 

(3) 

Since, according to Dyatlova et aLse7 IDA does 
not form complex with Be(II), we first applied the 
model FOND0 (species CBe2PW13', 

C13e3UW313+, H3C+, HC- and C2-) to the 
potentiometric curves of the four systems studied, 
implying the non-formation of complexes. The Z, 
vs - LogCH ‘1 experimental curves for the ligand- 
metal ratios of 1:l and 21 shift slightly to the left 
with regard to the calculated curves, this effect 
being most visible at pH N 5 or over. This seems 
to indicate the presence of a supplementary acidity 
due to the formation of complex species. Since Jain 
et al8 and Dubey et al9 have affirmed the formation 
of the complex BeC for IDA acid, and considering 
the possible formation of the complex BeHC+, 
the possible presence of these complexes is now 
analysed, by using the models FOND0 + BeHC+, 
FOND0 f BeC and FOND0 + BeHC+ + BeC. 
A shit to the left in the experimental curves Zc vs 
-log [H’] continues to exist with respect to the 
calculated curves; therefore the supplementary acid- 
ity does not seem to be due to these complexes. A 
summary of the calculations for the IDA-Be(I1) 
and MIDA-Be(I1) systems is given in Table 2 and 
shows that the constants /I,, are very badly defined 
for these complexes, so if the complex species 
BeHC+ and BeC exist in these systems they would 
be present in a practically negligible amount. The 
calculation for the PIDA-Be(I1) system shows that 
the species BeC is practically non-existent. 

If the complex BeC is only formed in the curves 
for the ligand: metal ratio of l:l, Z + 2, but it can 
be observed from the experimental data in Fig. 2 
(the other three systems behave analogously) that 
at the ratio 1:l the curves inflect at a value of 
Z> 2. These values are attained shortly before 
turbidity is reached for all the R-IDA-Be(H) sys- 
tems. This result is a qualitative proof of the 
presence of a complex with p/r> 2, which could be 
IWOWI-. 

From Fig. 2 it can also be deduced that the 
complex species will be formed at Z > 1 (pH > 3.5). 
At these pH values and at the concentration of 
Be(I1) studied, in accordance with Bertin et a1.26 
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Table 1. Formation constants (&) and ionization constants (Ki) of 
IDA, MIDA, EIDA and PIDA (25”C, I = 0.5 M in NaClO,) 

-Log B, 

pr IDA MIDA EIDA PIDA 

+ 11 - 1.79 + 0.02 - 1.60 + 0.08 - 1.59 + 0.09 - 1.45 + 0.01 
- 11 2.56 f 0.01 2.28 f 0.02 2.32 + 0.03 2.23 + 0.03 
-21 11.83 + 0.01 11.79 f 0.01 12.21 + 0.04 12.18 f 0.04 

a/b 2163 2163 2147 l/34 
e 0.003 0.012 0.007 0.004 
d 2.4-5.6 2.2-4.7 2.2-l 1.3 2.3-l 1.2 

a/b 2138 2155 
c 0.005 0.007 
d 6.3-9.6 5.9-10.6 

Equilibrium (pK,) 

H&+/H& H,C/HC - HC-/C2- = 

IDA 1.79 f 0.02 2.56 f 0.01 9.27 + 0.01 9.32 
MIDA 1.60 If: 0.08 2.28 + 0.02 9.50 * 0.03 9.61 
EIDA 1.51 St 0.09 2.32 f 0.03 9.89 f 0.07 9.95 
PIDA 1.45 + 0.01 2.23 f 0.03 9.95 + 0.07 10.02 

“Number of titrations. 
bNumber of experimental points. 
‘Standard deviations [u(Z)]. 
d-Log[H+] range. For IDA and MIDA, the values of p,r and 

B-11 on the one hand and that of p-21 on the other were calculated 
separately. 

‘At 25°C and I = 0.1 M in KC1.30 

Table 2. LETAGROP calculations for the IDA-Be(II), MIDA-Be(II), EIDA-Be(I1) and 
PIDA Be(I1) systems 

System 0 c 
Cu(mM) Z Species - Log BP4’ a(Z)* 

IDA 4/94 1,2,4,6 10 BeC 5.98 (> 5.73) 0.020 
4194 1,2,4,6 10 [BeHC] + 1.90( > 1.68) 0.019 

121299 1,2,4,6 10,20,40 > 0.8 [Be3(OH)3C3]3- 30.40( > 30.0) 0.025 
4197 1,2,4,6 10 > 0.8 [Be(OH)C]- 11.60 f 0.06 0.014 

121299 1,2,4,6 10,24 40 > 0.8 [Be(OH)C]- 11.58 f 0.13 0.022 
MIDA 3173 1,2,4 10 BeC 5.28 (> 5.05) 0.052 

3173 1,2,4 10 [BeHC] + 1.68(> 1.15) 0.054 
3190 1,2,4 10 >l CWOWCI - 11.31 + 0.04 0.034 
3173 1,2,4 10 0.15-2.07 [Be(OH)C] 11.31 _+ 0.19 0.039 

EIDA 6/108 1,2 10,20,40 >l CWOWI - 11.40 * 0.10 0.030 
12/183 1,2,4,6 10,20,40 0.00-1.60 [Be(OH)C] 11.43 + 0.19 0.056 
12/201 1,2,4,6 10,20,40 >l CWOWI 11.47 +_ 0.15 0.041 

PIDA 3173 1 10,20,40 >l BeC 0 
3/73 1 10,20,40 >l CBe2(OW21 14.5 (> 14.2) 0.035 
3173 1 10,24 40 >l WWWI 11.54 f 0.21 0.03 1 

D Number of titrations. 
b Number of experimental points. 
c Ligand/metal. 
d Standard deviation. 

and our results (Fig. l), the hydrolytic species of species [Be3(0H)3(H20)6]3+ is not destroyed if the 

Be(D) are mainly present, [Be2(OH)13+ and ligands are mono- or didentate, since the tetra- 
especially [Be3(0H)3]3+. On the other hand, coordination of the Be(II) is then maintained, dis- 
Thomas et l~l.~‘-~~ have shown that the trimer placing one or two molecules of water for each 
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- Log tli*1 

Fig. 2. Zc vs -log [H’] curves of the EIDA-Be(H) 
system. Full curves = calculated curves (Model “FON- 

DO + [Be(OH)C]-“, using /I- J1 1 in Table 3). 

atom of Be(I1). Considering the possibility that 
the R-IDA ligands display a behaviour similar to 
that of bidentate ligands, we tried the models 
FOND0 + [BeJOH)C,]-, and FOND0 + 
[Be3(OH),CJ3-. The data presented in Table 2 for 
IDA and PIDA show that good limits of tolerance 
are not obtained for the constants /I, therefore 
permitting us to discount the presence in significant 
amounts of the binuclear species [Be,(OH)CJ - and 
the trinuclear species [Be,(OH)sC,]3-. 

The presence was then confirmed of the mono- 
nuclear species [Be(OH)C]-, by applying the 
model FOND0 + [Be(OH)C] -. The constant 

B- 311 is well defined for the four R-IDA-Be(I1) 
systems studied, as manifested in the summary of 
LETAGROP calculations given in Table 2. The 
values fit better if the calculations are carried out at 
Z > 1. The best values found are given in Table 3. 
Figure 2 shows a good fit between the experimental 
Zcvs -log[H+] curves and those calculated from 
the values of j?_31 1 given in Table 3. Analogous 
curves are obtained for the other three systems. The 
curves calculated for the model FOND0 + 
[Be(OH)C] - practically coincides with the curve 
calculated for the model FOND0 up to pH 2: 5. It 
is deduced that the complex [Be(OH)C]- is mainly 
formed at pH > 5. This result is best observed in 
the diagram of species distribution presented in Fig. 
3 for the IDA-Be(H) system. Analogous distribution 
diagrams are obtained for the other three systems. 
The species [Be(OH)C] - begins to form in small 
amounts at pH > 4, but mainly at pH > 5. The 
limited margin of existence of the species 
[Be(OH)C]- is conditioned by the great stability of 
the hydrolytic species [Be3(0H)J3+. In Fig. 3 it is 

Table 3. Formation constants (B,) and stability constants 
(K) of the complex [Be(OH)C]- of IDA, MIDA, EIDA 

and PIDA (2S”C, I = 0.5 M in NaClOJ 

Acid -Log 8-311 LogK LogK LogK LogK 

IDA 11.60 f 0.06 13.95 16.83” 
MIDA 11.31 f 0.04 14.20 16.15b 13.53’ 
EIDA 11.40 f 0.10 14.53 13.w 
PIDA 11.54 f 0.21 14.36 13.48’ 11.28’ 

“Cu(II), 25°C I = 0.1 M in KCI’ 
bCu(II), 2o”C, I = 0.1 M in KC1.r 
‘Pb(II),25”C, I = 0.1 M in NaNOJ.41 
dFe(II), 25”C, I = 0.1 M in KCl.” 

Cl0 

60 ;$$= L/M’1 

: - 

C0e,0H13+ -. 
CEle3(OH)333’o 

40 Ct3e(OH)Cl~-- 

d3(0H)J3 . 
. 
. 
. . 

- Log [H’I 

Fig. 3. Species distribution as a function of -log[H+] 
for the IDA-Be(H) system. 

observed that as the concentration of the ligand 
increases, the proportion of the complex 
[Be(OH)C]- increases and that of the species 

CBedOHM 3+ decreases. That is, the complex 
[Be(OH)C]- is fundamentally formed by means of 
equilibrium (4): 

$WOH),13+ + HC-=[Be(OH)C]- + H+ 

(4) 

which accounts for the supplementary acidity 
observed in Fig. 3 upon formation of the complex 
[Be(OH)C] -. 

The R-IDA ligands act, therefore, as tridentate 
ligands, destroying the trinuclear species 

CBe3(OW31 3+. The OH- will occupy fourth place 
in the tetrahedron of coordination4’ of the Be(II), 
leading us to propose the structure in Fig. 4 for the 
complex [Be(OH)C]-. The species BeC(H20) is 
unstable, since if it were formed it would undergo 
rapid hydrolysis, stabilizing the species 
[Be(OH)C]-. But the experimental data are more 
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OOC-,CHr 
HO-~--N--R 

f?=H, IDA 11. A. Mederos, J. M. Felipe, M. HemBndez-Padilla, 
R=CH3, MIDA 

OOC’CHr 
R = C$+,, EIDA 

F. Brito, E. Chinea and K. Bazdikian, J. Coord. Chem. 
R = C3H,,PIDA 1986, 14, 277. 

12. A. Mederos, S. Dominguez, A. M. Medina, F. Brito, 
Fig. 4. Structure proposed for the complex [Be(OH)C-. E. Chinea and K. Bazdikian, to be published. 

13. F. Brito and J. M. Gonwlves, Project No. 51.78.31- 
5 1-1228, CONICIT, Caracas, Venezuela (198 1). 

14. R. Arneck, L. G. Sill&n and 0. Wahlberg, Ark. Kemi 

in accordance with its formation from the trimer 1959, 31, 353. 

species [Be3[OH313+ (Fig. 3). NTA and such stabil- 15. P. Souchay, N. Israily and P. Gouzerh, Bull. Sot. 

ize the neutral complex BeC- (H3C ligands),” 16 ~~ra~~~~;‘~9b7;, ,, 661 
because the ligand is tetradentate and satisfies the ’ ’ 
coordination necessities of the Be(II).40 

17. J. Hurk, ‘M. Kremer aid G. Bequer, Anal. C&m, Acta 
1952, 7, 37. 

The values of the constant a_ 31 1 are Practically 18. R. Pribil, Analytical Applications of EDTA and Related 
identical for the four ligands studied (Table 3). The Compounds. Pergamon Press, Braunschweig (1972). 
values of the stability constant K of the complex 19. F. Brito and N. Ingri, An. Quim 1960, !%B, 165. 
[Be(OH)C] - are also given in Table 3, according to 20. G. Biedermann and L. G. Sill&, Ark. Kemi 1953, 5, 

equilibrium (5): 425. 
21. G. Lager&m, Acta Chem. Scand. 1959, 13, 722. 

Be2+ + C2- + OH-=[Be(OH)C]-, (5) 22. 

readily calculated from j?_ 3 1 1 (Table 3), p- 2 1 23’ 
(Table 1) and K, the ionic product of the water. 24. 
Upon comparison with other values of 1ogK for 
[M(OH)C]- complexes (Table 3), it is found that 25. 
the complexes of Be(I1) are more stable than those 
of Fe(II), somewhat more stable than those of Pb(II) 26. 
and less stable than those of Cu(II). 

L. G. Silltn, Acta Chem. Stand. 1962, 16, 159; L. G. 
Sill&n and B. Warnqvist, Ark. Kemi 1969, 31, 341. 
H. Kakihana and L. G. SillBn, Acta Chem. Scand. 
1956, 10, 985. 
B. Carrel1 and A. Olin, Acta Chem. Stand. 1961, 15, 
1875. 
S. Hietanen and L. G. Sillin, Acta Chem. Stand. 1964. 
18, 1015. 
F. Bertin, G. Thomas and J. C. Merlin, Bull. Sot. 
Chim. Fr. 1967, 2393. 

1. 

2. 

3. 
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Abstract-The structure of inorganic polymers such as hetero- and isopolyanions formed 
by connecting some MO6 octahedra is topologically discussed on the basis of the mode 
of connectivity of the octahedral components. The path in the inorganic polymer and the 
closed loop in the polyanion, which are contours continuously linked by trans-located 
bridging vertices (oxygens) in each constituent octahedron, are discussed. The previously 
reported three rationalizations of the polyanion structure are standardized; the first is 
Lipscomb’s proposal on the number of terminal vertices within each octahedral unit of 
actual polyanions, the second is Pope’s classification of all polyanions according to 
Lipscomb’s proposal, and the third is our presentation of the structural stability based on 
the number of closed loops. A topological definition of a polyanion is provided by the 
Lipscomb-Pope condition; the polyanion is a condensation compound of some octahedral 
units where each octahedron has one or two mutually cis-located terminal oxygens. The 
structure of the polyanion skeleton is determined by the combination of the structural 
parameters A, B and C, where A is the number of MO6 octahedral components constituting 
the polyanion skeleton, B the number of MO6 units constituting the closed loop, and C 
the number of closed loops. The closed loop is directly related to the mode of connectivity 
of the octahedral units and significantly contributes to the structural stability. The 
combination of the structural parameters A, B and C represents the topological character 
of the polyanion. The topological isomer with an identical combination is distinguished 
from the chemical isomer with an identical composition. 

Hetero- and isopolyanions in chemistry are 
included in an inorganic polymer formed by con- 
necting some MO6 octahedral units, that is, by 
repeating their corner and/or edge sharings. They 
have also been considered as assemblages of metal- 
oxygen octahedra, or as fragments of metal-oxide 
lattices and close-packed arrays.’ Topology has 
provided us with some tools for classifying geo- 
metrical figures as a bounded and closed set, or 
a compact set, an arcwise connectivity, Euler’s 
characteristics and so on.2 As shown in elementary 
topology, these items have a mathematically com- 
mon property, the topological invariant, which all 
homeomorphic figures necessarily possess.* How- 
ever, they are not always a powerful tool for the 
topology of the polyanion structure as a geometrical 

aggregate of octahedral units. In this paper, we 
have discussed the polyanion structure and its 
stability by using a new idea concerning the connec- 

*The theorem for the topological invariant is well- 
known. Theorem. If two figures (A and B) are homeo- 
morphic, the following three propositions are presented. 
(1) If A is the compact set, B is also the compact set, (2) 
if A is arcwise-connected, E is also arcwise-connected, 
and (3) their Euler’s characteristics are equal. 

The contraposition of the theorem has been practically 
used for classification of the figures. For two figures (A 
and B): (1) if A is the compact set and B is not, A is not 
homoemorphic with B, (2) if A is arcwise-connected and 
B is not, A is not homeomorphic with B; and (3) if their 
Euler’s characteristics are different from each other, they 
are not homeomorphic. 
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tivity of octahedral components, the path and the 
closed loop, which are contours continuously linked 
by crans-located bridging vertices in each octa- 
hedron. The polyanion is topologically defined by 
the. Lipscomb-Pope condition.3*4 

RESULTS AND DISCUSSION 

The path 

For instance, in a hypothetical inorganic polymer 

(I), WO,, + 2 t formed only by edge sharing, and a 
polymer (II), MnOSn+ 1, formed only by corner 
sharing of n MO6 octahedral units [Fig. l(a)], 
both are arcwise-connected, because they have 
a continuous linkage of octahedral components. 
Further, they have an identical Euler’s character- 
istic; x = V (vertex) - E (edge) + F (face) = n + 1, 
because I/= 4n + 2, E = lln + 1, and F = 8n for 
polymer I; and V = Sn + 1, E = 12n, and F = 8n 
for polymer II. The topological invariant is a 
necessary but not a sufficient condition for homeo- 
morphic figures.* Therefore, these two polymers 
cannot be discriminated in a simple way. In these 
polymers, six vertices of an octahedron and a 

(a) 

(b) 

Fig. 1. (a) Hypothetical inorganic polymers formed by 
edge and comer sharings of n octahedral MO, units: I 
with general formula of Mn04n+2r and II with that of 
M.Os.+ I, respectively. They are drawn as n = 6 for 
convenience. Both have an identical Euler’s charac- 
teristic: x = V (vertex) - E (edge) + F (face) = n + 1. 
(b) Classification of I and II by path. There are two paths 
represented by broken and dotted lines in I and one path 

by a broken line in II. 

*See footnote on p. 309. 

connecting mode are essential points. Each octa- 
hedron could not be substituted by a spherical ball, 
although they are homeomorphic with each other. 
Here we intend to propose that a path becomes a 
tool classifying the structure of such polymers. The 
path is defined as the contour continuously linked 
by trans-located bridging vertices (oxygens) in each 
MO, octahedron, O-M-O-. . . . -M-O. The 
path starts from a vertex in the terminal octahedron. 
It should pass through all the octahedral units. In 
the above example, there exist two paths in polymer 
I, but only one path in II [Fig. l(b)]. The analogous 
polymer formed only by face sharings, MnOJn+ 3 
(V=3n+3, E=9n+3, and F=6n+ 2), has 
three paths. However, this polymer is homeo- 
morphic with a monomeric polyhedron and a 
spherical ball, because none of the linking octahedra 
have terminal vertices. In fact, it has an Euler’s 
characteristic of 2, independent of n. It follows, 
therefore, that this polymer is distinct from poly- 
mers I and II. The path is a stricter condition than 
the arcwise connectivity. In polymer I, if each edge 
sharing is transformed into corner sharing by 
“scissoring” the shared edges, many corner-sharing 
polymers are produced. All of them, of course, have 
equal Euler’s characteristics. Only one of them, 
polymer II, has one path and the others have no 
path despite the continuous linkage of all the 
octahedral components. If some edge sharings are 
transformed into comer sharings by “scissoring”, a 
number of polymers containing both comer and 
edge sharings are produced. Only limited polymers 
have one path. Some examples are depicted in 
Fig. 2. 

The next examples are the polymers M30r4 (III), 
M30r4 (IV) and MaOr (V) formed by the edge 
sharing of three octahedra (Fig. 3). They are funda- 
mental fragments which frequently appear in many 
polyanion structures.’ The difference between poly- 
mers III and IV is an edge-sharing site of a terminal 
octahedron. Three octahedra in polymer V share 
an edge with each other. These polymers also have 
an equal Euler’s characteristic (x = 4), as readily 
confirmed. Polymer V can be certainly discrimi- 
nated from IV and III by the arcwise connectivity 
resulting from a removal of one octahedron. How- 
ever, the path provides a more evident difference; 
there exist two paths in III, one in IV and none in 
V (Fig. 3). Since the path is related to the mode of 
connectivity of each octahedron, it is meaningful in 
the topology of an inorganic polymer. 

In polymers I and II, a condensation by edge, 
corner or face sharing between two terminal 
octahedra leads to cyclization, although it needs 
an appropriate number of linking octahedra. The 
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(a) (b) 

Fig. 2. Inorganic polymers containing both edge and comer sharings produced b “scissoring” 
of I. There is one path in (b) and (c), but no path in (a) and (d). 

propagation of an inorganic polymer by the conden- 
sation of some octahedral units ceases on cycliz- 
ation, because a linear-type condensation is endless. 
This not only applies to the main chain but also to 
the side chain or the branch. Evidently, the number 
of terminal vertices (oxygens) of condensating 
octahedra decreases on cyclization. The cyclic poly- 
mer (I’), M,04, (I’ = 4n, E = 1 In and F = 8n; 
x = n), derived f rom polymer I, and the cyclic 
polymer (II’), M,05, (V = 5n, E = 12n and F = 8n; 
x = n), derived f rom polymer II, have two and one 
path, respectively [Fig.qa)]. In these cases, the 
path forms a closed linkage. Incidentally, polymers 
I and II are not homeomorphic with the cyclic 
polymers I’ and II’, because the Euler’s charac- 
teristics are different.* The cyclic polymers I’ and 
II’ have two and four terminal vertices in each 

the actual polyanions hitherto known, the number 
of terminal oxygens in each octahedral component 
is less than or equal to two. According to this 
proposal, Pope4 has classified the known poly- 
anions into three types; type I comprising each 
octahedron with a single terminal oxygen, type II 
comprising each octahedron with two mutually cis- 
located terminal oxygens, and type III containing 
both sorts of octahedron. Lipscomb’s proposal 
requires that multiple condensations of octahedral 
units are absolutely necessary for the formation of 

.. ., 
,a.’ 

- I .’ , * I . 

,, ‘. ,“.. ,,’ -., m% 
mu (IV) 

octahedron, respectively. This implies that polymer 
I’ has a higher degree of condensation than II’. 

Fig. 3. Polymers formed by edge sharing of three 

Here it is noteworthy that the cyclization is indepen- 
octahedra and classification by path. There are two, one 

dent of the connecting positions between the two 
and no path in III, IV and V, respectively. 

condensating octahedra. In the cyclic polymers, 
closed linkages sometimes exist, but more fre- 
quently they do not. This is exemplified in polymer 
II’, where the probability of having a closed linkage 

is l/S [Fig.qb)]. 

The Lipscomb-Pope condition and the polyanionb 

Although the polyanion is an inorganic polymer, 
we should discuss them separately. The reason is 
that the inorganic polymer which is a condensation 
compound of octahedral units includes the poly- 
anion, but the condensation compound is not 
always a polyanion. Thus, the definition of the 
polyanion is required. 

Lipscomb has previously proposed that MO6 
octahedra polymerize in aqueous solution to give 
stable polyanions in which no octahedron termin- 
ates in three or more terminal oxygens. In fact, in 

*See footnote on p. 309. 

____--------_____ (a) 
,/ .c --__ 

/’ 
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,j (b) 

b a 

Fig. 4. (a)Cyclic polymers derived from I and II and 
path; I’ with genera1 formula of M,04, and II’ with that 
of M,05,. They have an identical Euler’s characteristic; 
x = n. (b) Connectivity and path in cyclic polymer II’. 
Only when the cyclization is completed at point c does 

one closed linkage exist. 
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the polyanion, because the number of nonbridging 
oxygens in the monomeric octahedron, six, should 
decrease to less than or equal to two. The formation 
of the polyanion is certainly well described by the 
proposal. Further this can be considered to be the 
necessary and sufficient condition for the conden- 
sation compound being the polyanion. Thus, the 
topological definition of the polyanion is given by 
the Lipscomb-Pope condition; the polyanion is the 
condensation compound of octahedral units where 
each octahedron has one or two mutually cis- 
located terminal oxygens. 

Here it should be noted that the Lipscomb-Pope 
condition concerns the number of terminal oxygens 
in each octahedral unit derived from the already 
formed polyanions. Coordination by a heteroatom 
and modification by attaching water, hydroxy and 
some organic groups can sometimes convert the 
terminal oxygens into nonterminal ones. Accord- 
ingly, it is possible that the Lipscomb-Pope con- 
dition can be satisfied by such modifications, even 
though it is not satisfied by the original skeleton. 
Furthermore, it is silent about whether the poly- 
anion is stable or not. 

As referred to in the definition, none of the 
examples of inorganic polymers (I-V) and the cyclic 
polymer II’ are polyanions. The cyclic polymer I 
has two terminal oxygens in each octahedron; 
however, it is also ruled out, because of their trans 
location. 

The closed loop and structural stability 

The path is a convenient tool for distinguishing 
some inorganic polymers consisting of the same 
number of octahedral units. This can also be applied 
to a polyanion. We frequently find that the route 
along the path forms the closed linkage passing 
through only bridging vertices. Generally, when the 
starting vertex of the contour is the same as the 
end vertex, we have called it a closed 10op.~@) The 
closed loop does not necessarily pass through all 
octahedral units in the polyanion. There sometimes 
exist some local closed loops passing through 
partial octahedral units. This point may be different 
from the path in the polymer. However, the closed 
loop also becomes a topological tool for distinguish- 
ing some polyanions. When the path is a closed 
linkage, it is essentially a closed loop. These are 
shown in Fig. 5. 

The formation of a closed loop is directly related 
to the mode of connectivity of the octahedral 
components. Further, the combination of the struc- 
tural parameters A, B and C, where A is the number 
of MO6 octahedral components constituting the 

(VII) 

Fig. 5. Path and closed loop for polyanions formed by 
edge sharings of six octahedra; one path in VI constitutes 
one closed loop. In VII, there is no path through all the 
octahedra, but three closed loops through four octahedra. 
In VI and VII, the filled small circles are metal (M) atoms 
and in the framework bond model of VII the uniformly 
marked circles (oxygens) identify one closed loop. The 
polyhedral skeletons of VI and VII are actually seen in the 
Anderson polyanion and the [M,O , J - isopolyanion, 

respectively. 

polyanion skeleton, B the number of MO6 units 
constituting the closed loop, and C the number of 
closed loops, represents a one-to-one correspon- 
dence with many actual polyanion structures.S(a)-(d) 
Thus, this combination is representative of the 
topological character of the polyanion. As a matter 
of fact, a number of polyanions are more con- 
veniently classified by A, B and C than by the 
Euler’s characteristic. Here it should be noted that 
in the heteropolyanions the number of heteroatoms 
themselves, and some elements and groups regarded 
as the heteroatom, do not contribute to the struc- 
tural parameters, especially to parameter A, and 
the closed loop is only applied to the polyanion 
skeleton as an aggregate of octahedra. 

If polyanions with different structures have an 
identical combination of A, B and C, they should 
be topologically isomeric. Since the topological 
isomer is not related to a chemical formula or 
composition, it is not always chemically isomeric. 
Some mechanisms for the interconversions between 
a- (VIII) and /?-[Mo,0,J4- (IX) isopolyanions, 
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and between Anderson-type [XMo,O,,H,]“- (X) 
and Lindqvist-type [Mo,02J6- (XI) polyanions, 
have been previously proposed by some workers 
(Fig.6).6*7 However, c+ and /~-[Mo~O,,]~- poly- 
anions are chemical isomers, but not topological 
isomers, because the structural parameters are 
A = 6, (B, C) = (6,1) in the former, and A = 8, 
(B, C) = (4,2) in the latter. ‘(‘) On the other hand, the 
Anderson-type [Xh’i06024&]“- heteropolyanion, 
the Lindqvist-type [Mo~O~~]~- and the a- 

[Mo,0,,14- isopolyanions are topological iso- 
mers, but not chemical isomers, because these 
polyanions have identical parameters [A = 6, 
(B, C) = (6,1)-J”“’ in spite of different chemical com- 
positions. Recently Pope and coworkers’ have 
prepared new heteropolytungstoarsonates, 
[RAsW,O,,H]‘- (R=CH,, C,Hs or 
p-NH,---C,H,) (XII), and discussed the mechanism 
for the interconversion with the “topologically” 
related compound, the Lindqvist-type [W7024]6- 
polyanion. The former parameters are A = 7, 
(B,C) = (6, l), but the latter ones are A = 6, 
(B, C) = (6, l), because the central nonoxo WO6 
octahedron in the Lindqvist structure has been 
treated as a heteroatom. ‘(‘) Thus, these polyanions 
are neither chemically nor topologically isomer%. 
However, the [(RAs),W~O~~H]~-(XIII) poly- 
anion [A = 6, (B, C) = (6, l)], which is rapidly 
induced from XII in aqueous solution, is topolog- 
ically isomeric with the [W7024]6- isopolyanion 
(Fig. 7). 

Apart from the above points, the closed loop is 
chemically meaningful and it significantly contrib- 
utes to the stability of the polyanion, since the 
cyclic n-bonding system along the loop can be 
considered. The n-bonding character of bridging 
oxygens has been experimentally confirmed.6@‘) 
Westa’ have previously proposed the structural 
stability of the polyanion skeleton on the basis of 
the number of closed loops and defined the stability 
index (q) as the number of closed loops per MO6 
octahedral unit. It has been estimated from the 

w (Xl) 

Fig. 6. Polyhedral models of some polyanions; a- 
[Mo80,J4- (VIII), fi-[Mo80,J4- (IX), Anderson-type 
[XM,O,,H,]“- (X) and Lindqvist-type [M,0z416- (XI) 
structures. Shaded polyhedra are the heteroatom or the 

groups regarded as it. 

structural parameters A, B and C as r~ = (ZBC)/A. 
This, in turn, represents the proportion of octa- 
hedral components constituting the closed loop to 
the total number of octahedral units of the poly- 
anion. The product BC shows the number of 
bridging oxygens on the closed loops. The sum- 
mation is more than, equal to, or less than the 
number of actual bridging oxygens according to 
the multiplicity of the loop passing through the 
same vertex (bridging oxygen). q has been estimated 
for a number of actual polyanions5(“)dd) and its 
properties have been summarized as general rules: 
(1) polyanions with a larger index are more stabi- 
lized; (2) polyanions with an identical index within 
the same series of constituting elements (M ion and 
heteroatom) can be interconverted, or converted 
from one polyanion to another; (3) the index 
reveals the degree of condensation; (4) when a 
heteropolyanion decomposes, or degrades, into 

Fig. 7. Polyhedral models of [RAsW,O,,H]‘- (XII)8 and [(RAs)~W~O,,H]~- (XIII)’ polyanions. 
The tetrahedral part of the RAsOS group is shaded. 
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some isopolyanions under an appropriate con- 
dition, the isopolyqnion possessing the largest index 
is predominantly produced; and (5) the real heter- 
opoly and isopoly compounds with a smaller index 
are stabilized by some supporting factors other 
than the structural one. 3. 

4. 
5. 
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Abstract-The following compounds, TlBrI,(PyO), , TlBrI,(2-PicO), , TlBrI,(3-PicO), , 
TlBrI,(CPicO),, TlBrI,(4-Cl-PyO),, TlBrI,(4-CN-PyO),, TlBrI,(4-N0,-Py0)2 and 
TlBrI,(4-CH,O-PyO),, have been prepared and characterized by elemental analysis. The 
solids behave as non-electrolytes in acetonitrile solution and are monomers in benzene. 
Vibrational (IR and Raman) spectra suggest that the most probable structure is that of a 
trigonal bipyramid with the halogen atoms in equatorial positions and the two ligands in 
axial positions. 

Our previous work reported the detailed charac- 
terization of TlI, . L,’ and TlClI, * Lzz complexes, 
following a new and simple synthesis procedure 
which is an improvement on the one published by 
Cott0n.j 

We now report the synthesis and structural 
characterization of interhalogen derivatives of thal- 
lium(II1) of type TlBrI, . L,. The selected ligands 
are: pyridine N-oxide (PyO), 2-, 3- and 4-methyl- 
pyridine N-oxide (2-PicO, 3-PicO and 4-PicO), 4- 
chloropyridine N-oxide (Ccl-PyO), 4-cyano- 
pyridine N-oxide (CCN-PyO), 4-nitropyridine N- 
oxide (CNO,-PyO) and 4-methoxypyridine N- 
oxide (4-CH,O-PyO). TlBrI, -2PyO has been pre- 
pared previously4 but it is prepared now for com- 
parison. 

EXPERIMENTAL 

Measurements and material 

IR spectra were recorded on a Perkin-Elmer 180 
spectrophotometer with a far-IR accessory and the 

*Author to whom correspondence should be addressed. 

Raman spectra with a Jarrel-Ash spectrophoto- 
meter (Ar+ laser, 5 145 A). The conductivity 
measurements were carried out with a WTW LF-3 
type conductivity bridge and an LTA type electrode 
using 10m3 M solutions in acetonitrile, and the 
molecular weights of those complexes that were 
sufficiently soluble were determined in benzene in 
a Knauer vapour pressure osmometer. Standard 
procedures wereused for determining the elements. 
All products were of reagent grade and the solvents 
were dried by standard procedures. 

Synthesis of the complexes 

They were prepared by the addition of a solution 
of iodine in acetonitrile, drop by drop, with mag- 
netic stirring, to a TlBr suspension and the donor 
in the same solvent. As the addition proceeds the 
TlI can be observed dissolving as a consequence of 
the formation of the new TlBrI, * 2L compounds 
which are often soluble in the selected solvent. The 
transparent solution formed is stirred for a few 
hours and concentrated in the vacuum line. Some 
solids were recrystallized in acetonitrile. 

315 
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RESULTS AND DISCUSSION 

All the compounds were prepared in a 1:2 molar 
ratio as coloured solids (some of them crystalline). 
The compounds are photo- and air-stable, with 
the exception of TlBrI,(4-NO,-PyO), which is 
hydrolyzed slowly by air (in acid medium the 
hydrolysis is very fast). They are soluble in solvents 
with lower dielectric constants. The molecular 
weights show that the compounds exist as mono- 
mers, at least in benzene, in agreement with data 
obtained for similar compounds. 1*3-S The milimolar 
conductivities in acetonitrile (see Table 1) are lower 
than the values reported for 1: 1 electrolytes,6 and 
show their non-electrolytic behaviour in this sol- 
vent. 

The most significative bands of the IR spectra of 
the ligands and adducts are shown in Table 2. The 
ligand bands have been assigned according to 
Shindo’ and Karayannis.’ 

The position of the v(N-0) vibration mode in 
the compounds is shifted toward lower wave- 
numbers (Av * 20-49cm-‘), showing that the 
coordination takes place through the oxygen atom 
of the N-O group. The strong band, close to 
850cm-’ and assigned to 6(N-0), undergoes 
small shifts which have been ascribed to two 
competitive effects9 and have also been detected 
in other complexes with these aromatic amine 
oxides 294.8910 

The’v(Tl-Br), v(Tl-I), v(Tl-0) and 6(Tl-X) 
bands that appear between 500 and 5Ocm- ’ con- 
tain information concerning the structure of the 
complexes. The assignments of the v(Tl-Br) and 
v(Tl-I) vibrations has been accomplished by com- 
paring the spectra of our complexes with the 
assignments made in other thallium halide com- 
plexes’*2*4*5 prepared by us, and taking into account 
that, according to Carty, 1 ’ the v(Tl-Br)/v(Tl-C1) 
and v(Tl-I)/v(Tl-Cl) ratios must be 0.7 and 0.6, 

respectively. The bands appearing at 130 and 
150 cm - ’ have been taken as G(Tl-Br) and ml- 
I) modes, respectively, as has been suggested by 
Walton” and McWhinnie l3 The position of the 
v(Tl-0) band has been placed at 300 cm- ’ accord- 
ing to the assignments of other papers.‘,’ These 
assignments are listed in Table 2. 

X-ray diffraction studies of the complexes TlC13 
(4-CN-PyO)2,‘4 TlI,(ZPicO),,’ ’ TIBr, 
VPW2, I6 T1Br3(Py0),,” TlBr21(TPP0)218 and 
TlClBrI(TPPO), , I9 have confirmed the presence in 
these crystals of slightly distorted trigonal bipyrami- 
da1 molecules. Recently T1Br12(TPP0)220 and 
TlBr12(4-Pic0)221 have been studied. The unit cell 
of TlBrI,(CPicO), is orthorhombic, space group 
Pnna, and the structure consists of discrete mol- 
ecules which have distorted trigonal bipyramidal 
geometry. The thallium atom is coordinated to two 
iodine atoms and a bromine atom in equatorial 
positions, and by two ligands in the axial positions. 

The small number of bands present in the 
vibrational spectra qf the complexes and their 
position may exclude the presence of covalent 
dimeric or polymeric structures and ionic 
forms 1.22.23 

For our TlBrI, compounds the presence of 
monomer trigonal bipyramidal species must be 
expected. For this kind of systems there are three 
different spatial arrangements with thallium CzU, 
C, or C1 local symmetries. All of them originate 
one v(Tl-Br), two v(Tl-I) and two v(Tl-0), 
all IR- and Raman-active. The number of bands 
present in the IR spectra of these compounds is 
compatible with a bpt structure, in spite of us being 
able to find only a band which can be assigned to 
a Tl-0 stretching mode. However, the Raman 
spectra show a band at ca 270 cm- I, which can be 
assigned to the symmetrical Tl-0 stretching mode, 
which should be stronger in Raman than in IR 
spectra. 

Table 1. Analytical data and some physical properties of the compounds 

Compounds Colour % C” % H” % N” % Tl” M.p. (“C) AMb M,’ 

TIBr12(PyO), Orange 16.7 (16.5) 1.2 (1.4) 4.0 (3.9) 27.4 (28.1) 138 38.37 691 (728) 

TlBrI,(4-Cl-PyO), Orange 15.4 (15.1) 1.0 (1.0) 3.4 (3.5) 25.7 (25.6) 126 45.56 792 (797) 
TlBrI,(4-NO*-PyO), Orange 14.7 (14.7) 0.8 (1.0) 6.7 (6.9) 25.4 (25.0) 88 (d)d 41.57 - 

TlBrI,(4-CN-PyO), Red 18.3 (18;5j---LO (1.0) 6.9 (7.2) 25.7 (26.3) 139 (d) 49.14 - 

TlBrI,(4-CH,O-PyO), Yellow 18.4 (18.3) 1.7 (1.8) 3.5 (3.6) 25.5 (25.9) 86 23.55 808 (788) 

T1BrI,(2-Pic0)2 Orange 19.2 (19.1) 1.7 (1.9) 3.4 (3.7) 25.9 (27.0) 127 35.47 750 (756) 
TlBrI,(3-PicO), Orange 19.0 (19.1) 1.8 (1.9) 3.6 (3.7) 26.8 (27.0) 135-136 39.16 758 (756) 

TlBrI,(CPicO), Red 19.1 (19.1) 1.8 (1.9) 3.5 (3.7) 27.4 (27.0) 140 40.45 753 (756) 

“The theoretical values are given in parentheses. 
bConcentration in 10e3 M acetonitrile. 
‘Molecular weight measured in benzene. 
dDecomposition. 
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Table 2. Most significant bands of the ligands and the complexes“ in the IR spectra 

Compound v(N-0) &N-O) v(Tl-0) v(Tl-Br) v(TI--I) Other bands 
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PYO 1.243~s 842s 

TWL(PyOh 1.21ov.s 833s 
4-Cl-PyO 1.248~s 848s 
TlBrI,(4-Cl-PyO), 1.205s 837s 
4-NO,-PyO 1.273~s 861m 
TIBrI,(4-NO,-PyO), 1.224~s 850s 
4-CN-PyO 1.27%~ 845s 
TlBrI,(4-CN-PyO), 1.239~s 850s 
4CHjO-PyO 1.213~s 850s 
TlBrI,(4CH,O-PyO)z 1.192~s 839s 
2-PicO 1.242~s 855s 

TlBrI,(ZPicO), 1.205~s 841s 313s 200s 17os, 160m 

3-PicO 1.278~s - 

TlBrI,(3-PicO), 1.258s - 

4-PicO 1.228~s 852s 

- - 

293~s 189s 
- - 
- 210s 
- - 

330m 192s 
- - 

290m 200s 
- - 

292m 197s 
- - 

- - 

292m 188s 

- - 
- 217s 

- 

18Os, 170s 
473s, 465m, 336s, 317d 
479s, 47Os, 378s, 327w, 122m* TlBrI,(CPicO)* 1.192s 827s 

“Abbreviations: m, medium; s, strong; w, weak; sh, shoulder; br, broad; v, very. 
*Band assigned to qTl--X). 

- 

165s, 15Osh 
- 

169s, 154m 
- 

17Os, br 
- 

169vs, br 
- 

161, 155sh 
- 

- 

168s, 154m 

515m, 460s 
518vs, 46Os, 41Os, 13Om* 
48Om, 334m, 280m 
465m, 368s, 279m, 192m 
455m, 36&n, 220s 
455m, 37Om, 232m, 118m* 
455m, 41Om, 220m 
455m, 425m, 128*w, 105*w 
455s, 4OOs, 31Ow, 250s 
462s, 403s, 252s, 107*m 
47Os, 454s, 342m, 27Ow, 255w, 
230m 
468s, 455s, 345m, 232m, 129w, 
107w* 
492s, 438m, 308m 
485s, 438m, 308m, 203w, 122w, 
107w* 

Finally, the most probable structure for 10. 
TlBrI, . L, compounds is a trigonal bipyramid with 
the halogen atoms in equatorial positions and the 11. 
two ligands in axial positions. 12. 

13. 
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Abstract-The complexes [(PtMe,X)C,H,NC(R):NCH(Ph)Me] (X = Cl, Br or I; R = H 
or Me) of the Schiff bases derived from (s)-( - )- a-methylbenzylamine and 2-pyridinecarbox- 
aldehyde and 2-acetylpyridine, respectively, have been prepared and characterized by 400- 
MHz ‘H NMR spectroscopy. The diastereoisomeric mixtures have been separated, but 
rapid isomerization is observed in solution. 

The &z-methyl groups in trimethylplatinum(IV) ility by ‘H NMR spectroscopy. Another feature of 
compounds1 make the octahedrally coordinated interest in these complexes is their similarity to the 
metal a chiral centre whenever there are three thioether compounds [(PtMe,X)MeS(CH,),SMe], 
different tram substituents, or multidentate ligands which undergo an intramolecular fluxion at high 
which remove the planes of symmetry. No optically temperatures that causes a coalescence of the ‘H 
active PtMe: complexes have been reported to NMR signals from the Pt-Me groups. The most 
date, though in the closely related complex plausible mechanism for this process is a “pancake 
($-C,H&Pt(CH,&H,)(COCH,) the pseudo- flip” rotation of the thioether.7 Such a mechanism 
tetrahedral or “piano stool” disposition of ligands applied to the Schiff base complexes would inter- 
confers optical isomerism. The 13C and ‘H NMR convert the two diastereoisomers, and a ligand flip 
signals from all four ligands in this complex are process has been suggested by Brunner to explain 
split in the presence of a chiral shift reagent’s3 but the isomerization of diastereoisomers of some 
it was not possible to resolve the isomers. square pyramidal MO(I) complexes of I.* 

The addition of an optically active ligand of 
defined chirality (9 to a prochiral metal centre will 
necessarily generate two diastereoisomers during 
synthesis, with optical configurations (S)(R) and 
(S)(s) at the (ligand)(metal) atoms, respectively. This 
has been elegantly exploited by Brunner and co- 
workers,4 who found that “piano stool” complexes 
of type [($-C,H,)Mn(NO)(CO),]+ could be 
resolved by replacing one of the CO groups with 
an optically active t-phosphine,5 and the octahedral 
complexes fat-[(CO),M(PPh,)(L-L)] (M = Cr, 
MO or W) by using a chiral Schiff base (L-L).6 The 
direct parallels with fat-trimethylplatinum(IV) led 
us to prepare the complexes [PtMe,X(L-L)], where 
X = Cl, Br or I, and (L-L) = the Schiff bases I and 
II made from the condensation of 2-pyridinecarbox- 
aldehyde and 2-acetylpyridine, respectively, with 
the optically active primary amine @)-(-)-a- 
methylbenzylamine, and to study their optical stab- 

EXPERIMENTAL 

Literature methods were used to prepare 
trimethylplatinum iodide9 and sulphate,” from 
which the bromide and chloride were obtained by 
reaction with the appropriate potassium halide.” 2- 
Pyridinecarboxaldehyde, 2-acetylpyridine and (S)- 
(-)-a-methylbenzylamine were commercial 
samples (Aldrich) whose purity was checked by 
NMR spectroscopy before use. 

*Author to whom correspondence should be addressed. 

The Schiff base ligands C,H,NC(R):NCH 
(Ph)Me (I, R = H; II, R = Me) were made by the 
method of Brunner and Herrmann12 in 82 and 
76% yield for I and II, respectively. They were 
purified by low-temperature recrystallization from 
diethyl ether, and characterized by mass spec- 
troscopy, optical rotation and NMR spectroscopy 
in CDCl, solution p, m/z 210 (210); [a]58gnm = 
+7.36”; S 1.60d (3H) (J = 6.7 Hz); 4.63 q (1H) 
(J = 6.6Hz); 7.36m (5H); and 8.46s (1H): II, m/z 
223-225 (224); [a]5*gnm = +90.4”; 6 1.53 d (3H) 
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p Me..Jm 

Fig. 1. Structure of the Schiff base complexes [IA, R = H, 
X =C1; IB, R = H, X = Br; IC, R = H, X = I; IIA, 
R = Me, X = C1; IIB, R = Me, X = Br; IIC, R = Me, 

x = I]. 

(J = 6.7Hz), 2.40s (3H), 4.89q (1H) (J = 6.5Hz), 
and 7.2-7.4m (5H)]. Reported NMR data* for I 
and II are in agreement, allowing for the different 
solvent system. Optical rotation data are reported 
for II alone, and show that the specific rotation is 
very wavelength-sensitive, the most comparable 
value being + 101” at 579nm. 

The trimethylplatinum(IV) complexes IA-C and 
IIA-C (Fig. 1) were made by the same general 
method, the following for IIC being typical. A 
mixture of trimethylplatinum(IV) iodide (0.25 g, 
0.68 mmol*) and II (0.155 g, 0.69 mmol) in chloro- 
form (15 cm3) was refluxed overnight. The solution 
was evaporated to dryness, and the solid recrystal- 
lized twice from dichloromethane-light petroleum 
as fine yellow crystals (0.24g, 59.7%). 

‘H NMR spectra were recorded at 400 MHz on 
a Bruker WH-400 spectrometer and at 1OOMHz 
on a JEOL PS/PFT-100 equipped with standard 
accessories for variable-temperature work. The i3C 
NMR spectra were recorded on a JEOL GX-270 
spectrometer. Band shape analyses were carried out 
with a version of the DNMR programme of Kleier 
and Binschi3 modified to calculate spectral changes 
based on six initial chemical configurations. Far- 
IR spectra were run in polythene discs on a Grubb- 
ParsonsjNPL Cube interferometer linked to an 
Apple II microcomputer. Molecular weights were 
determined by vapour pressure osmometry, and 
mass spectra were obtained on a single focussing 
VG-Micromass MM-30 spectrometer using elec- 
tron ionization at a potential of 70eV and probe 
temperatures of 145 and 200°C. 

RESULTS AND DISCUSSION 

Complexes IA-C and IIA-C were prepared from 
the appropriate trimethylplatinum(IV) halide and 
an equimolar quantity of the ligand as yellow or 

*Based on the molar unit PtMeJ. 

orange solids. Analytical and far-IR data (Table 1) 
are consistent with the mononuclear structure in 
Fig. 1. 

The bromides and iodides crystallized as rhombic 
or needle-like crystals from CH,Cl,-MeOH (1: 1 
by volume). The chlorides separated as oils, which 
turned solid on prolonged pumping. The melting 
ranges indicate isomeric mixtures, the bromides 
and iodides showing signs of change up to 20°C 
before the onset of melting. Lower values for the 
chlorides and their reluctance to crystallize shows 
a marked change in ease of crystal packing with 
increase in halide size. Monomeric molecular ions 
were seen in the mass spectra of all of the complexes. 
The mononuclear structure in solution was con- 
firmed by vapour pressure osmometry on the io- 
dides in chloroform and the similarity of the NMR 
data for all three halides. The presence of coordi- 
nated X- was confirmed by the observation of 
terminal Pt-X stretches in the far IR, these modes 
being uniformly lower in the complexes of ligand 
II. 

‘H NMR spectra 

The 400-MHz ‘H NMR spectra of both series 
of complexes confirm the structures in Fig. 1 
and show clear evidence of the presence of two 
diastereoisomers in every case. For reasons that 
will be apparent later, it is convenient to discuss 
the spectra of the two series separately. The spectro- 
scopic data for complexes IA-C are recorded in 
Table 2, aromatic protons (non-first-order multi- 
plets) being omitted as they give no extra structural 
information. 

In the spectra of IA-C each diastereoisomer (a 
and b) shows six sets of signals (including the 
aromatic protons) almost all of which are clearly 
resolved at 400 MHz. The isomers are present in 
different proportions as expected, and the relative 
amounts of each are reflected in all six regions of 
the spectrum, making assignments unambiguous. 
Relative proportions of one isomer (averaged from 
all the signals) are 1.34, 1.04 and 0.88 for IA, IB 
and IC, respectively. Of the three Pt-Me signals 
for each isomer (Fig.2), two show zJ(195Pt-‘H) 
values expected l4 for methyls tram to N (68.9- 
71.7 Hz) and one shows ‘5 values for methyls tram 
to halide, with the latter invariably at higher field 
as is usual in this type of complex. l5 These highest- 
field signals clearly show that for IA and IB (X = Cl 
or Br) the most abundant isomer has its methyl 
trans to X signal at higher field while for IC (X = I) 
the situation is reversed. The more abundant isomer 
usually has a slightly higher ‘J value for methyls 
trans to N, and in one of the pair of isomers the 
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Table 1. Colour, melting-point, analytical, molar-mass and far-IR data for the PtMe,(IV) complexes 

M.p. Analytical data* Moleculaf’ (Pt-X) 
Complex“ Halide Colour (“C) % c % H % N ion m/z (cm-‘) 

IA Cl Pale yellow 77.5-80.5 43.5 5.2 5.6 481-487 234 
(42.0) (4.8) (5.8) (485.9) 

IB Br Yellow 205.4-206.7 38.6 4.3 5.3 527-533 135 
(38.5) (4.4) (5.3) (530.4) 

IC I Yellow 207.6-208.2 35.1 3.8 5.0 576-578’ 122 
(35.4) (4.0) (4.8) (577.4) 

IIA Cl Pale yellow 83.6-87.4 41.1 4.9 5.4 497-503 230 
(43.2) (5.0) (5.6) (499.9) 

IIB Br Orange, 184.2-187.1 39.7 4.7 5.0 544-546 130 
(39.7) (4.6) (5.1) (544.4) 

IIC I Yellow 193.5-195.8 36.7 4.2 4.8 591-593d 105 
(36.6) (4.3) (4.7) (591.4) 

“Numbering as in Fig. 1. 
*Calculated values in parentheses. 
‘Osmometrically in CHCI, = 576 + 5. 
dOsmometrically in CHCls = 594 f 16. 

Table 2. 400-MHz ‘H NMR data for complexes IA-C 

N=C-H C*-H C*-Me N-Pt-Me X-Pt-Me 
Complex Population 6 3 J 45 6 

6 35 6 25 6 ZJ 
No. X Isomer (%) (ppm) (Hz) (Hz) (ppm)” (ppm) (Hz) (ppm) (Hz) (ppm) (Hz) 

IC I a 46.3 8.249 28.9 

b 40.9 8.513 29.2 

a’ 7.4 8.452 27.6 

b 5.4 8.312 27.3 

IB Br a 47.3 8.564 28.6 

b 45.4 8.314 28.3 

a’ 4.1 n/s* - 

b 3.2 n/s - 

IA Cl a 57.3 8.515 28.1 

b 42.7 8.345 27.5 

1.3 

1.3 

- 

- 

1.3 

1.3 

5.929 1.764 7.0 1.615 71.7 0.758 72.8 
1.527 70.0 

5.641 1.978 7.0 1.517 71.3 0.587 72.8 
1.500 71.3 

5.592 1.908 6.9 1.338 71.2 0.440 74.8 
1.318 69.2 

5.778 1.764 7.0 1.390 70.0 0.577 74.8 
1.328 69.2 

5.568 1.905 6.9 1.458 70.4 0.482 74.6 
1.378 70.5 

5.773 1.755 7.0 1.396 69.2 0.650 74.7 
1.367 69.3 

n/s 1.881 7.1 1.313 70.0 0.422 14.6 
n/s - 

n/s 1.612 6.7 1.311 70.0 0.570 74.1 
n/s - 

5.544 1.844 6.7 1.315 70.4 0.426 74.8 
1.295 68.9 

5.719 1.756 7.0 1.371 69.9 0.580 75.1 

“Average for non-first-order multiplets. 
*Not seen. 

1.312 68.9 

two Pt-Me signals for methyls tram to N have a tiplet (1H) with ‘J couplings to both lg5Pt and the 
much narrower chemical-shift separation. C-Me protons (Fig. 3), and a low-field multiplet 

Each isomer shows the same pattern of signals (5H) for the aromatic protons. For one of the 
assignable to the PhC*H(Me) group, viz. a doublet isomers (the one resonating at lower field in each 
(3J = 6.7-7.0 Hz, 3H) (Fig. 2), a non-first-order mul- case) the C*-H(Me) signals show a marked depen- 
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i---- Ph-CH@--, I Pt-Me tram to N- X - 7Pt-E tram tox- 

2.0 I.5 1.0 0.5 a/ppm 

Fig. 2. 400-MHz ‘H NMR spectra of complexes IA-C in the region 0-2.Oppm showing the pt- 
Me (right) and Ph-CMe signals and the isomer populations (S = solvent, * = impurity). 

dence on halide, moving downfield from chloride 
to iodide. The proton of the CH=N group appears 
further,downfield, and the signals, split by coupling 
to lgsPt (JJ = cu 28 Hz), also show long-range 
coupling (J = ca 1.3 Hz) to one of the pyridine 
protons, which implies that the coupled protons 
are in a planar configuration. 

Close examination of the spectra of IB and IC 
reveals a second set of low-intensity signals which 
in relative intensity reflect the proportions of the 
major pair of isomers. The peak-for-peak corre- 
spondence throughout the spectra (where peaks are 
not overlapped), and the J values for the coupled 
signals show that each major isomer (a and b) has 
a very similar “ghost” (labelled a’ and b’), though 
the chemical shifts show considerable differences. 
The variation in abundance of these additional 
signals with halide (I- > Br- > Cl-) leads us to 
conclude that they may be attributed to rotamers 
arising from restricted rotation about the benzyl- 
nitrogen bond caused by a steric clash between the 
phenyl ring and the halide. Molecular models show 
that this is reasonable, but do not reveal any 
specially favoured configuration. Assignments of a’ 
and h’ are based on relative signal intensities alone, 
and do not necessarily imply that they are the 
rotamers of major isomers a and b, respectively. 

For complexes HA-C very similar spectra 
resulted, the most prominent difference being the 

expected replacement of the triplet of doublets at 
low field by a 1:4: 1 triplet at ca 2.1 ppm 
(4J = N 3.6-3.8Hz) from the N=C(Me) protons 
coupled to platinum. Spectral data in Table 3 show 
that two isomers (a and b) are present, but for this 
series the relative isomer ratio is barely altered by 
a change in halide, and there are no additional 
“ghost” signals. The methyl group probably inhibits 
the N-C* bond rotation and locks the structure 
in one rotameric conformation. The *J values for 
Pt-Me groups trans to N indicate that for all 
complexes both Pt-N bonds are stronger’4*‘5 
than in IA-C. In a series of PtMe: complexes 
containing a substituted salicylaldimine and 3,5- 
lutidine16 the two Pt-Me signals could be readily 
distinguished by their *J values (65.7-68.1 Hz truns 
to imine N and 71.3-72.3 Hz tram to lutidine IV), 
with the former invariably at lower field. In both 
IA-C and IIA-C the distinction is more dit%cult to 
make as the *J values are much closer together, 
though in IIA-C the Pt-Me signal at lowest field 
(except for IIBb) has the smaller *J value, so it is 
likely that this is a methyl tram to imine N. 

13C NMR study 

Further characterization of one of the complexes 
(IB) was done by recording a 270-MI-Ix proton- 
decoupled “C NMR spectrum. Data are given in 
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N=CH_.- 1 X7 Ph-CkjMe I 

Br 

86 6.0 56 5.6 A/ppm 

Fig. 3. 400-MHz ‘H NMR spectra of complexes IA-C showing the N=CH (left) and Ph-CH 
(right) proton signals. 

Table 3. 400-MHz ‘H NMR data for complexes llA-C 

N=C-me C*-H C*-Me N-Pt-Me X-Pt-Me 

Complex Population 6 4J 6 6 ‘J 6 ‘5 6 ‘J 
No. X Isomer (W (ppm) (Hz) (ppm)’ (ppm) (Hz) (ppm) (Hz) (ppm) (Hz) 

1.517 69.1 
nc I a 55.5 2.215 3.82 6.172 1.827 7.17 1.428 69.7 0.685 72.5 

1.535 69.0 
b 44.5 2.147 3.78 6.040 2.096 7.15 1.412 69.4 0.838 73.0 

IIB Br a 54.7 2.124 3.8 6.144 1.809 7.18 1.374 68.4 0.564 74.5 
1.299 69.1 
1.395 68.4 

b 45.3 2.120 3.6 6.023 2.031 7.14 1.296 67.9 0.720 74.8 
1.243 67.8 

IIACl a 55.4 2.108 - 6.060 1.767 7.10 1.170 68.4 0.457 75.1 
1.264 68.3 

b 44.6 2.071 - 5.958 1.942 7.10 1.161 68.4 0.618 75.3 

“Average value of non-first-order multiplets. 

Table 4 with assignments shown in Fig. 4. Signal to relaxation effects.” Coupling to lg5Pt through 
assignments are based on ‘J(lg5Pt) couplings, che- two or more bonds was also evident, making 
mical-shift values, and the fact that signal intensities possible the complete assignment of the pyridine 
decrease in the order CH, > CH2 > CH > C due ring carbons. The spectrum was too noisy for 
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Table 4. Proton-decoupled 270-MHz 13C NMR data” for complex 
IB with assignments shown in Fig. 4 

Diastereoisomer 1 (48.1%) Diastereoisomer 2 (5 1.9%) 

6 

(HZ) 

6 
Assignment (ppm) @pm) (HZ) 

: - -4.691 6.005 678.8 670.0 - -4.912 6.066 667.4 675.7 

: -0.359 21.360 701.7 -0.390 19.229 698.6 - 
fe 163.708 63.745 16.61 - 163.426 63.936 16.09 

f 127.627 154.533 12.98 7.28 127.736 154.410 12.98 8.30 

i 138.987 138.987 - 
j 128.436 6.23b 128.711 6.23” 
k 146.947 17.64 147.085 17.64 
1 138.796 5.71 138.238 7.78 
mm‘ 

i 
129.109 129.109 - 

nn’ ’ 129.032 - 129.032 - 
0 128.635 128.635 

128.192 128.192 - 

“In CDCl, solution. 
bApproximate value due to overlap with aromatic signals. 

: I ‘Aromatic region, assignment 
overlap. 

uncertain owing to coincidental 

Fig. 4. Structure of IB with environmental assignments 
for the 13C NMR spectrum (Table4). 

rotamers to be detected, but the relative populations 
of the two major isomers agree with values from 
the 400-MHz ‘H spectra. Pt-Me groups trans to 
X- showed higher ‘J values than those trans to N, 
paralleling the ‘J values from the proton spectra. 

Separation of the isomers 

Initial attempts were made to separate the iso- 
mers of IB and C and IIB and C by fractional 
crystallization from a range of single- and mixed- 
solvent systems, and by thin-layer chromatography 
(tic) on Kieselgel 60F. In every case an ‘H NMR 
spectrum of the product showed no isomeric enrich- 
ment. A sample of IIC showed some broadening 
on the tic plates, but column chromatography on 
Kieselgel 60F with CCL, followed by CH&l, gave 
head and tail fractions with the same isomer abun- 

dance. The reason for this behaviour became appar- 
ent when samples of the solids HA-C were washed 
with small aliquots of Ccl,. The remaining solid 
in each case was enriched with one isomer, the 
percentage enrichment (determined by IOO-MHz 
NMR spectra) being dependent on the halide 
(I- = 90.4%, Br- = 86.4%, Cl- = 60.0%). How- 
ever, on standing in CDCIJ the relative proportions 
of the isomers gradually changed to the quilibrium 
populations shown in Table 3, the half-life for the 
iodide complex IIC being 13.6 min at 19°C. Clearly 
this propensity for the isomers to interconvert in 
solution at room temperature frustrated attempts 
to separate them, but enabled the isomerization to 
be followed kinetically. 

Interconversion of the isomers 
A time-dependent set of ‘H NMR spectra for 

complexes IIA-C in CDCl, was obtained at 
100 MHz, and the spectral changes in the Pt-Me 
region for the iodide complex are shown in Fig. 5. 
Changes in the population of the isomers a and b 
are clearly seen in the two highest intensity high- 
field signals. The first-order rate constant for the 
intramolecular process a = b was calculated by 
plotting In x against time, where x is the percentage 
by which the more abundant isomer exceeds its 
equilibrium value. For first-order kinetics this prod- 
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TIME 

(m-in) 

80 

125 

a 

h 

RELATIVE 

POPULATIONS 

5.52 : 1 

L 2.67 : 1 

-i--AA 1.26 I 1 

O-92 : 1 

Fig. 5. Time-dependent lo&MHz ‘H NMR spectra of IIC in CDCl, at ambient temperature, 
showing relative populations (ha) of isomers b and a. 

uces a straight line with gradient -k. Values of x 
were obtained from the relationship: 

x = a: - aN US, 

where a: is the normalized amount of a at time t 
given by: 

#= al 
a, + b, 

Data are recorded in Table 5. Owing to the low 
initial enrichment obtainable for the chloride IIA, 
it was not possible to get accurate rate data, though 
the interconversion was clearly slower than for 
the bromide. An additional run on the bromide 
complex IIB using a more dilute solution gave an 
almost identical rate for the interconversion (Fig. 6), 
implying that the process is not solvent-dependent. 
The more than doubling of the rate on raising the 
temperature by 11°C is as expected for the first- 



326 E. W. ABEL et al. 

TIME (mln) 

0 50 100 135 
c a L-0.8 

- -1.0 

- -1.5 

TIME (min) 

Fig. 6. Isomerization of IIBand CDCI, showing exponential (0 and 0) and log, (m and 0) plots. 
Curves 0 and 0 refer to isothermal runs at different concentrations. 

Table 5. First-order rate constants for the isomerization 
of IIB and IIC 

Temperature tt k 
Complex Halide (“C) (min) (min)- ’ 

IIB Br 19 48.3 0.014 
IIB Br 30 22.0 0.032 
IIC I 19 13.6 0.05 

order kinetics, and the process causing the isomeriz- 
ation is therefore intramolecular. 

High-temperature NMR spectra 

A DNMR study of the thioether complexes 
mentioned earlier revealed a high-temperature 
intramolecular fluxion which causes the ‘H NMR 
signals from the Pt-Me groups to coalesce. As the 
isomers of the iodide complex IIC show the fastest 
rate of interconversion, the lOO-MHz NMR spectra 
of the iodides were examined at high temperatures 
to see whether a Pt-Me scrambling process would 
occur. Complex IC showed no spectral changes up 
to 115°C (CDC13, sealed tube) so it seems likely 
that this series does not show high-temperature 
fluxionality. When complex IIC was studied in the 
same solvent, spectral collapse was seen to begin 
at lOO”C, but as the broadening was not complete 
at the highest temperature accessible in this 

solvent (115°C) a different solvent system 
(CI&N&-C,D,NO,, 2: 3 by volume, sealed tube) 
was used. Here spectral collapse began at a much 
lower temperature (65”C), implying that the process 
was solvent-dependent. This was confirmed by the 
failure of attempts to simulate the spectra using 
a program structured for purely intramolecular 
mechanisms.’ 3 

Evidence for a high-temperature fluxional pro- 
cess was seen in the spectral changes of the N=C- 
Me proton signals of IIC. The pair of triplets at 
room temperature broaden and coalesce to a single 
sharp triplet at 150°C. However, on raising the 
temperature by a further lo-20°C this triplet disap- 
peared and was replaced by a low-intensity multi- 
plet. On cooling to room temperature, the final 
spectrum was identical to the initial one, minus the 
pair of triplets from the N=C-Me group. A 
substantial increase in the signal from residual 
CH3N02 in the solvent region strongly suggests a 
CD, for CH3 group exchange on the ligand. A 
repetition of this experiment using free ligand in 
the same solvent system showed no exchange. We 
are uncertain whether it is just atom (H-D) or 
group (CH3-CD3) exchange. 

General discussion 

The PtMe,(IV) complexes are the first reported 
which contain neutral bidentate Schiff base ligands, 
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which compared to the ionic salicylaldiminates’6 
are poorer donors via the imine N. A parallel was 
found with the formerly analogous complexes fuc- 
[(CO),M(PPh,)(L-L)] (M = Cr, MO or W; L- 
L = I)6 and fat-[(CO),MnBr(L-L)] (L-L = I)” 
which contain a d6-metal, in that each compound 
exists in solution as a mixture of two diastereo- 
isomeric forms (a and b) having either the (R)(S) or 
the (S)(s) configuration at the metal and benzyl 
carbon atoms, respectively. The apparent rapid 
interconversion of a and b in solution was surpris- 
ing, in view of the success of the PtMe: ion as a 
probe to identify the meso and racemic forms of 
some chelating diarsines.1gv20 In particular, the 
reaction of [PtMe,I(diarsine)] with AgPF6 in the 
presence of pyridine to give [PtMe,(py)(diarsine)]+ 
with meso-[C6H,(AsMePh),] proceeded stereo- 
specifically for both isomers of the iodide (arsine 
methyls pointing towards or away from the hal- 
ide),lg indicating that the PtMe, group and the 
arsine retain the same stereochemical relationship 
during the reaction. The stronger Pt-As bond 
(‘J = ca 65 Hz) may be responsible. The mechanism 
by which isomers a and b interconvert is apparently 
first-order, and a “ligand flip” of the Schiff base is 
one possibility. 

It is not possible to say which isomer has which 
configuration, but the ‘H NMR parameters for all 
the C*(Me)H ligand signals are considerably halide- 
sensitive, suggesting a difference in conformation 
with respect to the axial Pt-X bond. It is possible 
to ascribe the additional isomers of IA and IB to 
rotamers, on the basis of the variation in abundance 
with halide size (greatest in the more sterically 
crowded iodide), and also the failure to detect them 
in IIA-C, where the additional ligand methyl group 
presumably favours one rotameric form. 
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Abstract-The kinetics of the interaction of either pyridoxal-S-phosphate (PLP) or 
pyridoxamine phosphate (PMP) with Pd(I1) have been studied in acidic aqueous solution 
at 37°C and ionic strength 0.15 M (NaCl). The observed dependence of the rate constant 
k obs on the total ligand concentration (TL) at a given pH is as follows for each 
system: k,,,(PLP) = A + BT,,, and k,,(PMP) = C + DTpMP. The parameters A-D are pH- 
dependent. It has been suggested that, in the case of the Pd(II)-PLP and Pd(II)-PMP 
systems, the prior fast formation of a Pd(H . VB,P)Cl, (VB, = vitamin Bs) complex species 
has been assumed. 

Pd(I1) complexes with non-phosphorylated vitamin 
B, (VB,) compounds have been shown to have 
inhibitory effects on some cell divisions.’ The 
stopped-flow method has been used to study the 
kinetics of their formation in aqueous solution.’ It 
has been concluded that the 1: 1 complexes were 
formed relatively faster than the 2: 1 species, speci- 
ally in the case of the pyridoxal (PL)- and pyridox- 
amine (PM)-Pd(I1) systems. It has been also con- 
cluded that possibly PdCl:- as well as 
[PdCl,(OH)]2- are the Pd(I1) reactive species in 
their complex formation with VB,. In the present 
work the interaction of the phosphorylated VB, 
compounds with Pd(I1) has been studied under 
identical conditions to the previous investigation3 
in order to examine the effect of the phosphate 
group on the complex formation kinetics. 

EXPERIMENTAL 

A stock solution of Pd(I1) chloride (0.1 M) was 
prepared in 1.0 M HCl. The Pd(I1) concentration 

*For Part I see Ref. 1. 
tAuthor to whom correspondence should be ahdressed. 
$Present address: Chemistry Department, University 

of Essex, Essex, U.K. 

was checked by a gravimetric method as 
Pd(dimethylglyoxime), .4 Pyridoxal-S-phosphate 
(PLP) and pyridoxamine phosphate (PMP) were 
analytically pure chemicals and were used without 
purification. Stock solutions (0.1 M) of the ligands 
were prepared by dissolving the right amount in 
deionized double distilled water and kept in the 
dark at 4°C. In all measurements, the ionic strength 
was kept constant at 0.15 M (NaCl). 

Measurements 

Kinetic measurements were done using a Durrum 
stopped-flow apparatus. The optical path length 
was 20.0 mm. The mixing syringes and cuvette were 
thermostated at 37°C. The observed pseudo-first- 
order rate constants were calculated from data for 
up to 85% completion of the reaction. Measure- 
ments of pH were carried out using a Radiometer 
pH-meter type 62 equipped with a combined glass 
electrode (GK 2301C). The pH meter was calibrated 
before use with radiometer buffer solutions (pH 4.00 
and 7.00). Spectrophotometric measurements were 
carried out on a Pye-Unicam SP8-100 spectro- 
photometer. The concentration range of the ligands 
used was (0.25-1.75) x lo-’ M. The Pd(I1) concen- 
tration was kept constant at 2.5 x 10e4M. 

329 
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RESULTS AND DISCUSSION 

Pd(II)-PLP system 

The spectral band of Pd(I1) in the visible region 
was lost when a 10 times concentration of PLP 
was added at pH = 2.00 (Fig. 1). This was taken as 
an indication of the complex formation between 
Pd(I1) and PLP. In order to determine if the 
phosphate group was involved in the complex 
formation or not, a solution of NaH,PO, was 
added to a Pd(I1) solution under identical exper- 
imental conditions to the above. The Pd(I1) spectra 
in the visible region and in the pH range 2-6 were 
the same in the absence and in the presence of the 
phosphate solution A wavelength (A) of 470nm 
has been selected to carry out the kinetic study in 
the pH range 2.25-4.50 where PLP has a practically 
minimum absorption. Figure 2 shows the depen- 
dence of the observed rate constant (kobs) (under 
pseudo-first-order conditions) as a function of the 
pH. On the other hand, Fig. 3 shows the linear 
dependence of kobs on the total concentration of 
PLP (T&) at interpolated values of pH. At any 
particular pH these linear relations can be rep- 
resented by the following equation: 

k,,,(PLP) = A + BT,,,, (1) 

where A and B are the intercept and slope values 
at various pH values. Table 1 depicts the values of 
A and B at interpolated pH values. In analogy to 
the PL-Pd(I1) system3 it may be reasonable to 
assume that the 1: 1 complex is formed relatively 
faster than the 2: 1 complex. A mechanism similar 

/: 
/” 

5cxl 450 4ciJ 350 

Wavelength 1 nm 1 
T,,,(xlO*Ml 

Fig. 1. Absorption spectra of Pd(II)-PLP system at Fig. 3. k,,(PLP) as function of TpLp at interpolated pH 
various pH values. values. 

. 0.25 

T,,. 2.5 x D4 M 

T,,,lx IO-‘Ml / 
t 

0 2 3 4 5 

PH 

Fig. 2. Dependence of k,,,(PLP) of Pd(II)-PLP system 
on pH at various TpLp values. 

to what has been proposed (Scheme 1) for PL- 
Pd(I1) systems may be applied to the PLP-Pd(I1) 
system. In this case, however, we have several 
species of PLP existing under the experimental 
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conditions used, namely H4PLPf, H,PLP, hydroxy species of Pd(I1) may be ignored since 
H,PLP- and HPLP’- (Table 2). There is also the the solutions have a relatively high chloride ion 
possibility that two species of Pd(I1) may exist, concentration (~0.15M) and are acidic 

PdCl:- and [PdC1,0H)12-. Other chloro and/or (pH < 4.5). 

H.+PLP+ 

H !LP 
3Jr 

P&l;- + H2PLP- 2 [Pd(H2PLP)C1312- + Cl- (9 
lt KOH Jf GM 

[PdCl,(OH)]‘- + H2PLP- it [Pd(H2PLP)C120H12- + Cl- (ii) 

[Pd(H,PLP)Cl,]‘- + H,PLP G [Pd(H2PLP),C1212- + Cl- + H+;k;,k’_l (a) 

II KZPLP 
[Pd(H2PLP)C1312- + H2PLP- P [Pd(H2PLP)2C12]2- + Cl-;k;,k12 

G3H 
II 

+on- 

[Pd(H,PLP)Cl,OH]‘- + H,PLP * [Pd(H2PLP)2C12]2 - + H,O; kj, k’_ 3 w 
[Pd(H2PLP)C120H]‘- + H,PLP- e [Pd(H2PLP),C1212- + OH-; k;, kL+ (4 

Scheme 1. 

Table 1. Values of A and B at various interpolated pH values 

PH” A x 103 B R* A[H+]-’ x lo-’ B([H+] + KZPLP)[H+]-1 x lo-’ 

2.25 8.4 f. 1.9 4.20 k 0.2 0.996 0.02 0.04 
2.50 13.8 &- 2.0 6.8 + 0.2 0.998 0.04 0.08 
2.75 17.7 + 2.8 9.5 + 0.3 0.998 0.10 0.11 
3.00 23.7 + 3.2 11.8 + 0.3 0.999 0.24 0.15 
3.25 27.2 + 4.2 14.4 f 0.4 0.999 0.48 0.21 
3.50 33.5 + 4.5 16.8 + 0.4 0.999 1.06 0.31 
3.75 38.7 f 5.8 19.3 f 0.6 0.998 2.18 0.48 
4.00 42.2 & 6.4 22.0 f 0.6 0.998 4.22 0.74 
4.10 45.5 f 6.0 22.9 + 0.0 0.999 5.73 0.98 
4.15 47.0 f 6.8 23.4 + 0.6 0.998 6.64 1.00 
4.20 48.0 f 7.0 23.9 f 0.7 0.998 7.60 1.21 
4.25 49.3 * 7.1 24.2 f 0.7 0.998 8.77 1.34 
4.30 48.9 f 6.7 24.9 + 0.6 0.998 9.76 1.49 
4.35 50.8 + 6.7 25.4 f 0.6 0.999 11.38 1.71 
4.40 52.5 & 7.4 25.8 + 0.7 0.999 13.18 1.95 
4.45 53.6 k 7.5 26.2 + 0.7 0.998 15.10 2.22 
4.50 53.5 + 8.0 26.9 + 0.8 0.998 16.92 2.48 

%terpolated values. 
*Correlation coefficient. 

Table 2. Pertinent values of log K mentioned in this work 

Log K 

Equilibrium reaction L = PLP” L = PMPb Others 

HSLsH,L+H+ - N l.2O(-PO30 H2) 
H4LeH3L+H+ - 1.60 - 3.05 (-PO30 H) 
H,L G H2L + H+ - 3.58 - 5.38 (-PO30 H) 
H,LeHL+H+ -6.41 - 8.62 
HL+L+H+ -9.24 - 11.77 
HzO+H++OH- - - 13.38’ 
PdCl:- F? Pd’+ + 4Cl- 11.11’ 
[PdCl,(OH)]‘- + Cl- P PdCl, + OH- 1 - -5.7od 

“N. Al-Awadi, M. S. El-Ezaby and H. M. Abu-Sotid, Znorg. Chim. Acta 1982,67, 131. 
*M. S. El-Ezaby and S. Fareed, unpublished work. 
‘L. G. Silltn and A. E. Martell, Stability Constants of the Metal-Zon Complexes. Special 

Publication No. 17 (1964). 
*A. I. Kazakova and B. V. Ptitsym Zh. Znorg. Khim. 1967,12, 620. 
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The integrated rate equation describing the above 
mechanism is as previously reported:3 

= (Qs + Q~TPLP/Qz(CH+I + KzPLP)}~, (2) 

where: 

Qs = k’,[H+][Cl-] + k’_,[Cl-] + k13 

+ k’_,[OH-1, 

Q7 = k; [H’] + k;KZPLP + kjK&&,[Cl-] - l 

+ k;KZPLPK&,[OH -1 [Cl -1 - ‘, 

Q; = 1 + K&l-OH-][Cl-I-’ N 1, 

and 

kobs = Qs + QTTPLP/Q;KH+I + &PLP) (3) 

and 

A = Qs, 

B = Q&H’] + KZPLP) if Q; = 1. 

If A[H+] - 1 is plotted vs [H’] - ’ a quadratic curve 
is produced [Fig.4(a)] which is represented by the 
following equation: 

A[H+]-’ = a, + aJH+]-’ + aJH+]-‘, (4) 

where a0 N 0, ai = (4.3 + 0.1) x 1o-2 and 
a2 = (3.9 f 0.4) x 10e7. These coefficients corre- 
spond to k;, (k’_JCl-] + kl_J and ki4K, 
(K, = ionic product of H,O), respectively. The 
probable values of the k’s are listed in Table 3. 
On the other hand, the plot of 
B([H+] + KZPLP)[H+]-l vs [H’]-’ is also quad- 
ratic [Fig. 4(b)]. The relationship follows the equ- 
ation: 

fW-J+l + &PLP)CH+I-~ 

= b. + b,[H+]-’ + bz[H+]-2, (5) 

where bo, b, and b2 have the values 7.4 f 1, 
(6.6 k 0.2) x low3 and (3.1 + 0.6) x lo-‘, respect- 
ively. These parameters correspond to k;, 

k;KmP + k;Kb, K,[Cl-] -I and 
k’K 4 2PLPK&HKw[Cl-] - ‘, respectively. The values of 
micro-rate constants are listed in Table 3 after the 
adoption of reasonable assumptions shown in the 
footnotes to the table. 

0 64 12 6 192 256 32 

[ H’l-‘( x lO-3 M-‘I 

Fig. 4. (a) Dependence of A[H+]-’ on [H’]-‘. (b)De- 
pendence of B([H+] + K2PLP)[H+]-1 on [H’]-‘. 

Pd(II)-PMP system 

The addition of a solution of PMP to that of 
Pd(I1) in the pH range 2.0-5.0 caused considerable 
spectral changes in the latter in the visible region 
as shown in Fig. 5. Similar to the Pd(II)-PLP 
system no precipitation was observed in the pH 
range used. The kinetic runs were done at 
1 = 470 nm in the pH range 2.5-5.0. Figure 6 shows 
the dependence of pseudo-first-order rate constants 
[k,,,(PMP)] on the pH and the total PMP concen- 
tration (TpMp). Figure 7 shows the dependence 

of k,,,(PMP) on %,p at interpolated pH values 
obtained from Fig. 6. The dependence is linear and 
is expressed by the following equation: 

k&‘MP) = C + DT,,,, (6) 

where C and D are pH-dependent parameters. The 
values of these parameters are listed in Table 4. 

The reaction mechanism describing the data 
expressed by eqn (6) is similar to that shown in 
Scheme 1 except that the PMP species are different. 
In this case we have possibly four species in the 
pH range 2.5-5.0, namely H,PMP’+, H,PMP+, 
H3PMP and H,PMP- (Table 2), and the reactive 
ones are likely HkPMP+ and/or H,PMP, since the 
phosphate group has been excluded from possible 
ligation with Pd(I1). Now, if H,PMP+ is the 
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Table 3. Summary of the micro-rate constants mentioned in this work 

System k Magnitude of k Equilibrium 
constant (K) 

PLP-Pd(II) k;,k’, 7.4, -0 >> 7.4 
k;,kLz 25, 0.3 386 
k;,kiJo 2.4 x lOlo, 4.3 x lo-’ 5.6 x 10” 
k;, kibb 4 x 10’,9.4 x 106 0.42 

PMP-Pd(I1) k;,klL, -0, 10.9 -0 
k;,k;’ 19.4, 0.14 1.4 x 102 
kj’,kllsc 8.3 x lo’, 2.2 x 1O-2 3.8 x lo7 
k;, kEab 8.1 x 104, 1.45 x lo6 25.6 x 1O-2 

“The assumption was k- 2[Cl-] >> k- 3 such that k- 2k- 3 = a, and 
vice versa: similarly k$K,,,, >> k;K&,K,[Cl-]-l such that 
k;KZPLP = b, and vice versa. 

bK&, was assumed to he equal to lo’.‘. 
Similar to the above: either k;K,,, >> kj’K,K,[Cl-1-l or vice 

versa, and either k!!,[CI-I-’ > kIIJ or vice versa. 

ligating species PMP may be monodentate and if where co = k!!, = 10.87 f 11.02, c1 = k!!,[Cl-] 
H,PMP is the ligating species it will be bidentate. + kIIJ = (2.18 + 0.07) x 10W2, and c2 = k!!,K, 

In both cases the metaoxy group is one of the = (6.04 f 0.75) x lo-‘. The probable values of the 
ligation sites and in H2PMP- the amino group k”s are listed in Table 3. The plot of 
may act as the second ligating site: in that case a D([H+] + K2PMP)[H+]-1 vs [H’]-’ is quadratic 
switch in the pK values may occur. If we assume [Fig. 8(b)], i.e.: 
that the formation of a 1: 1 species is too fast to be 
detected by a stopped-flow technique and the D([H ‘1 + KZPMP)[H+] -I 
kinetics of the reaction are describing the formation 
of a 2: 1 species with H,PMP-, then the mechanism 

= do + d,[H+]-’ + d2[H+]-2. (8) 

may be treated similarly to Scheme 1. The plot of 
C[H+]-’ vs [H’]-’ is quadratic [Fig. 8(a)] and do, d, and d, have the values -0, 
can be represented by the equation: (1.73 + 0.06) x 1O-2 and (1.01 f 0.06) x lo-‘, 

respectively. These values stand for k;‘, 

C[H+]-’ = co + ci[H+]-’ + c2[H+Ie2, (7) k;‘K2,, + k~K&K,[Cl-1-l and k”K K’ 4 2PMP OH 

040- 

&,x I x IOUM 
!‘.,= 

1 
r,= 2.5 x lo-4hl 

16-o: I x 10.~ M 0.5- TpMp 1 x 10-2Y 1 

1=4cm 
032- 

T 
” 04- 

2 2.5 3 35 4 45 5 

Fig. 5. 

Wovelength (nm I PH 

Absorption spectra of Pd(II)-PMP system at Fig. 6. Dependence of k&PMP) on pH at various TpMp 
various pH values. values. 
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Table 4. Values of parameters C and D at interpolated pH values for the PMP-Pd(II) 
system and other pertinent functions 

PH” C x 103b Db C[H+]-’ x lo-’ D([H+] + KZPMP)[H+]-l x 1O-2 

2.5 20.6 + 4.1 4.9 + 0.4 0.06 0.06 
2.75 22.4 _+ 5.1 5.9 + 0.5 0.13 0.09 
3.00 24.0 f 5.7 7.1 + 0.6 0.24 0.13 
3.25 26.1 f 6.2 8.1 + 0.6 0.46 0.21 
3.50 25.0 f 6.2 9.8 + 0.6 0.79 0.37 
3.75 26.2 + 8.4 11.5 + 0.8 1.47 0.68 
4.00 26.3 f 8.2 14.0 _+ 0.8 2.63 1.38 
4.10 24.9 + 8.6 15.2 + 0.8 3.14 1.87 
4.20 24.6 _+ 9.1 16.6 f 0.9 3.90 2.51 
4.25 24.9 f 8.1 17.3 * 0.7 4.43 2.92 
4.35 23.2 1 8.2 19.0 f 0.8 5.19 3.94 
4.45 23.5 + 7.6 20.4 + 0.7 6.64 5.24 
4.50 21.4 +_ 6.5 21.5 f 0.6 6.77 6.20 
4.60 24.1 f 8.1 22.8 + 0.8 9.59 8.33 
4.70 25.1 + 7.8 24.5 f 0.8 12.56 11.15 
4.75 26.0 f 7.6 25.3 f 0.7 14.63 12.78 
4.85 26.6 + 7.7 27.0 & 0.7 18.81 17.45 
4.95 27.1 f 7.5 28.9 f 0.7 24.15 23.24 
5.00 27.9 f 8.2 29.8 f 0.8 27.89 26.81 

‘Interpolated pH values. 
bCorrelated coefficient = 0.999. 

K,[Cl-] -I. Table 3 lists the values of micro-rate 
constants after reasonable assumptions have been 
made (see the footnote to the table). 

Conclusion 

The complexes of Pd(I1) with PLP and PMP are 
different from those with PL and PM in that they 
are more soluble. Although the phosphate group 
did not take part in complex formation yet they 
enhance kinetically the complexation with the other . pH5 /I 

/ , pH 4.75 

t H+ I-‘( x IO-%-‘) 

Fig. 7. k,,,(PMP) as function of T&r at interpolated pH Fig. 8. (a)Dependence of C[H+]-’ on [H’]-‘. (b)De- 
values. pendence of D([H+] + K,,,)[H+]-‘on [H+]-‘. 
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ligating sites (Table 3). The most interesting feature 
of the Pd(I1) complexes with PLP and PMP is that 
reaction (c) in Scheme 1 is highly significant in the 
formation of the products and reaction (d) is the 
least significant. One should expect that the con- 
verse is true since the ligand is less protonated 
with the free ligating sites available for metal ion 
complexation. However, this may reflect the fact 
that OH- substitution with ligands is favorable 
with highly protonated species. This conclusion 
indicates that hydrolyzed species are more reactive 
than non-hydrolyzed species. The presence of two 
chloride ions in the product complex formula does 
not necessarily indicate that they are inner-sphere 
ligands. If PLP or PMP act as a monodentate 
ligand the two chloride ions are likely to be of an 
inner-sphere type. Conversely, if they are bidentate 

ligands it is likely that the chloride species are not 
inner-sphere species. 
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Abstract-The specifically solvated, five-coordinate intermediate [(triphenylphosphine)- 
tetracarbonyltungsten(O)] was produced via pulsed laser flash photolysis from cis-(piperi- 
dine)(triphenylphosphine)tetracarbonyltungsten(O) in chlorobenzene. This five-coordinate 
species was identified through comparison of the “competition ratio”, k,/k_ I, for its 
interaction with piperidine (governed by k_,) and tri(isopropy1) phosphite (governed by 
k,) as determined through parallel flash photometric and thermal studies. This method 
offers a broadly applicable means of identification of transients generated upon flash 
photolysis and of obtaining values of all rate constants for ligand-displacement reactions 
of substituted octahedral metal carbonyls by Lewis bases. 

Flash photolysis of metal carbonyls in solution 
ultimately generates specifically solvated, coordin- 
atively unsaturated transients in their electronic 
ground-states which are implicated as key inter- 
mediates in metal carbonyl substitution reactions 
or which participate in a variety of homogeneous 
catalytic pathways;‘*’ UV and/or visible light are 
most commonly employed in transient detection. 
For the mononuclear parent carbonyls, identi- 
fication of the photogenerated transients poses little 
difficulty since the number of possible primary 
photoproducts is very limited; thus, for M(CO), 
(M = Cr, MO or W), [M(CO),] is the only reason- 
able candidate. For substituted metal carbonyls, 
however, e.g. for LM(CO), (L = phosphines, phos- 
phites) several possible photogenerated species 
resulting from M-CO or M-L bond-breaking or 
isomerization can be envisioned. While UV-vis 
detection conveniently monitors rates of reaction 

*Part 59 of the series, Octahedral metal carbonyls. 
For Part 58, see Ref. 10. 

TAuthor to whom correspondence should be addressed. 

of the photogenerated species, their spectra are 
relatively featureless and generally similar.3 Under 
usual circumstances the various postulated transi- 
ents are also expected to exhibit similar (bimolecu- 
lar) rate behavior; thus it is difficult to distinguish 
among them. 

We report parallel photochemical and thermal 
rate studies of such species which afford comple- 
mentary kinetics data of sufficient complexity and 
congruence to provide unequivocal identification 
of the photogenerated intermediate. This method, 
which is broadly applicable, has been employed in 
the identification of cis-[Ph,PW(CO)d (1) and 
the determination of the rate data for the ligand 
displacement 

cis-(piperidine)(Ph,P)W(CO), + L + 

cis-(L)(Ph,P)W(CO),4 + piperidine (1) 

for which 1 has been found to be both a photo- 
chemically and thermally generated intermediate. 

It has been observed that complexes containing 
chelating rings coordinating through both N and 

337 
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P, e.g. (NP)Mo(CO), (NP = 1-diethylamino-2- 
diphenylphosphinoethane) react both thermally5s6 
and photolytically7 via metal-nitrogen bond fission 
to afford largely specifically solvated’ [(q’- 
NP)Mo(CO),] intermediates in which the solvated 
coordination site is cis to L. This being the case, 
cis-(pip)(Ph,P)W(CO), [pip = piperidine (2)] was 
selected as a species likely to afford 1 upon photoly- 
sis and thermolysis. The relatively inert W complex 
was selected to avoid competitive thermal reactions 
during photolysis. The complex was synthesized 
from W(CO)e via cis-(pip),W(CO), employing the 
method of Darensbourg and Kump.’ Analytical, 
flash photolysis and thermal kinetics data are 
consistent with stoichiometry (1) and with mechan- 
ism (2). 

Pulsed laser flash photolysis reactions of 2 
(355 nm photolyzing and 430 nm analyzing wave- 
lengths) were carried out in chlorobenzene over 
-2O-35°C in the presence of varying flooding 
concentrations of L (= triethyl phosphite, tri(isa- 
propyl) phosphite and triphenylphosphine) and, 
separately, of pip, employing equipment and 

0 0 
P’P.* ‘ ,o 

I 

c 

hv or k, 
S 

,h3P&o _ 

*. 
I 

.CO 

k [ PipI ph3p+ico 

L C 
0 

2 

S = solvent (chlorobenzene) - 

1 

s k* [Ll (2) 
I 

methods described previously.7 Plots of absorbance 
vs time for disappearance of the photogenerated 
transient exhibited logarithmic decay; from these 
plots were extracted pseudo-first-order rate con- 
stants, kobsd. Plots of kobsd vs [L] obeyed the rate 
law 

k obsd = WI (3) 

consistent with loss of pip and bimolecular interac- 
tion of (1) with L (the step governed by k,) or with 
pip (the step governed by k_,) as outlined in eqn 

(2). 
Thermal reactions of 2 in the presence of large 

excesses of both pip and L, also proceeding via the 
stoichiometry given in eqn (1) were also studied over 
long periods of time in sealed cells” monitoring 
425nm in chlorobenzene at 33.3”C, a temperature 
at which the flash photolysis studies were also 
carried out. In terms of the pseudo-first-order rate 
Constants, kibsd, rate data were consistent with the 
rate law 

k;bsd = k’[L]/([PiP] + k”[L]). (4) 

This rate law is consistent with mechanism (2), 
where k’ = k,kJk_ 1 and k” = kJk_ 1, the ‘compe- 
tition ratio’ for bimolecular rate constants of inter- 
action of 1 with L and pip, respectively. The rate 
constant for unimolecular dissociation of pip from 
2 [k,, scheme (2)] may be calculated as k”/k’; all 
rate constants for both the photochemical and 
thermal pathways at -2O-35°C are exhibited in 
Table 1. 

It is to be noted that the ‘competition ratio’, 
k” = kJk_ 1, determined from the tnermal data 
may be compared to this same ratio obtained from 
the photochemical data; the values (Table 1) are the 
same, within experimental error. The adherence of 
both the thermal and photochemical reactions to 
both a common stoichiometric expression and rate 
law, and the agreement between rate constants (the 
‘competition ratios’) obtained through independent 
thermal and photochemical rate studies carried 
out under identical reaction conditions provide 
compelling evidence in support of this mechanism 
and show that 1 is the thermally and photo- 
chemically generated transient. There is no evidence 
for stereochemical rearrangement in 1 on the time- 
scale of processes governed by k _ 1 or k, .’ ’ 

Activation parameters for interaction of both 
P(OiPr), and pip with 1 are also given in Table 1. 
They agree within experimental error, as might be 
expected given the relatively non-discriminating 
nature of the intermediate, and exhibit entropies of 
activation near zero, reasonable for a solvent-L 
exchange process. Rates of bimolecular interaction 
of pip and L with solvated 1 vary in the order 
pip > P(OEt), > PPh, > P(OiPr),, which sug- 
gests a dominant (but not exclusive) steric influence 
on reaction rate. A similar conclusion has been 
drawn through ligand-competition studies of the 
closely-related cis-(amine)(L)Mo(CO), complex- 
es.12 
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Table 1. Rate constants for displacement of piperidine (pip) from 
cis-(pip)(PPh,)W(CO)d complexes by L (= phosphine, phosphite) in 

chlorobenzene 

(&) 
21.1b.c 
23.3’ 
33.3c.f 
33.3e.f 
34.3 
21.1’ 
21.1’ 

106k, 10-4k_,’ 10-4k, k,lk- i 
L (s-l) (M-‘s-l) (M-‘s-i) (M-l) 

P(OiPr),d - 2.04(9) 1.13(6) O.%(6) 
2.42(11) - - 

- 5.57( 1) 2.4(3) 0.43(6) 
1.12(3) - 0.53(2) 

5.3(8) 3.2(3) 0.61(15) 
P(OEt), - - 1.79(4) 0.88(6) 
PPh, - 1.45(5) 0.71(6) 
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‘AZZS = 13.2(13) kcal mall’, ASS = 6.2(42) cal “C-‘mol-‘. 
bValues extrapolated from data at 23.3-34.3”C. 
‘Photochemical data. 
dAZ-Z$ = 12.4(20) kcal mol-‘, AS$ = 2.8(36) cal “C-l mol-‘. 
‘Thermal data. 
J’K,, = [1]/[2] [eqn(3)] = 2.01(5) x lo-“,AG = 14.98(l)kcalmol-‘. 
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Abstract-Reaction of the diacid form of tetracyanobiimidazole via oxidative addition 
with two equivalents of Pt(PPh,)a produces a dinuclear complex whose structure is solved 
by X-ray analysis. The presence of dihydride is confirmed by observation of IR shift of a 
deuterium-labelled compound. 

The reaction of protic acids with platinum(O)tetra- 
kisphosphines via oxidative addition to form plat- 
inic hydrides has been well documented in the 
literature. Earlier works have described numerous 
examples of reaction of Pt(0) with mineral acids1 
and imides2 to produce such hydride compounds, 
but reactions with oxyacids do not produce com- 
pounds of similar stability.3 Hydride-containing 
dinuclear complexes of platinum without bridging 
hydrides are rare,&’ and are not the product of 
reaction of a diacid with two equivalents of a Pt(0) 
Species. 

We now report the synthesis of a symmetrical 

*Author to whom correspondence should be addressed 
fCry.stal data: Cs2H,,N,P2Pt,, M = 1611.58, triclinic, 

space group PI, a = 13.397 A, b = 14.734 &c = 12.379 A, 
a = 100.82”,/I = 115.9O”,y = 64.65”, U = 1986A3,Z = 1, 
D = 1.408gcm-3, /.J(Mo-K,,) = 36.81 cm-‘, I(Mo- 
KY= 0.71069 A, N = 4614, NP = 479, R = 0.0283, non- 
hydrogen atoms anisotropic, hydrogens fixed but not 
refined. Tables of atomic positional and thermal par- 
ameters, bond lengths and angles and FdFc vahes 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. 
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platinum(II)hydrido dinuclear compound formed 
by the oxidative addition of a non-oxygen diacid, 
4,4’,5,5’-tetracyano-2,2’-biimidazole (C,eNsH,), to 
two equivalents of tetrakistriphenylphosphine- 
platinum(O). The white, air-stable reaction product, 
HPt(PPh,),(C,,N,)(PPh,),PtH, precipitates quan- 
titatively on stirring for 1 h in tetrahydrofuran, 
regardless of the stoichiometric ratios added to 
the reaction mixture. Crystals of this compound 
suitable for X-ray analysis were prepared by allow- 
ing a mixture of the reactants to stand overnight 
in a new flask. Once the compound was prepared, 
it showed no solubility in common laboratory 
solvents except those which react with the hydride. 

Chemical characterization of the dinuclear com- 
pound included elemental analysis and IR spectra. 
Principle characterization of the structure was the 
result of X-ray analysis (Fig. 1)-t From this we find 
the geometry about the platinum to be a slightly 
distorted square-planar, with angles Pl-Pt-Nl 
99.8” and P2-Pt-Nl 95.0”. The atoms Pl, P2, 
Pt and Nl are coplanar, and this plane is almost 
exactly perpendicular to that of the central ligand. 
The bonded distance of 2.125A for Pt-Nl com- 
pares to the non-bonded distance of 3.027A for 
Pt-N3’. Examination of packing plots from all 
axes revealed no strong intermolecular association. 
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Fig. 1. ORTEP diagram of the dinuclear unit. 

Stereoplots of these packings indicated that interac- 
tion was mainly confined to the phenyl ring periph- 
ery of the molecule. This is the first example of 
coordination of this type for tetracyanobiimidazole. 
More commonly expected are dinuclear species 
with quadridentate binding to the ring nitrogens,* 
or mononuclear bidentate species with the metal 
atom bound to one side of the ligand.’ 

The hydride was verified via isotopic labeling 
and observance of the shift in frequency for the IR 
Pt-H resonance. Labeling was accomplished by 
stirring the acid form of the ligand in DzO at 5°C 
for several hours. This deuterated form of the 
ligand (D&,N,) was then allowed to react with 
two equivalents of tetrakistriphenylphosphine- 
platinum(O). The resulting product was identical in 
appearance and solubility to the protic analog. 
IR spectra of the two compounds were virtually 
identical, except for the hydride-deuteride bands. 
The hydride band at 2196cm-’ was absent in 
the deuteride spectrum, and as expected, a new 
resonance had appeared at 1621 cm-‘. 

Investigations of this unusual molecule are con- 

tinuing with synthetic attempts to probe the hydride 
reactivity. 
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Abstract-The nature of the active polymer anchored rhodium catalysts used for hydrogen- 
ation has been deduced to be a mono- or dihydridorhodium(II1) species. 

Rhodium complexes anchored on polymers con- 
taining ligands like phosphinel and anthranilic acid 
derivatives2 have been employed as hydrogenation 
catalysts. The systems containing polymers with 
anthranilic acid derivatives were synthesized from 
RhCl, and were subsequently treated with 
NaBHd.2 In this process,” it is considered that 
Rh(II1) is reduced to Rh(I) as evidenced from the 
colour change observed as well as from XPS results. 
The purpose of this communication is to examine 
the nature of activation caused in the catalyst as a 
result of borohydride treatment.? 

Normally, rhodium (III) chloride complexes con- 
taining nitrogen ligands on treatment with boro- 
hydride yield either mono- or dihydrido species by 
nucleophilic displacement of chloride or undergoes 
reduction to Rh(I) or Rh(0).4 It is also known that 
a dihydrorhodium(II1) complex can be obtained by 
oxidative addition of molecular hydrogen to Rh(1) 
species.’ It is therefore deduced that treatment of 
Rh(II1) complexes with borohydride (which can 
also act as a source for hydrogen6) can result in a di- 
or monohydridorhodium(III) complex depending 
upon the nature of the ligands. However, hydrido 
species could not be formed from Rh(II1) complexes 
by treatment with other reducing agents like sodium 
amalgam, hypophosphorus acid or molecular 
hydrogen.4 It is likely, therefore, that the active 
hydrogenating polymer-anchored catalysts can 

*Author to whom correspondence should be. addressed. 
tEven though metallic rhodium is effective for the 

hydrogenation of ole6ns,3 its role on polymer-anchored 
systems without elution is doubtful. In addition, the 
existence of Rh(0) was never identified by XPS.z 

contain Rh(II1) hydrido species. The reports avail- 
able in the literature’ have unfortunately identified 
this species as Rh(1) on the basis of a low value 
(-308 eV) of the binding energy of the Rh 3d,,, 
emission. Furlani et al.’ have analysed the XPS 
data of a number of rhodium compounds and have 
shown that: (i) the binding energy as well as the 
FWHM of Rh 3d line is strongly dependent on the 
nature and the number of co-ordinating species, 
and (ii) the rhodium splecies on the polymer surfaces 
are predominantly in the higher oxidation state. The 
lower binding energy values for Rh 3d,,, ( - 308 eV) 
observed for these species could arise from: (i) the 
initial-state chemical shifts resulting from the nature 
of the ligands, and (ii) the final-state relaxation shifts 
whose contribution could be significant especially in 
view of the extended nature of the polymer back- 
bone used. 

Borane generated during borohydride treatment6 
could also bind to the polymer (the presence of 
highly charged boron species is also reported in 
polymer-bound nickel catalysts*) and can activate 
the olefin. This could also account, at least partially, 
for the hydrogenation activity observed. 

The hypotheses proposed in this letter, however, 
await further support from IR data of the active 
catalyst for VB-H (2300-2500cm-1), v~__~ (170O- 
22OOcm-‘) and VRh__H__Rh(bridgcd) (115O~m-‘).~ 
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Structure and Bonding, VoL 62, Clusters. 
Springer, Berlin, 1985. ISBN 3-540-15731-X, 116 

pp., DM 980 

The latest volume of this popular series of reviews 
contains three surveys of aspects of polynuclear metal 
compounds. Each review is valuable and each shows a 
different way in which a review can help us master 
chemical information: by surveying a field for the first 
time, by updating our knowledge of a busy area pre- 
viously well covered, or by writing an essay which is 
itself a contribution to science. 

Gunther Gliemann and Hartmut Yersin from Regens- 
burg provide a well organized article on one-dimensional 
[Pt(CN),]’ - species. They emphasize electronic spectra, 
both absorption and emission, and include effects of 
pressure and magnetic fields, but they do not deal 
with the one-dimensional electric conductance which is 
already well known. General inorganic chemists may 
find the level of theory rather tough, but they will be 
pleased by the many excellent diagrams of polarized 
single crystal spectra. 

Albert Cotton and Richard Walton have updated their 
book on multiply bonded cluster complexes by reviewing 
recent work, mostly their own, on dinuclear compounds 
of this type. The metals covered are Cr, MO, W, Tc, Re, 
Ru, OS and Pt, but not in any special order, nor at equal 
length. There are also short sections on spectroscopy 
and a note on M, molecules. I was sorry not to see 
anything about Nb=Nb bonds, so this is not quite a 

comprehensive study. For that matter there are plenty 
of interesting dinuclear complexes which are not metal- 
metal bonded, as in MO and Cu chemistry, and we must 
take care not to forget these while we get excited about 
quadruple bonds. Despite these criticisms I enjoyed 
reading how the field is now developing from structural 
and bonding studies to include redox and ligand reac- 
tions. Those familiar with Dr Cotton’s work will enjoy 
or be bored by the usual pointed refutations of the results 
of other workers, especially theoreticians and Russians. 

The most valuable review of the three is Gfinter 
Schmid’s essay about large cluster molecules. Using 
purely geometric arguments he explains why such a 
molecule as [Au,S(PPh,),#&] is found. No molecular 
orbitals, no electron counting, just a simple analysis of 
a cubic close-packed cube-octahedron of 55 metal atoms, 
the size of phosphines (at the 12 remaining vertices) and 
the spaces left for chlorines (over the six square faces). 
Dr Schmid goes on to show where these structures are 
found, how they are non-rigid, and how electron counting 
rules which apply to smaller clusters are weak here. 
There is a short note on magnetochemistry and this 
splendid essay concludes with some striking electron 
micrographs of Au,, clusters. 

PETER THORNTON 

Department of Chemistry 
Queen Mary College 
London El 4NS, U.K. 
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ANNOUNCEMENT 

POLYHEDRON PUBLICATION AWARD 

Pergamon Journals Ltd is pleased to announce the award annually of a cash prize of $1000 
for the best paper published in Polyhedron. 

The award will be made to the authors of the original research paper (not including 
Polyhedron Reports) judged to be the best on the basis of scientific originality, significance, 
clarity and style of presentation. The first award will be made for a paper published in 
Volume 6, 1987. Members of the Editorial Board will each be invited to nominate two 
papers for the award and the final selection will be made by an anonymous committee 
appointed by the Editors who themselves will not be eligible for the award. 

The recipient of the first award will be notified early in 1988. 
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I. INTRODUCI’ION 

Transition metals give rise to a large number of clusters which vary in nature from the simple 
aggregates of metal atoms to complex systems formed by transition-metal atoms and ligands of 
various sorts, such as carbonyls, hydrides, olefins and phosphines, as well as by interstitial atoms.’ 
Metal and non-metal main-group elements, on the other hand, form a numerous class of “naked 
clusters”. neutral or ionic, having no peripheral ligands, such as P4, P,S3, Bii+,Bi$+, Sni+, 
Gef- etc.2 One of the most viable and stimulating fields in the chemistry of the transition metals 
and main-group elements is the one related to the synthesis and characterization of new cluster 
compounds in which main-group elements and transition-metal ligand units form linkages to each 
other. Among such compounds those containing naked P atoms are quickly growing in number, 
being at the centre of the interest of many chemists. 

This report deals with compounds which contain unsubstituted P atoms or small units of such 
atoms bound to transition-metal-ligand moieties, and covers the literature up to the end of 1985. 
It focuses on three topics: (a) the survey of metal compounds containing from one to six naked P 
atoms, with particular emphasis on their structures and the synthetic routes leading to these 

*Dedicated to Professor Luigi Saeeoni on the occasion of his 75th birthday. 
t Author to whom correspondence should be addressed. 
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compounds; (b) the examination of the reactivity of such naked P atoms or units towards additional 
metal-ligand moieties; and (c) the collection of 31P NMR data for the compounds. Up to now no 
exhaustive review of this field has been published. Only cyclotriphosphorus compounds have been 
reviewed by Di Vaira and Sacconi,’ while Riess, considering the coordination chemistry of polycyclic 
tetraphosphorus compounds,4 has reported on the transition-metal complexes obtained by using 
such cage molecules as parent compounds. Finally, a recent review by Scherer on the coordinating 
ability of multiply bonded systems of the Group V elements has included some compounds 
containing the P, unit.5 

II. SYNTHESES AND STRUCTURES OF COMPOUNDS WITH NAKED PHOSPHORUS 
ATOMS 

The number of naked P atoms contained in the compounds described until now, where such P 
atoms are bound to metal-ligand moieties, ranges from one to six, excluding five. It was considered 
convenient for the discussion to group the complexes according to the number of their unsubstituted 
P atoms. Whenever two or more naked P atoms are present in a compound they are also bound 
inter se so that it is possible to refer to P,, P,, P, or P, fragments interacting with metal-ligand 
moieties. Moreover, numerous species having three, two or one P atom may be considered to 
originate from the tetrahedral P, molecule by progressive replacement of its atoms by appropriate 
metal-ligand systems. Scheme 1 summarizes the bonding modes of the mono- or polyphosphorus 
units of the latter type to transition-metal moieties, schematically denoted by M. On the other 
hand, in Scheme 1 no reference is made either to the species with P atoms in interstitial or semi- 
interstitial positions, which occur among the transition-metal carbonyl clusters, or to the compounds 
containing P units that cannot be considered as fragments of the P, molecule. The latter compounds 
have either more than four P atoms or contain chains of such atoms. All of the compounds which 
do not match the structural features and bonding modes summarized in Scheme 1 are included in 
the section devoted to miscellaneous derivatives. 

11.1. Intact P, molecule as ligand 

The first compounds which were claimed to contain the tetrahedro-tetraphosphorus molecule 
linked to a metal atom were described in 1971 by Ginsberg and Lindsell.6*7 They were isolated by 
reacting Rh(1) or Ir(1) tertiary phosphine or arsine complexes with white phosphorus at low 
temperatures; the list of the compounds is reported in Table 1. The complexes are stable under an 
inert atmosphere in the solid state, whereas they slowly decompose in solution even under nitrogen. 
Scheme 2 shows the synthesis of [RhCl(q”-P,)(PPh,),] (1). Several pieces of evidence suggested the 
presence of the intact P, molecule in all of these compounds although it was not possible to 
establish how the molecule was linked to the metal atom. More recently strong evidence for the 
coordination mode of the P, species in 1 was obtained by means of 31P-{ ‘H} NMR spectroscopy,* 
whereas the definitive proof by X-ray diffraction analysis9 could be achieved only later due to the 
high reactivity of the compound at room temperature. The NMR data showed the equivalence of 
the two phosphines and were consistent with an A,B, spin system due to the P, ligand, each line 
being doubled by “‘Rh (Table 4); such a pattern suggests that the P, molecule acts as an q2-ligand 
toward the metal atom. The crystallographic analysis has shown that the metal-bonded P-P edge 
is essentially perpendicular to the best plane through the metal atom and the other donor atoms 
(Fig. 1). The most important deformation of the P, moiety from the tetrahedral shape with 2.21 di 
edge, possessed by the free molecule,1° is due to lengthening (by ca 0.25A) of the metal-bonded 
edge upon coordination. EHMO calculations suggest strong similarities between q2-coordinated 
P, and q2-alkene ligands.g 

Six years after the communication by Ginsberg and Lindsel16 Schmid and Kempny reported” 
the synthesis of an iron carbonyl derivative containing the P, molecule (Scheme3), having the 
formula [{Fe(CO)4}3(P4)] (2). The complex was characterized by elemental analysis, and by 
MGssbauer and IR spectra. l1 Its extreme instability in solution prevented a better characterization. 

The first transition-metal compounds containing the P, ligand and endowed with a sufficiently 
high stability to allow X-ray structural investigations were obtained by Sacconi and coworkers in 
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Table 1. Rhodium and iridium complexes containing the 
intact P, molecule as a liaand” 

Compound Color 
M.p. 

(“C) 

CRhCKr12-P,XPPhd,l 
CRhBrh2-P4XPPhJ21 
CRW*-P,XPPhd,l 
[RhCl(q*-P,)(AsPh,),] 
[RhCl(q*-P&Pm-tol,),1 
[RhCl(q2-P,)(Pp-tol,)2] 
CI~l(tl*-P,MPPhAl 

“References 6 and 7. 

Yellow 171-173 d 
Yellow 166-167 d 
Yellow 153-156 d 
Yellow 104-106 d 
Yellow 132-134 d 
Yellow 110-115 d 
Orange 158-161 d 



354 M. DI VAIRA et al. 

CH,CI, 
[RhCI(PPh,l,l + P4 _ 

- 7aac 

Scheme 2. 

FelCO), 
\ 
b -Fe(CO), 

[Fe,(COLJ + P4 
c6 H6 

r. 

/\\I 
-- 

(CO) FL”” 

2 

4 

Scheme 3. 

Fig. 1. Central part of [RhCl($-P,)(PPh,),]. 

1979.” Reaction of the trigonal pyramidal Ni(0) complex [(np,)Ni] [np, = tris(Zdiphenyl- 
phosphinoethyl)amine] with white phosphorus in THF at ca 0°C leads to the diamagnetic compound 
[(npJ)Ni(q’-P,)] (3), which readily precipitates (Scheme 4). It is slightly air-sensitive in the solid 
state and is insoluble in all common organic solvents. On substitution of [(np,)Pd] for [(np,)Ni], 
the [(np,)Pd(q’-P,)] (4) complex is obtained by the above procedure.13 This is isomorphous with 
the nickel analogue, whose structure has been determined (Fig. 2).12 The metal atom in [(np,)Ni(q’-- 
PJ] is bound to the three P atoms of the np, ligand and to one P atom of the P, unit in a nearly 

N-Ni + P4 
THF 

ooc 

Scheme 4. 

regular tetrahedral arrangement. The N atom of the np, ligand is uncoordinated whereas in the 
educt compound it is linked to the metal atom. Upon coordination the P, unit undergoes a small 
distortion from the regular tetrahedral geometry toward that of a slightly elongated trigonal 
pyramid whose apex points toward the metal atom. The Pbsa,-Papie., distance [2.20(3) A] is indeed 
significantly longer than the P~~,---P,,_~, one [2.09(3)A]. Such deformation of the tetrahedral P, 
unit and the short Ni-P bond [1.99(1)61] are indicative of appreciable interaction between the 
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Fig. 2. Structure of the [(np,)(q’-P,)] molecule. 

[(np,)Ni] moiety and the P, ligand. The formation and stability of these P, adducts are probably 
due to properties of the np, ligand, such as its flexibility, the nature of its donor set, its ability to 
impose a proper symmetry on the .metal environment and the shielding effects due to its phenyl 
groups.3 

The compounds reported until now show that the P, molecule may be bound as an q’- or q2- 
ligand to transition-metal moieties. Extended Hiickel calculations have been carried out on models 
of & $- and q3-complexes of P, with ML, fragments.14 The q’-square-planar and the q2- 
arrangement with C,,-symmetry should be preferred by a @-ML, fragment whereas the ql- 
tetrahedral geometry is expected to be the most stable one for &‘-ML,. The $-coordination 
should be possible with appropriate metal-ligand moieties, although no complex of this type has 
been described so far. 

11.2. Compounds containing the cyclotriphosphorus unit 

11.2(i) Mononuclear metal complexes. The first transition-metal compound containing the 
cyclotriphosphorus unit was reported in 1976 by Vizi-Orosz while investigating the reaction of 
white phosphorus with [Co,(CO),] under various conditions. I5 Such a reaction leads to a mixture 
of the carbonyl derivatives 5-8 (Scheme 5) which were separated by means of silica gel column 
chromatography with hexane as eluant. The relative amounts of compounds 5-8 in the mixture 
are controlled by the reaction conditions; in particular, the cyclotriphosphorus derivative (5) was 
obtained in the highest yield (ca 40%) by carrying out the reaction in an autoclave at 50°C under 
a 120atm CO pressure. The yellow crystals of 5 ignite spontaneously in the air. IR data suggest 
that 5 has the same geometry as [C~(CO),(V~-AS~)],~~ which consists of a Co(CO), group 
coordinated to a triangular As, fragment. Therefore 5 should contain a Co(CO), group bound to 
a triangular P, unit. The same mixture of compounds 5-8 was also obtained by reacting [Co,(CO),] 
or [Co(CO,]- in THF and hexane with phosphorus trihalidesr5 under CO (1 atm); by this reaction 
5 is obtained in a very low yield. Compound 6, which contains the P, unit, will be described in 
some detail in Section II.3 whereas compounds 7 and 8, having single P atoms, are postponed 
until Section 11.4. It is worth noting at this point, however, that 5-8 form a group of related 
compounds, containing a tetrahedral array of Co and naked P atoms, which may be considered 
to originate from that of the P, molecule through stepwise replacement of its P atoms by the 
isolobal Co(CO), units (Scheme 5). ” Compounds 5-7, with the general formu1a[{Co(C0),},P4_,J 
(n = 1, 2 or 3), may undergo rearrangements to each other in the presence of suitable reagents.‘s 

Up to now the largest class of mononuclear metal compounds containing the cyclotriphosphorus 
unit corresponds to the formula [(triphos)M(q’-P&l”+ [M = Co,lg RhZo or Ir;” n = 0: M = Ni,21*22 
Pd13 or IW3 n = 1: triphos = l,l,l-tris(diphenylphosphinomethyl)ethane]. The first derivative of 
this series,‘[(triphos)Co(~3-P3)] (9), was obtained by reacting hydrated Co(I1) salts of poorly 
coordinating anions with white phosphorus in the presence of triphos at ca 40°C (Scheme6).lg 
Orange crystals of the product separate after the addition of ethanol. An excess of white phosphorus 
with respect to cobalt is a crucial factor for obtaining 9, by reacting the cobalt salts and triphos 
with a lower amount of phosphorus (Co:P, = 2: 1) the dinuclear triple decker sandwich complex 
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CO ligands omitted for clarity 

Scheme 5. 

[Co(H20)$+ + triphos + P4 
THF/EtOH 

4opc 

Scheme 6. 

[(triphos)Co(bq3-P3)Co(triphos)](BF,), is obtained [see Section II.2(ii)].23 The structure of 9, which 
is typical of the complexes of this class, is shown in Fig. 3. The metal atom is coordinated by the 
three P atoms of the triphos ligand and by those of the cycle-P, group, the two sets of donor 
atoms being nearly staggered. A strictly similar coordination geometry exists in [(np3)Co(q3-P,)] 
(10) where the nitrogen atom of the tripod ligand is uncoordinated.24 Simple electron counting 
shows that removal of the nitrogen lone pair from the coordination sphere of the metal atom 
allows this to achieve the 18electron configuration. 

The rhodium (ll), and iridium (12), analogues of [(triphos)Co(q3-P,)] were obtained by allowing 
the complexes [RhC1(C2H4)2]2 and [IrCl(COXPPh,)J, respectively, to react with P, in the presence 
of triphos. 2o These compounds are isomorphous with each other as well as with the cobalt complex 
9.19 The [MCl,(PBu,)], complexes (M = Pd or Pt) in the presence of triphos and P, yield the 
cationic complexes of cycle-P,, [(triphos)Pd(q3-P3)]+ (13) and [(triphos)Pt(q3-P3)]+ (14), which 
were isolated as the BF; salts. l3 The corresponding nickel derivative [(triphos)Ni(q3-P3)]BF4 (15) 
was synthesized by a different procedure,” i.e. cleavage of the P4S3 cage molecule by the Ni(I1) 
ion in the presence of triphos (Scheme 7). The structures of both the BF; and the I; salts of the 
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Fig. 3. View of the complex molecule [(triphos)Co(q’-P,)]. 

[Ni(H,O),I 2+ + triphos + P4S3 
THF/C6H, 

reflux 15 

Scheme 7. 

nickel complex, which are mutually isomorphous, have been determined.*‘*** Although the 
coordination geometry of the cationic complexes is closely similar to that of the neutral compounds 
of the cobalt group there are significant differences between their M-P and P-P bond distances. 
In particular, the M-P(triphos) distances are consistently longer in the cationic complexes than 
in the neutral ones.*l It should be noted in passing that formation of the mononuclear cycle-P, 
derivatives with phosphine ligands by the procedures exploited up to now has invariably involved 
reduction of the metal atom relative to its oxidation state in the parent compound. The mononuclear 
cyclotriphosphorus derivatives may be considered, on the other hand, to originate from the 
tetrahedral P, molecule by replacement of one of its P atoms by an LM (M = Co, Rh or Ir; 
L = triphos or np,) or LM+ (M = Ni, Pd or Pt; L = triphos) moiety. Such substituent groups, as 
well as the GJ(CO)~ unit of Scheme 5, are three-electron donors according to Wade’s rules:*’ in 
this sense they are equivalent to the P atom they are considered to replace in the P, cage. Such 
considerations provide the simplest bonding approach to the mononuclear cycfo-P, derivatives. 
Substantial interaction occurs between the orbitals of the LM fragment and properly oriented 
orbitals of the $-P, ligand.’ 

Taking into account the isolobal relationship between organometallic fragments*‘j it is not 
surprising that the CpMo(CO)* (Cp = $-cyclopentadienyl) and Cp*Mo(CO), (Cp* = $-penta- 
methylcyclopentadienyl) fragments, that have similar frontier orbitals to those of CoL,, stabilize 
compounds containing the cycle-P, unit. Scherer et al. *’ have reported that the P, molecule 
undergoes cleavage in the presence of the reactive molybdenum dimer complex [CpMo(CO),], in 
boiling toluene, yielding different compounds (Scheme 8) which have been separated by column 
chromatography on florisil with a toluene-pentane mixture as eluant. The presence of the 
cyclotriphosphorus unit q3-bound to the CpMo(CO), fragment, compound 16, has been ascertained 
on the basis of NMR data*’ and by an X-ray diffraction study. ** The structure has shown that 
the MO atom and those of the cycle-P, unit form a trigonal pyramid. The P, ligand has the shape 
of a nearly equilateral triangle with mean P-P bond lengths in good agreement with those existing 
in the compounds [(triphos)M($-P3)] (M = Co, Rh or Ir)1g*20 and [(np3)Co(t13-P3)].24 Compound 
17, containing the bridging P, unit, is considered in Section 11.3. The pentamethylcyclopentadienyl 
dicarbonyl molybdenum dimer, [Cp*Mo(CO),],, reacts with P, in high boiling solvents*’ yielding 
a mixture of compounds (Scheme 9) which have been separated by chromatography on tlorisil. 18 
contains the cyclotriphosphorus unit q3-bound to one Cp+Mo(CO), fragment as indicated by 
NMR data. As in the case of the Cp analogue2’*28 no restriction to rotation of the P, unit has 
been observed even at ca - 80 “C. Compound 18 can also be prepared from [Cp*Mo(CO),], and 
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[CpMo(CO1,1, + P4 
toluene 

retlux 

Scheme 8. 

[Cp*Mo(CO),l, + P4 
xylene 

reflux 

9 
ocq” 

Hp 16 

\d 
I 

co p;p 

MO 

P 
/P P. 

CL 

“2 

PP 

18 

19 

20 

21 

Scheme 9. 

P,S,.‘O Compounds 19-21, which contain P, or P, ligands, will be described in Sections II.3 and 
11.5, respectively. Compounds 16-19 present tetrahedral cores of molybdenum-ligand units and of 
naked P atoms corresponding to two members of the mixed tetrahedrane cluster family with the 
general formula [(MoL),P,_,J [n = 1, 2 or 3; MoL = CpMo(CO), or Cp*Mo(CO)J which 
parallels that already described for the cobalt derivatives (Scheme 5) of formula [{CO(CO)~},P~_,] 
(n = 1,20r 3). 
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Fig. 4. View of the [(triphos)Co(q3-P,S)]+ cation. 

[Co(H,O+f+ + triphos + pqX3 THF/EtOH, 

4o”c 

Lp’ ” P 

Scheme 10. 
X = S(221, Set231 

The inorganic heterocycles thiadiphosphirene, P,S, and selenadiphosphirene, P,Se, are closely 
related to the cyclotriphosphorus unit from which they may be considered to originate by replacing 
one P atom with a chalcogen (S or Se) atom. Such fragments are stabilized by the cobalt-triphos 
moiety. The reaction of Co(I1) tetrafluoroborate in the presence of the tripod ligand triphos 
with the appropriate tetraphosphorus trichalcogenide, P,S, or P,Se,, affords the compounds 
[(triphos)Co($-P,S)]BF, (22) and [(triphos)Co($-P,Se)]BF, (U), which are air-stable in the solid 
state (Scheme 10).31*32 The reaction leading to compounds 22 and 23 provides an interesting 
example of cleavage of the tetraphosphorus trichalcogenide molecules P,X3 (X = S or Se) by the 
cobalt-triphos system. A different cleavage of the same cage molecules, yielding cyclotriphosphorus 
derivatives, Scheme 7, occurs with the nickel-triphos system. 21 Such reactions provide examples 
of selective activation of cage molecules controlled by transition-metal-ligand systems. 

The crystal structures of the isomorphous compounds 22 and 23 consist of [(triphos)Co(q3- 
P,X)]+ cations (X = S or Se) and BF; anions, as well as of interposed benzene solvate molecules. 
A perspective view of the [(triphos)Co(q3-P,Se)]+ cation is shown in Fig. 4.32 The metal atom is 
in a six-coordinate environment formed by the triphos P atoms and by the atoms of the heterocyclic 
P,X unit in a staggered arrangement similar to that found for the simple-sandwich complexes 
formed by the cyclotriphosphorus homocyclic ring.3 The P,S and P,Se triangular units in the two 
compounds are disordered about the pseudo-three-fold axis of each cation so that the chalcogen 
atom (S or Se) is distributed over the three vertexes of the triangle.32 The mean of the interatomic 
distances in the P,S ring is slightly shorter than the value found for the cycle-P, unit in the neutral 
[(tripho@GoG(-P3)]rg compound and is close to that existing in the [(triphos)Ni(q3-P3)]+ 
cation.21*22 Both the distances within the P,Se group and those from this group to the metal atom 
are considerably affected by the presence of the large Se atom in the heterocyclic ring. 

The above compounds containing the P, and P,X (X = S or Se) triatomic units form a large 
series of isostructural and isoelectronic compounds whose 31P NMR data have been considered.“‘*32 
This has allowed the detecting of some trends in the NMR parameters (chemical shifts and coupling 
constants) of the P atoms belonging both to the polyphosphine ligand and to the triatomic unit. 
The P(triphos) chemical shifts for the compounds [(triphos)M(q3-P,)] (M = Co, Rh or Ir) and 
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[(triphos)M(#-P,)]BF, (M = Ni, Pd or Pt) decrease rather smoothly and with similar trends on 
descending each metal atom group. 21 Such trends are consistent with that reported for phosphine 
complexes formed by metal atoms of different transition rows, having the same coordination 
number, molecular geometry, phosphine ligand and oxidation state of the metal atom. The 
P(triphos) chemical shift is essentially unchanged on replacing the P, with the heteroatomic P,X 
(X = S or Se) units in the cobalt derivatives [(triphos)Co(~3-P,X)]BF4.32 The P($-P,) chemical- 
shift values, on the other hand, do not vary smoothly on changing the metal atom within each 
group of compounds although they exhibit similar trends for the neutral compounds [(triphos)M(q3- 
P,)] (M = Co, Rh or Ir) and the cationic complexes [(triphos)M(rf3-P,)]BF,(M = Ni, Pd or Pt). 
Remarkably, the ‘J[M-P(q’-P,)] coupling constants for M = Rh or Pt{ ‘J[Rh - P(q3-P3)] = 13 Hz 
and ‘J[Pt-P(t13-P3)] = 171 Hz} are smaller, by more than one order of magnitude, than the ‘J[M- 
P(triphos)] ones, which in turn are in the usual range for the phosphine complexes of such metals. 
The relative positions of the P,X (X = S or Se) ‘lP signals in the [(triphos)Co(q3-P,X)]BF.+ 
compounds, the P,Se signal occurring at lower field than the P,S one, exhibit decreasing S(31P) 
values with increasing size of the heteroatom. 

11.2(ii) Triple decker sandwich complexes. The cyclotriphosphorus and the isoelectronic thiadi- 
phosphirene and selenadiphosphirene units may also act as bridging units between two metal 
atoms, yielding a large class of triple-decker complexes3 that have been well characterized by 
Sacconi and coworkers. Dinuclear-sandwich complexes having the cyclotriphosphorus unit as the 
internal slice have been obtained up to now by the following procedures:33-37 

(a) By allowing stoichiometric amounts of white phosphorus, hydrated metal salt and phosphane 
ligand to react in solution. THF solutions of P, and of the ligand have generally been used, whereas 
the hydrated metal salt was dissolved in ethanol. Scheme 11 summarizes the synthesis of 
[(triphos)Co(~,~3-P3)Co(triphos)](BF,),. 23 By this procedure only symmetric-sandwich compounds 
are obtained. 

ICo(H,O+,l*+ + triphos + P4 THF/EtOH 
r,t, l 

Scheme 11. 

(b) By allowing a mononuclear complex [(triphos)M(q’-P,)]“+ (M = Co, Rh or Ir; n = 0: 
M = Ni, Pd or Pt; n = 1) or [(triphos)Co(q3-P,X)] + (X = S or Se), to react with a hydrated metal 
salt or a metal complex in solution, in the presence of the appropriate tripod ligand. The synthesis 
of [(triphos)Co(b q3-P,S)Co(triphos)](BF,), by this procedureJ6 is reported in Scheme 12. All 
reactants were generally dissolved in CHICI or Me,CO, except for the hydrated metal salts, which 
were dissolved in ethanol. In this way both symmetric and asymmetric complexes are obtained. In 
the latter, the metal atoms and/or the external ligands may be different. 

ICo(H,O),I *’ + triphos 
THF/EtoH 

r.t. 

Scheme 12. 

(c) By reducing the dinuclear cycle-P, complexes obtained by the procedures described in (a) or 
(b) with NaBH, in acetone-ethanol. The [(triphos)Co@, ~3-P3)Co(triphos)]+ monocation has been 
obtained in this way (Scheme 13). 23 It has been recently reported that the cycle-P, unit may be 
also generated by cleavage of the cage silylphosphane P,(SiMe,), and trapped in the [(triphos)M 
01, q3-P3)M(triphos)12+ cations (M = Co or Ni).3* 

All triple-decker complexes of this type, which are listed in Table 2, are stable in the solid state. 
They are also rather stable in solution, except for the unsymmetrical compounds formed by two 
metal atoms of different transition-metal series, which decompose rather quickly. In all of these 
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Scheme 13. 

Table 2. Triple decker sandwich complexes containing the triphosphirene and thiadiphosphirene 
cyclic units as internal ligands 

Compound Synthesis” VENb p.r; Reference 

[(triphos)Co@, q”-P,)Fe(etriphos)] [PF,], 
C(triphos)Co@c, +P,PNtWWl Cylz” 
[(triphos)Co(b q3-P,)Rh(triphos)] [Y-J2” 
[(triphos)Co@, +P,)Ir(triphos)][BF,], 
[(triphos)Co(y, q3-P,)Co(etriphos)][BPhJ, 
[(triphos)Co& q3-P,)Co(triphos)]BPh, 
[(triphos)Co(y, q3-P,)Ni(triphos)] [BPh,]* 
[(triphos)Rh(b q”-P,)Rh(triphos)] [BPh,], 
[(triphos)Ni(p, q3-P3)Rh(triphos)][YJzd 
[(triphos)Co@, q3-P,)Ni(etriphos)] [BPh,], 
[(triphos)Co@, q3-P,S)Co(triphos)] [BFJ2 
[(triphos)Co(p, q”-P,S)Rh(triphos)][BF,], 
[(triphos)Rh(p, q3-P,S)Rh(triphos)] [BPhJ2 
[(triphos)Ni(p, q3-P,)Ni(triphos)] [f12” 
[(triphos)Ni(p, q3-P,)Ni(triphos)]BPh, 
[(triphos)Ni(p, q3-P,)Pd(triphos)]BF. 
[(triphos)Pd(p, q3-P,)Pd(triphos)BPh, 
C(np3Pd(~9 v3-P3)Wnp3)lBF4 

“The key for a, b and c is reported in the text. 
bVEN = valence electron number. 
‘Room temperature. 
dY = BPh, or BF,. 

a 
a, b 
b 
b 
b 
C 

b 
b 
b 
b 
b 
b 
b 
a, b 
C 

b 
a 

30 Diam. 33 
31 2.20 23 
31 2.20 34, 35 
31 1.95 34, 35 
31 2.29 33 
32 3.13 23 
32 3.14 23 
32 Diam. 34, 35 
32 1.64 34,35 
32 3.12 33 
32 1.35 36 
32 1.50 36 
32 1.42 36 
33 2.09 23 
34 Diam. 23 
34 Diam. 37 
34 Diam. 13 

a 34 Diam. 13 

triple-decker derivatives the external layers are formed by the ttiphos, ettiphos [ettiphos = 1, 1, l- 
tris(diethylphosphinomethyl)ethane] or np, ligands, whereas the internal slice is formed by the 
cycle-P, or cycle-P,X (X = S or Se) group. Each metal atom is bonded to the three P atoms of 
one external ligand and to the three atoms of the bridging $-P, or q3-P,X ring in a six-coordinate 
arrangement. A typical example is provided by the structure of the dication in the compound 
[(triphos)Pd(p, q3-P,)Pd(triphos)]BPh,, shown in Fig. 5. I3 A simplified approach to the bonding, 
magnetic properties, and redox behaviour of the complexes here described has already been 
reported.3 The triple-decker dications [(triphos)M(p, q3-P,S)M’(triphos)12+ (M = M’ = Co, or Rh; 
M = Co, M’ = Rh) recently reported,36 which contain the heteroatomic P,S ring, undergo 
autoreduction and exhibit transferability of the triatomic unit between metal-ligand moieties. Such 
features, which have never been observed for cyclotriphosphorus derivatives, suggest that cleavage 
of bonds between the metal and ring atoms is easier when the ring is heteroatomic. 

11.3. Compounds containing the diphosphorus unit 

The compounds containing the unsubstituted diphosphorus unit so far reported are relatively 
few compared with the cycle-P, derivatives. The first compound containing the diphosphorus 
ligand, having the formula [{Co(CO)3}& q2-P2)] (6) was isolated by Markb and coworkers in 
1973 as a red oil.” It was obtained by reacting Na[Co(CO),] with PCl, or PBr, in THF solution 
at room temperature (Scheme 14). The compound was assigned a structure with a tetrahedral 
Co,P, core in which two vertexes are occupied by the P, unit and the other two by the Co(CO)3 
fragments. Such a Co,P, core was proposed by comparing the IR spectrum of the compound with 
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the formulae C{CPM~(CO),},O~,~~~-P~)I WI, C{CP*M~(C~)~}~~~~~-P~)I (19) and CCp*MWOXCr, 
q2-P,)], (20). The reactions leading to these derivatives are reported in Schemes 8 and 9. Compound 
19 has also been obtained by cleavage of the P,S, cage molecule in the presence of [Cp+Mo(CO),], .‘O 
On the other hand 17 has also been synthesized by reacting [CpMoX(CO),] (X = Cl or Br) with 
the silylphosphines P(SiMe,),, PH(SiMe,), and PH2(SiMe,).44 The crystal structure of 17 has been 
determined.27 The molecule contains a pseudotetrahedral Mo,P, core and each metal atom bears 
a cyclopentadienyl group and two CO groups as coligands; the CpMo(CO), moieties are in a tram 
arrangement with respect to the metal-metal edge. The pentamethyl derivative (19) has been 
assigned the same structure as 17 on the basis of NMR and IR measurements.2g As shown in 
Scheme 9, from the reaction of [Cp*Mo(C0)2]2 and P, a second derivative containing the P, 
ligand is also obtained, i.e. [Cp*Mo(CO)@, q2-P,)], (29). Mass and NMR data suggest a structure 
consisting of two Mo2P2 tetrahedra with a common MO-MO edge and a cis arrangement of the 
Cp* and CO ligands.2g 

Two more reports on compounds containing the diphosphorus unit have recently appeared. The 
first one is from Chisholm and coworkers. 45 The reaction of Mark& compound (6) with 
[W2(OPri)e(py)2] yields the compound CW2(OPri),(py)(Ht12-P2)l (2!5) (Scheme 15). Its 
crystal structure shows a pseudo-tetrahedral W,P, unit with an alkoxide group bridging the two 

[W,~OPri),(Py),l + [{Coc01,h?2-P211 
hexane , 

Scheme 15. 

metals.45 The substitution of the Co(CO), fragment in the parent compound with the d3 isolobal 
W(OR), and W(OR),(py) fragments 45 allows one to state, from a different point of view, that the 
diphosphorus unit may be transferred between metal moieties. It should also be mentioned at this 
point that the homometallic triple-decker compound [(triphos)RhOr, q3-P,S)Rh(triphos)][BPh,], 
(26)36 has been obtained by reacting the simple-sandwich complex (22) with a large excess of 
[(triphos)Rh]+ generated in situ in the presence of NaBPh, (Scheme 16). Also this reaction proves 
that “naked” pnicogen units may be transferred between isolobal transition-metal fragments. Such 
interesting behaviour could open new routes 
containing small units of pnicogen atoms. 

to the synthesis of organometallic compounds 

‘+ + triphos + IRhClkodH, _A”,“c’, > -@h$$R(> “+ 26 

22 

Scheme 16. 

The second report, by Schafer et al., deals with the reaction of silylphosphines with Ni(I1) 
complexes containing a bidentate phosphine ligand (Scheme 17).46 Such reactions surprisingly yield 
diphosphorus derivatives of formula [{NiL},b, q2-P,)] [where L = bis(diethylphosphino)ethane 
(27), bis(dicyclohexylphosphino)ethane (28) or bis(diphenylphosphino)ethane (29)]. The crystal 
structure of 27 (Fig. 7) shows that each Ni atom is surrounded by four P atoms in a nearly planar 
arrangement, with two P atoms provided by a diphosphine ligand and the other two by the bridging 
diphosphorus unit. The two coordination planes are nearly perpendicular. The P, unit in all of the 
compounds described so far acts as a four-electron donor. On the other hand Huttner and 
coworkers have obtained compounds in which such a ligand acts as an eight-electron donor.47 
The tetracarbonyl anion [Co(CO),]- reacts with organometallic compounds, which have halo- 
phosphines as coligands (Scheme 18), to yield compounds where P, is side-on bridging two Co(CO), 
units and each phosphorus of the P, l&and is furthermore terminally bonded to one metal-ligand 
ML fragment [ML = Cr(CO), (30), W(CO), (31) or CpMn(CO), (32)]. The crystal structure of the 
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silylphosphines 
THF 

r.t. 

R =Et(27),Cy(28), Ph(29) 

Scheme 17. 

Fig. 7. Structure of [{(Et,PCH,CH,PEt2)Ni}2(~, #-Pz)]. 

compound [{[Co(CO),],~, q2-P2)}(Cr(CO)5)2] is reported in Fig. lL4’ Selected structural data 
for compounds with the P, ligand and a tetrahedrane M,P, core are listed in Table 3. 

Br 
I 

ICpMn(CO),PBr,l t 
toluene 

r.t. 
p 

Scheme 18. 

M = Cr(30), W (31) 

L2 u 50 ““\ Ql !h 
/“< 

co p,-P 
7, 

IA 
co \ 

CO),Co- COCO), 
32 

Compound 33, which has been isolated from the reaction mixture of [Cp*Mo(C0)2]2 with 
P,S,,*s contains an S2 ligand sideon bonded to two Cp*Mo fragments and a bent PSP group 
whose P atoms are linked to the molybdenum centres (Scheme 19). Compound 33 is transformed 
in the presence of [Co,(CO),], yielding 34 which contains the unprecedented PS ligand. The 
geometry of 34, proposed on the basis of spectral data and the crystal structure of the analogous 
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Fig. 8. Structure of the tetranuclear complex [{[Co(CO),],(~,~2-P2)}(Cr(CO)s}2]. 

Table 3. Bond distances in the tetrahedrane clusters containing the P, unit“ 

P-P 

2.019(9) 
2.060(5) 
2.061(3) 
2.154(4) 
2.121(6) 
2.079(2) 
2.093(8) 

P-M 

2.264(5) 
2.247(4) 
2.250(2) 
2.453(3) 
2.234(4) 
2.507( 1) 
2.467(4) 

M-M 

2.574(3) 
2.565(3) 
2.573( 1) 
2.695( 1) 
2.908(3) 
3.022(l) 
3.077(2) 

Reference 

43 
47 
67 
45 
46 
27 
66 

53 C~CCpMO(C0)212(r~tf2-P2)~2~Re2(CO)dBr2~le 2.071(9) 2.487(7) 3.034(2) 66 
55 C~CP*M~(COX~~~*-P~,},~C~C~,~~,I’ 2.067(5) B 2905(l) 5 

“Averages over chemically equivalent bond distances (A) are reported. 
bPP-Cr,,,c~n = 2.278(4) A. 
The mean P-M distance. (M = Cr or W) is 2.361(2)A. The Cr and W atoms were disordered, each with 

50% occupancy of the metal sites. 
‘P-Re 
‘P-Re~~~~ 

= 2.490(4) A. 
= 2.483(7) A. 

‘P-0 distances not reported. 
#Not reported. 

arsenic derivative, presents a MO&O triangle bridged by two pl-S atoms, with a PS ligand acting 
as a bridge between two MO atoms.48 

* 

,/p’i”“-,s 

\I\1 'P' / \MOHS 
1 

+ toluene 

r. t. l 

33 

Scheme 19. 

34 

Pz and PS ligands act as side-on bridging units in all of the complexes reported up to now, 
spanning two vertexes of tetrahedrane clusters in which the other two vertexes bear metal-ligand 
moieties. Such a core is opened toward a buttexfly geometry only in the case of the nickel derivatives 
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Fig. 9. View of the [(CpCoP),] molecule. 

27-29.46 The synthesis of compounds of this type may be achieved by using an excess of the 
organometallic complex as the source of a metal fragment and various phosphorus derivatives as 
the parent compounds of the P, unit. Despite the apparent unpredictability in the synthesis of the 
present compounds two general routes may be singled out: (a)reaction of dimetallic derivatives, 
that easily originate mononuclear metal-ligand fragments isoelectronic to phosphorus, with labile 
small cluster molecules such as P, and P,S,; and (b) reaction of metal-ligand or phosphido anions, 
such as [Co&O),]- or [P(SiMe,),]-, with halophosphine or phosphine halide complexes such as 
[Cr(CO),PCI,], [NiCl,(dppe)] [dppe = bis(diphenylphosphino)ethane] and so on. Procedures of 
type (b) yield diphosphorus derivatives from compounds containing single phosphorus atoms. 

11.4. Compounds containing single phosphorus atoms 

Transition-metal compounds which contain single P atoms are relatively few. In such derivatives 
the P atom acts as a bridging ligand between three or more metal-ligand fragments. It may be 
involved in a pseudo-tetrahedral, planar or spirane-like arrangement. 

Kpcoco),l + p, toluene 
retlux rcpcoP).l 35 

Scheme 20. 

The first compound that was reported to contain single naked P atoms belongs to the class of 
compounds having the pnicogen atom in a tetrahedral array as a p,-ligand. [(CpCoP),] (35) was 
obtained in low yield by Simon and Dah149 by reacting [CpCo(CO),] with the stoichiometric 
amount of white phosphorus in toluene under an inert atmosphere (Scheme 20). Compound 35 has 
been characterized by IR and mass spectrometry, and by X-ray diffraction analysis. The molecule 
has a cubane-like architecture (Fig.9). Each cobalt atom is surrounded by one cyclopentadienyl 
ligand, three P atoms, and one Co atom, so that it achieves the closed-shell electronic configuration. 
The Co,P, core is significantly deformed from the idealized cubic geometry that occurs in other 
cubane-like structures such as those of compounds with the M,S, core. 

The monophosphido compound [(Co(CO),},(p,-P)] (7) is one of the products isolated from the 
reaction of cobalt carbonyl and white phosphorus (Scheme 5);” it has also been obtained from 
phosphorus trihalides and [Co(CO), 3 - salts. rs Compound 7 is the most reactive of all the members 
of the mixed-cluster family [{Co(CO),),P, -.I (n = 1,2 or 3). It has been characterized by comparing 
its IR spectrum with that of the analogous arsenic derivative [{Co(C0)3},(~L3-As)].so Compound 
7 has a great tendency to undergo cyclotrimerization with the loss of carbon monoxide to yield 8 
(Scheme 21).15 IR studies in hexane solution have shown that the lifetime of 7 is restricted to a few 
minutes.“’ The monomeric compound 7 has been stabilized by adding to its solutions suitable 
metal-ligand units like Fe(CO), generated in situ from [Fe,(CO),] in THF that act as scavengers 
for 7, to give 36, before it undergoes cyclotrimerization (Scheme 22).“*” 

Compounds of formula [([Co(CO),],}gl,-P){M(CO)s}] [M = Cr (37), MO (38) or W (39)] have 
been unexpectedly obtained ‘* by reacting 6 and 5, which contain P, and P, units, respectively, 
with Group VI hexacarbonyls under UV radiation. Compounds 37-39 have the same structure as 
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CO ligands omitted for clarity 

Scheme 22. 

the iron derivative 36 in Scheme 22, with the M(CO)s fragments replacing the Fe&O), unit. In 
the present synthesis the educt compounds 5 and 6, which have pseudotetrahedral P,M and 
P,M, [M = Co(CO),] cores, undergo rearrangement, yielding products with a PM, core. A 
monophosphorus derivative having a PCo, core has been also obtained by reacting an oxidized 
P atom of PSX, (X = Cl or Br)39 with Na[Co(CO),] (Scheme23). Such a reaction yields a 

coco1,1- + PSX, 

40 

X = CI,Br 

’ I\ 

CO liqands omitted for clarity 

Scheme 23. 

thiophosphoryl complex (40) having a pseudotetrahedral core where each Co atom bears three 
carbonyl ligands and the P atom is also bound to an S atom. In terms of structure and bonding 
7 is closely related to the phosphalkyne complexes [{CO~(CO)~}~~,~~-PCR)] in which a CR unit 
(R = Me, Ph or SiMe,) may be assumed to replace one of the isolobal Co(CO), fragments in 7. 
Such compounds have been recently considered by several workerss1-s4 and have been prepared 
for example by reacting cobalt carbonyl with (o,o’-dihaloalkyl)-dihalophosphines (Scheme 24).5’ 

Iridium trichloride reacts at 80°C with PFB at pressures of 80-200atm to give orange crystals 
of the compound with formula [{Ir(PF,),}&(,-P)] (41) in very poor yield (Scheme 25).” Mass 
spectra suggest for 41 a tetrahedrane geometry with a PIr, core where each Ir atom is linked to 
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RCCI,-PCI, + [co,coI,l THF ~ 

-1OO~C 

R = Me. Ph. SiMe3 

CO liqands omitted for clarity 

Scheme 24. 

P 

80-200Atm 
kCt, + PF, -> 

250°c ‘I’ (PFJ,lr - - Ir(PF,l, 41 
‘Ir’ 
(PF,), 

Scheme 25. 

three trifluorophosphine ligands. In all complexes described above each isolated P atom always 
occupies a vertex of a tetrahedron and invariably acts as a pL3- or p,-ligand. On the other hand, 
different coordination geometries are also possible for naked P atoms in transition-metal complexes 
and some of them have been recently achieved by Huttner and coworkers. 

Compound 42 was isolated through reductive dehalogenation of [CpMn(CO),PBr,] with 
[Fe,(CO),] (Scheme 26).“j The nature of 42 has been confirmed by chemical-physical measurements; 
the structure of the compound is shown in Fig. 10. It presents two trigonally coordinated P atoms, 
each linked to two iron tricarbonyl fragments and one CpMn(CO)z moiety. The short Mn-P 
bond distance is considered to be indicative of significant P(x)-metal d(x) interaction.56 The P 
atoms in 42 exhibit an unusual downfield shift in the 31P NMR spectrum (see Section IV). 

Scheme 26. 

More recently a second example of a P atom bridging three metal atoms in a trigonal planar 
array has been reported. 57 Compound 43 was obtained by reacting the bromophosphinidene 
complex [{Cr(CO),},PBr] with the strong nucleophile anion [CpW(CO),]- in dry THF 
(Scheme27). The P atom forms a three-membered ring with the W and one Cr atom, while the 
second CI(CO)~ group is exocyclic. The short bond distance between the exocyclic Cr and the P 
atom suggests a P-Cr interaction analogous to that which is considered to exist in 42. The P atom 
is in an approximately trigonal planar geometry. 

The reaction of [Fe,(CO),] with PCl, leads to the crystalline compound 44 (Scheme 28).” 
Determination of its crystal structure (Fig. 11) has shown that a Fe,(CO), group is joined to a 
Fe,(CO)&Cl) one by a P atom that is linked to all four transition-metal atoms, acting as a Spiro 
centre. Compound 44 is the first, and up to now unique, compound in which a P atom acts as the 
joining centre between two cyclic fragments. 
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Scheme 27. 

Fig. 10. Molecular structure of [{Fe,(C0),}(~3-P),{CpMn(CO~~}~l. 

Fig. 11. View of the spirane-like molecule [{Fe,(CO)B}{Fe2(CO),(~-Cl)}(~~-P)]. 

IFe,(CO),I 
toluene 

+ PCI, - 
40-6O'C 

CO ligands omitted for clarity 

Scheme 28. 

In most of the compounds considered up to this point, containing the P,, P, or P, units, or 
single naked P atoms, the pnicogen atoms occupy some of the vertexes of a polyhedron, the other 
vertexes being occupied by metal-ligand fragments. A few examples of different P atom environments 
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are provided by the compounds containing the intact P, molecule vi-bound to the metal atom,12*13 
by the iron carbonyl derivative 44 ‘a described above, and by complexes 42 and 43, which contain 
a P atom in a trigonal planar environment.56*57 

On the other hand, compounds have been reported in which one naked P atom is encapsulated 
in a interstitial or semi-interstitial position inside metal carbonyl clusters with which it shares all 
of its valence electrons. Vidal et at have isolated compound 45, with the formula 
[NEtJBz]2[Rh,(CO),,P],5g by reacting [Rh(acac)(CO),] with triphenylphosphine in a high boiling 
solvent under high pressures of H, and CO (Scheme 29). By carrying out the same reaction in the 

CO/H, (400 atml 

/ 

l 

16O'C 
IRh,(C0)2,PI’- 45 

[Rh(acacHCO),l + PPh, 

= [Rh,,(CO),,P13- 46 
160°C ;cswi, 

Scheme 29. 

presence of a reducing agent such as CsBH,, compound 46, containing the cluster anion 
[Rh,0(CO),,P]3-, has been isolated. 6o The two compounds have been characterized by X-ray 
analyses and their structures are closely related. The [Rhg(CO),,P]*- anion (Fig. 12) consists of 
eight Rh atoms arranged at the comers of a cubic antiprism, with the ninth Rh atom capping one 
of the two square faces. The P atom is located inside the cavity of the cluster anion while the 
carbonyl ligands are bonded both terminally and in a bridging position. The carbonyl ligands show 
fluxionality in solution; the same behaviour is suggested for the rhodium skeleton according to the 
10 line multiplet [S = 283.2ppm, J(Rh-P) = 38.5 Hz] exhibited by the 31P NMR spectrum of the 
compound. ” The structure of the cluster anion in 46 consists of a square antiprism capped by two 
Rh atoms sitting on the square faces, with a bare P atom located at the geometrical centre of the 
polyhedron. This anion also presents scrambling of both the carbonyl ligands and the rhodium 
skeleton, the latter process being evidenced by an odd-line pattern of 11 lines at 369.3 ppm.60 The 
constancy of this pattern even at -45°C is indicative of the persistence of skeletal scrambling at 
low temperatures. Variable-temperature multinuclear NMR studies61s6* on the above rhodium 
carbonyl cluster derivatives, 45 and 46, have been carried out, and it has been found that the 
skeleton is static at the lowest temperatures attained. In both compounds the time-averaged value 
of J(Rh-P) is close to the weighted mean of the low-temperature Rh-P couplings. It seems probable 

Rh 

Rh 

Fig. 12. Structure of the [Rh,(CO),,P]‘- anion without the CO ligands. 
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that the migratory pathways of the metallic skeletons are similar to the rearrangements found for 
the boron polyhedra in boron hydrides. 

The cobalt carbonyl salt Na[Co(CO),] reacts with PCl, in THF, yielding the anion 
[CO,(CO),~P]- (47), which has been isolated as the potassium salt (Scheme30).63 Different salts 
of 47 have been obtained by metathesis in aqueous methanol; the tetraphenylphosphonium 
derivative has been investigated by X-ray diffraction analysis. 64 The anion 47 (Fig. 13) contains a 
six-metal atom array consisting of a chain of four edge-sharing triangles surrounding a semi- 
interstitial P atom. This phosphide ligand is probably in an intermediate condition between that 
of an external bridging P atom (sharing three electrons) and that of an interstitial atom (sharing 
five electrons). Such an array is rather uncommon and may be rationalized considering the 
dimensions of the Co and P atoms. The radius ratio rP/rcO is such that a P atom cannot occupy 
the cavity of an octahedron or of a regular trigonal prism formed by six Co atoms. The above Co, 
open array may be considered as a part of the surface of a larger polyhedron, namely an 
icosahedron.64 

cool - + PCI, 
THF 

-767 
KICo&CO),,Pl 47 

Scheme 30. 

Fig. 13. View of the [CO,(CO),~P]- anion. 

11.5. Miscellaneous compounds 

In the previous sections the compounds have been grouped according to the number of bare P 
atoms that they contain, and considering the P, and P, units, or the isolated P atoms, as derived 
from the P, molecule by replacement of one, two or three of its atoms. In this section compounds 
are grouped which contain either units formed by more than four naked P atoms or chains of P 
atoms that cannot be considered to ideally originate from the P, molecule by processes in which 
its atoms are replaced, preserving the tetrahedral arrangement. 

[Cp*Mo(CO),], reacts with white phosphorus yielding compounds 18-20 that contain P, or 
P, units (Scheme9). 2g From the same reaction also compound 21 has been isolated, which is a 
triple-decker sandwich complex containing hexaphosphabenzene as the central bridging ligand. 
The crystal structure of [{C~*MO},(U@-P~)] (Fig. 14) shows the triple-decker arrangement with 
the P, ring forming the internal slice between two MO atoms, each bonded in addition to a 
pentamethylcyclopentadienyl group which acts as an external ligand. Both Cp* rings and the P, 
ring are planar and parallel to each other. The average P-P distance (2.17019) lies in the range 
expected for such a moiety. 2g The ‘H and 31P-{1H} NMR spectra (Table4) provide evidence for 
the equivalence of the methyl groups of Cp* as well as for that of the P atoms of the 
hexaphosphabenzene ring. The latter unit, stabilized by complexation, may be considered to derive 
from benzene by the isoelectronic replacement of one P atom for each CH group. This triple decker 
sandwich complex has 28 valence electrons. 
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Fig. 14. Molecular structure of [(CpMo),(&‘-P6)]. 

Another compound to be reported in this section is that with the formula 
[Co(Ph,PCH,PPh,PPPPPPh,CH,PPh,)lBF, (4!Q6’ It has been isolated by reacting under an 
inert atmosphere white phosphorus, cobalt tetrafluoroborate hydrate and the ligand bis(diphenyl- 
phosphino)methane (dppm) (Scheme 31). This complex contains an unusual zigzag type tetraphos- 

phorus fragment ,/‘\,/’ and apparently arises from a P, molecule which has been forced to 

1 
+ 

ICo(H,O),l*+ + R,P-PR, + P, ‘* 48 

R : Ph 

Scheme 31. 

rearrange to a linear P, chain. The crystal structure reveals (Fig. 15) that a novel ligand, 
Ph,PCH,PPh,PPPPPPh,CH,PPh,, resulting from opening of the P, molecule in the presence 
of two dppm ligands, has been formed. The metal atom has a very distorted octahedral coordination 
geometry in which the new ligand coordinates through all of the P atoms of the P, chain and two 
of the four P atoms belonging to the dppm moieties; the dppm P atoms linked to the P, chain are 

uncoordinated. Among the P-P bonds within the P/p\p/p chain, the central one, 2.197 A, is 

somewhat longer than the external bonds, 2.171 and 2.173 A. The latter values are intermediate 
between those expected for double and single P-P bonds. 65 The above reaction involves oxidation 
of the P, molecule which is then nucleophilically attacked by the dppm P atoms. This compound 
can be used instead of white phosphorus to obtain the cycle-P, derivative [(triphos)Co($-P,)].lg 

Fig. 15. View of the complex cation [Co(Ph,PCH,PPh,PPPPPPh,CH2PPh2)]+. 
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Most of the unsubstituted P atoms which are contained in the derivatives that have been 
described in Section II present non-bonding electrons which should be available for further, terminal 
or bridging, interactions with transition-metal-ligand units or with electrophilic organic reagents. 
Furthermore, the complexes present additional potentially reactive sites at the P-P and P-M 
bonds. The compounds containing naked P atoms or units may therefore provide the starting 
material for numerous derivatives. Up to now the reactivity of the above compounds toward metal- 
ligand fragments, but not toward organic reagents, has been investigated. The following possibilities 
have been detected: (a) bonding by a single P atom to one metal centre, (b) interaction between 
three P atoms and one metal-ligand fragment, (c)interaction of one P atom with more than one 
metal centre, and (d) cleavage of a P-P bond by appropriate metal-ligand moieties. 

The naked P atoms of the compounds reported in Section II may act as predominantly u- or 
n-donors, depending on the conditions, and the compounds themselves may function as the building 
blocks for cluster compounds or may provide the substrate for the insertion of new metal-ligand 
moieties. 

111.1. D- and n-donor abilities 

Naked P atoms, whether bound individually to metal centres or included in polyatomic units 
like P,, P, and so on, have been found to be capable of acting as electron donors. If the chemical 
properties of the compounds containing single P atoms are compared with those of compounds 
containing P, or P, units it appears that the former derivatives are more basic than the latter. 
Thus 7, described in Section II, is stable only for a short time in solution, where it forms the 
trimeric compound 8 (Scheme 21).” The monotetrahedrane species has been stabilized by allowing 
the single pnicogen atom to coordinate to an additional metal centre, as that in Fe(CO), (36)15s5’ 
or M(CO), [M = Cr (37), MO (38) or W (39)].‘* Such a strong donor ability of single P atoms in 
tetrahedrane-type compounds is also confirmed by the chemical behaviour of the pnicogen atom 
in phosphalkyne complexes.5’-54 For example, the compounds [{Co(CO),},~ q”-PCR)] (R = Me, 
Ph or SiMe,)” undergo cyclotrimerization in a few days (Scheme 32) but readily form adducts 
with chromium group carbonyls (Scheme 33). Such adducts contain the M(CO), fragment bonded 
to the P atom of the phosphalkyne ligand as evidenced by NMR and IR spectra.51 
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Scheme 32. 

The molybdenum derivative 17 reacts with [M(CO),thfJ 5*66 (Scheme 34), yielding the compounds 
[{CpMo(CO),],(~,~2-Pz)}{M(CO)5}2] [M = Cr (49), MO (58) or W (Sl)] which have the same 
Mo,P, core as the parent compound and have in addition an M(CO), fragment bound to each P 
atom of the P, unit. A similar donation of electron pairs by the P2 bridge occurs also in the 
reaction with the compound[Re,Br,(CO),(thf),], where two Re(CO),thf units are bridged by the 
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Scheme 34. 

Br atoms, which yields 52 (Scheme 35). 66 In the latter the Re,Br, four-membered ring is bridged 
by the Mo,P, cluster. A THF solution of complex 52 is transformed to 5366 where the two Re 
atoms and the P, units of two complex ligands form a planar six-membered ring. Each Re atom 
is in a six-coordinate environment formed by two P atoms of different 
[{CpMo(CO),},(p,q’-P,)] fragments, by three carbonyl groups and by one Br atom. The crystal 
structures of the two rhenium derivatives 52 and 5366 show that the bond lengths and angles of 
the coordinated Mo,P, tetrahedra in both compounds differ very little from those of the 
uncoordinated molecule.27 The donor ability of the P, unit in the [{Co(CO),},~, q2-P,)] cluste?’ 
as well as in its phosphine-substituted derivatives42 has been proved recently.67 Such compounds 
react with the metal carbonyl fragments M(CO)s (M = Cr, MO or W) and Fe(CO),, yielding mono- 
or bimetallated derivatives depending on the ratio of the reagents (Scheme 36). The bimetallated 
derivatives could be also prepared starting from the monometallated compounds by addition of a 
further portion of the adduct (Scheme 36). This route allowed to prepare compounds in which two 
different transition-metal-ligand moieties are linked to the coordinated P, unit. The crystal 
structures of a homo-bimetallated compound, [{[Co(CO),],& q2-P2)}{Cr(CO),}2]47 (30), and of 
a hetero-bimetallated compound, [{[Co(CO),],(p, q2-P2)}{Cr(CO),){W(C0)5)]67 (54), have been 
reported. Each M(CO), (M = Cr or W) group in these compounds is bound to one P of the P, 
unit. The geometry of the Co2P2 core is substantially unchanged from that existing in the parent 
compound, the most significant difference being due to lengthening of the P-P bond (Table3). 

The double tetrahedrane complex 20, containing two P, units,3Q reacts with [Cr(CO),thfl to 
give (Scheme 37) the bimetallated derivative 55 in which each Cr(CO), fragment is coordinated to 
one P atom of a P, ligand, which then functions as a six-electron donor.’ Also the mononuclear 
neutral cycle-P, complexes [(triphos)M(q3-P,)] exhibit affinity for electron-acceptor groups like 
metal carbonyl fragments and related compounds. The cobalt derivative 9 reacts with [Cr(CO),] 
under UV irradiation,‘Q*68 to afford (Scheme 38) complex 56 or 57, depending on the amounts of 
reagents. No compound with more than two Cr(CO), groups attached to the cycIo-P, unit of the 
parent complex 9 could be isolated. The adduct 58, in which each P atom of the cyclotriphosphorus 
ligand of 9 is linked to an additional metal centre, has been synthesized (Scheme 38) by using the 
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CpMn(CO), fragment with similar electronic properties but lower steric requirements than 
Cr(CO),.69 The structures of 57 and 58 show that the Cr or Mn atoms are displaced from the 
plane of the cycle-P, unit on the opposite side to that of the Co atom. Bond distances within the 
cyclotriphosphorus group are essentially unchanged relative to those in 9. The zigzag tetra- 
phosphorus fragment of compound 48 reacts with m(CO)6] in THF solution under UV radiation 
to form the [Co(Ph2PCHzPPhzPPPPPPhzCH2PPh2){W(CO)S)}]BPh, derivative (59).” The 
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structure of the compound shows that one of the inner P atoms of the p/p\P/p chain is linked 

to the W atom of the W(CO), fragment. The coordination geometry around the Co atom is 
essentially unchanged with respect to that of the mononuclear donor complex. 

The mononuclear [(triphos)M($-P,)]“+ (M = Co, Rh or Ir; n = 0: M = Ni, Pd or Pt; n = 1) 
complexes moreover react with appropriate metal-ligand fragments to yield the previously described 
triple-decker sandwich complexes [see Section IL2(ii)] in which the triangular P, unit acts as the 
internal layer between two metal-ligand moieties. The same reactivity is exhibited also by the 
mononuclear compounds 22 and 23 which contain P,X (X = S or Se) units. Such reactions reveal 
the x-bonding ability of the coordinated cyclotriphosphorus ligand. None of the other P units, i.e. 
the P, one and the tetrahedral or zigzag P,, have been found up to now to be able to bind to one 
metal centre through two or more P atoms acting as x-donors. 

111.2. Phosphorus complexes as building blocks in clusters 

The Lewis base character of coordinating P atoms or units that has been considered in the 
previous section is at the origin of the tendency of the compounds containing such units to yield 
polymetallic derivatives in which either single P atoms or the three P atoms of the cycle-P, unit 
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are bound to a metal centre. Recently two cluster compounds have been described in which the 
P, fragment of the [(triphos)M(q3-P,)] (M = Co or Ir) molecule acts as a capping ligand for 
unusual units containing Cu and Br atoms. 71*72 The cobalt derivative 9 dissolved in CH,Cl, reacts 
with a suspension of CuBr, affording 60 (Scheme40). ” The molecule of this compound consists of 
two [(triphos)Co(q3-P3)] units held together by a hexagonal Cu, fragment (Fig. 16) whose edges 
are all symmetrically bridged by bromine atoms lying approximately in the Cu, plane. The P 
atoms of the two cyclotriphosphorus units and the Cu atoms are at the vertexes of a cuboctahedron. 
The presence of one lone pair on each P atom of the P3 fragments as well as the arrangement of 
the P, and Cu, rings suggest that bonding should be considered to be essentially delocalized. 

When the iridium derivative 12 is allowed to react with CuBr in a molar ratio of 1:2 the novel 
ionic compound 61 is obtained (Scheme40). 72 In the cluster cation (Fig. 17) three molecules of 
[(triphos)Ir(q3-P3)] are held together via the P, ligands by the central Cu,Br, framework. The five 
Cu atoms are at the vertexes of a distorted trigonal bipyramid whose lower edges are bridged by 
Br atoms, while each upper triangular face is unsymmetrically capped by the P, group of one 
[(triphos)Ir(q3-P,)] moiety. The fourth Br atom is terminally bonded to the Cu atom in the upper 
apical position. The Cu atoms display three different coordination geometries. The Cu atom at the 
lower vertex is trigonally coordinated by three Br atoms. Each equatorial Cu atom is in an 
approximately tetrahedral environment formed by one bridging Br atom and three P atoms 
belonging to two cycle-P, groups. Finally, the fifth Cu atom is tetrahedrally coordinated by the 
terminal Br atom and three P atoms, each provided by a different cyclotriphosphorus group. 

Fig. 16. Skeleton of the [((triphos)Co($-P,)},(CuBr),] molecule. 

I(triphos)Co($-P, )I 
CH,CI, 

+ CuBr - 
r.t. 

I((triphos)Co(~3-P,)),(CuBr),l 60 

I(triphos)lr($-Pa)1 + CuBr 
CH,Cl, 

r.t. 
~(triphos)lr(e3-P3)}3Cu5Br,l[CuBr~l 61 

Scheme 40. 
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Fig. 17. Framework of the cluster cation [{(triphos)Ir($-P,)),Cu,Br.J+. 

111.3. P-P bond activation 

A further type of reaction exhibited by compounds containing bare P atoms or units is the 
cleavage of a P-P bond. The activation of such bonds without complete disruption of the molecule 
is difficult for small molecules containing few unsubstituted P atoms. The only reports on this 
subject deal with the opening of a P-P bond in the Pq73-77 and PqS17*‘79 cages. 

The activation of P-P bonds in the unsubstituted P units bound to transition-metal moieties 
has been considered even less: the only report presently available deals with the insertion of the 
Pt(PPh,), group into a P-P bond of the cyclotriphosphorus ligand in [(triphos)Ni($-P,)]BF., 
(15).“’ Insertion reactions of diphenylcarbene CPh,sl and the carbene-like fragments M(PPh,), 
(M = Pd or Pt)*’ occur also into a bond of the thiadiphosphirene and thiadiarsirene units in the 
compounds [(triphos)Co($-E,S)]BF, (E = P31eJ2 or Ass3) which are isoelectronic to 15. The 
cationic compound 15 reacts with [(q2-C2H4)Pt(PPh3)2] to give the cation 
[(triphos)Ni(P,Pt(PPh,),}]+ (62) that has been isolated as the tetraphenylborate salt (Scheme 41).*’ 
The structure of 62 shows that the Pt(PPh,), fragment inserts into a P-P bond of the 
cyclotriphosphorus ring. The Ni atom is coordinated by the three P atoms of the triphos ligand 
and by the atoms of the P, unit. The latter is considerably distorted from the regular triangular 
shape that it has in the parent compound 15, since the bond into which insertion of the Pt(PPh,), 
moiety occurs lengthens to 2.53 A, whereas the other two bond distances average 2.17 A. The Pt 
atom is in a nearly planar arrangement formed by the two PPh, P atoms and by the two atoms 
defining the long side of the distorted P, group. The dihedral angle between the plane of the 
triatomic unit and the best plane through the four atoms surrounding the Pt atom is ca 128”. 

M~zCOIBUOH 
1' 

+ [Pt(+C,H,XPPhJJ r.t. 62 

16 

- PPh, 
\ 

PPh, 

Scheme 41. 

The 31P NMR spectra of compound 62 at room temperature (Table 4) exhibit a single broad 
signal for the P atoms of the triphos ligand, the opened P, unit and the two PPh, groups. The 
resonances due to the two triphenylphosphines, which are bound to Pt, are accompanied by 
satellites. Such a pattern suggests a dynamic behaviour for the compound. Some broadening of the 
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signals occurs only at -95”C, showing a low activation energy for the process that goes on in 
solution.*’ Further studies are in progress in order to obtain limiting low-temperature spectra. 

The [(triphos)Co(q3-E,S)]BF, (E = P or As)~~,~‘**~ compounds which are isoelectronic and 
isostructural to 15 react with [(q2-C2H4)M(PPh3)2] (M = Pd or Pt),*l yielding a series of 
compounds with the formula [(triphos)Co{E2SM(PPh3)2}]BPh4 (E = P or As, M = Pd or Pt) 
which have essentially the same geometry and exhibit the same behaviour in solution as 62 

-I+ 
+ CM(q2-C2H,)(PPh3)21 

MezCO18uOH 

r.t. 

E= As. P 
‘PPh, 

M=Pd.Pt 

Scheme 42. 

(Scheme42). The insertion is considered to occur into one of the heteroatomic P-S or As-S 
bonds rather than into the P-P or As-As bond; such reactions are nevertheless reported here 
due to their close similarity with the process leading to 62. Moreover the [(triphos)Co(q3-As2S)]BF, 
derivative83 in the presence of CPh2 generated in situ from CPh2N2 yields the compound 
[(triphos)Co{SAsC(Ph,)As}]BF, (63), whose cation contains the four-membered 3,3-diphenyl-1,2,4- 
thiadiarsete unit 1,2,4-q3-bound to the (triphos)Co moiety (Scheme43).82 Such a ring, containing 
three main group naked atoms and the diphenylcarbene C atom, is obtained through insertion of 
the CPh, moiety into the homoatomic bond of the As,S unit. The generation of 3,3-diphenyl-1,2,4- 
thiadiarsete on the one hand, and of the platina- and pallada-triphosphete, -thiadiarsete and 
-thiadiphosphete units on the other hand, points to the similarities in the reactivity of all the 
triatomic units on the parent compounds which have been used. These results also substantiate 
the expected similarities in behaviour between the isolobal fragments M(PR,), and CR2, even 
though the latter contain such atoms, as Pd or Pt on the one hand, and C on the other hand, 
which are considerably different from each other in most respects. 

‘Ph 

Scheme 43. 

IV. NMR DATA FOR THE COMPLEXES 

The 31P NMR chemical shifts which have been reported for “naked” P atoms in transition- 
metal compounds are gathered in Table 4. Inspection of the data reveals a very broad range for 
the chemical shifts of the unsubstituted P atoms, the lowest shift occurring at +977 ppm for 
[{[Fe(CO)3]2@, q2-P,)}(CpMn(CO),}J (42) and the highest one at -351.5ppm for 
[C~MO(CO)~(~~-P~)] (16). The [(triphos)M(tf’-P,)] (M = CO, Rh or Ir), [(triphos)M(q3-P,)]BF, 
(M = Ni, Pd or Pt) and [(triphos)Co(q3-P,X)]BF, (X = S or Se) compounds form an isostructural 
and isoelectronic series for which definite trends in the values of chemical shifts upon substitution 
of the metal atom or of one atom in the triangular unit have been observed, as already mentioned 
in Section 11.2(i). The other compounds included in this survey, however, differ from each other in 
one or more important features, such as the nature of the metal atom and the overall electron 
count, the nature and number of ligands, or the molecular geometry, even though they may contain 
the same group of naked P atoms. For these reasons as well as for the rather small number of 
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compounds known, belonging to each of the classes considered here, it seems impossible to detect 
any definite trends in most of the 31P NMR data pertaining to the unsubstituted P atoms in 
transition-metal compounds, except for the following general tendencies: (a) the 31P chemical shifts 
move to higher field as the number of naked P atoms forming the units increases; (b) unsubstituted 
P atoms bound to magnetically active metal atoms exhibit very small coupling constants (Table 
5) compared to those reported for phosphines; and (c) the P, and P, units exhibit a fluxional 
behavior at room temperature that persists at low temperatures consistently with the expected low 
energy barriers to the rotation of such units. 

Table 4. 31P chemical shifts” for naked phosphorus compoundsb 

Compound Solvent q3’P) Reference 

Compound containing the P, unit 
21 C{CP*Mo~,(w?-P6)1 CD,Cl, -315.6(s) 29 

Compounds containing the P, ligand 
1 [RhCl(q*-P,)(PPh,),] CD,Cl, 8 

2 C{WCO),I,(P.JI C6D6 

-279.4(m) 
-284.0(m) 

21(s) 11 

Compounds containing the P, unit 
I6 CC~Mo(C0)2(tt~-P,)l 
18 [Cp*“o(Co)2(t13-P3)l 
9 Wphos)Co(q3-P3)l 

11 [(triphos)Rh(r/‘-P3)] 
12 [(triphos)Ir(q”-P,)] 
15 [(triphos)Ni(r13-P,)]BF, 
13 [(triphos)Pd(q’-P,)BF, 
14 [(triphos)Pt($-P3)]BF., 
22 [(triphos)Co(~3-P2S)]BF, 
23 [(triphos)Co(~3-P2Se)]BF4 
62 [(triphos)Ni{P,Pt(PPh,),}]BPh, 

C6D6 -351.5(s) 27 
C6D6 -336.5(s) 29 
CD,Cl, -276.2(b) 21 
CD2C12 -270.8(q) 8, 21 
CD,Cl, - 3 12.9(q) 21 
CD,Cl, - 155.7(q) 21 
CD,Cl, - 1329(q) 21 
CD2C12 -217.4(q) 21 
CD2C12 -210.9(b) 32 
CD,Cl, -145.5(q) 32 
CD,Cl, - 103.5(m) 80 

Compounds containing the P, unit 
17 CICPMWO),J,(P~ ‘1*-P,)] 
19 CW~*Mo(W212h r1*-P2)l 
~0 CCP*M~FOXW rt*-P2)12 

C,Ds 
C6D6 
C6D6 

-42.9(s) 
-48.4(s) 
- 101.9 
- 131.4 

133(q) 
135(q) 
161(q) 
146(s) 
44(s) 
197(s) 

-36.7(s) 
-78.5(s) 

27 
29 

27 [{(Et2PCH2CH2PEt2)Ni}2(&~2-P2)l 
2~3 C{(Cy2PCH2CH2PCy2)Ni)2(H rl*-P2)l 
29 [((Ph2PCH2CH2PPh2)Ni}2~~2-P2)l 
30 ~((co(co)312(~~~2-p2)~~cr(co)3~21 
3l ~{(co(co)312(~~ r12-p2)~{w(co)5~21 
32 [{(Co(C”)312(k~2-P2)}{CpMn(CO)2}21 
49 C{(C~WC0)212(~‘1*-P2)~~Cr(C0)3~21 
52 C{(C~Mo(C0)212(~~*-P2)~{~e2~r2(C0)6~1 

GD, 
C,Ds 
C,Ds 
C,Ds 
CD2C12 
C,Ds 
GDsO 
CD,Cl, 

29 
46 
46 
46 
47 
47 
47 
66 
66 

Compounds containing single P atoms 
42 [{CFe2(Cw(YP)2){CPMn(CO)2}2]d 
43 ~{Cpw(co)2~~cr(co),~2~3-p)l’ 
44 ~{~et(CO),){~e,(CO),~-Cl)k-P)l 
45 CNEt,Bzl2CRh,(CO)2,Pl 
46 CNEt,W,CRh,,(CO)22Pl’ 

C,Ds 
CD2C12 

977(s) 56 
945(s) 57 
433(s) 58 
282.3(m) 59, 62 
369.3(m) 60,62 

47 CPPhJ CCo,(CO),,Pl’ C,DsO 486.2(b) 63 

“Positive chemical shifts are to low field of external H3P04 (85%); s = singlet, q = quartet, 
m = multiplet, b = broad signal. 

bOnly the resonances due to naked P atoms are listed. 
‘251 K. 
‘293 K. 
‘252 K. 
f182 K. 
0189 K. 
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Table 5. Direct coupling constants between naked phosphorus and metal 
atoms 

Compound 
1 [RhCl(q’-P,)(PPh,),] 

11 [(triphos)Rh(q”-P3)] 
14 [(triphos)Pt(q’-P,)]BF, 
45 CNEt$zlDWCO), IPI 
46 CNEt,Bzl,CRh,,(C0)22Pl 

“Time-averaged value. 

‘J(Rhq2-P,) 
‘J(Rh-q3-P,) 
’ J(Pt-r/‘-P,) 
‘J(Rh-P) 
1 J(Rh-P)“ 

’ J(Hz) Reference 

33.9 8 
28.0 21 

171 21 
38.5 62 
31.7 62 
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immediately from the mixture while others were 
obtained after removal of the solvent by rotary 
evaporation. The products were washed with the 
minimum of methanol, and dried in uacuo. 

C and H analyses were performed at the Labor- 
atorio di Chimica Organica, Milano. Analytical 
data for the compounds prepared are given in 
Table 1. 

IR spectra were obtained as mulls of Nujol and 
hexaclorobutadiene in the region 4000-200 cm- i 
using a Perkin-Elmer model 9836 IR spectrometer. 
’ “Sn Miissbauer spectra were measured at liquid- 
nitrogen temperature with a constant acceleration 
and a triangular waveform, using a Laben 8001 
multichannel analyzer, a Miissbauer closed refriger- 
ator system [model 21SC Cryodyne Cryocooler 
(CTI-Cryogenics, U.S.A.)] and a digital temperature 
controller (model DRC-8OC, Lake Shore Cryo- 
tronics Inc., U.S.A.). 

The thermal behaviour of the complexes was 
studied on a Stanton Redcroft STA 780 simul- 
taneous thermal analyser. 

RESULTS AND DISCUSSION 

IR vibrational data 

The analytical data in Table 1 and the IR 
data (Table2) are consistent with the formation 
of compounds of type R,SnL (L = carbohydrate 
moiety) by replacement of the oxygen atom in 
R,SnO (R = Me, Bu or Ott) with carbohydrate 
groups. 

Changes occurred in the 1200-lOOO- and 600- 
400-cm-’ regions of the spectra for the new com- 
pounds in comparison with the carbohydrates. 

These changes are typical of: (1) the replacements 
of C-O vibrations of the COH groups of the 
carbohydrate with C-O vibrations of COSn 
groups 16-‘0 in the complex, and (2) the appearance 
of vibrational frequencies arising from Sn-C16*21 
and Sn-0 bonds.21.22 

Miissbauer data 

The ’ “Sn Mossbauer isomer shifts (Table 1) are 
characteristic of dialkyltin(IV) derivatives.23 Both 
the shifts and quadrupole splittings increased from 
the values for R,SnO compounds (for R = Me, 
S = 0.92, AE = 1.82mms-‘; for R = Bu, 6 = 1.08, 
AE = 2.06mms-‘; for R = Ott, 6 = 0.97, 
AE = 2.OOmms-‘). 

The increase in the shifts show that the bonds 
between tin and the carbohydrate oxygen atoms 
are more covalent in character than the Sn-0 
bonds in R,SnO. 

Table 1. Analytical data (calculated % values in parenth- 
eses) and ’ “Sn Mossbauer parameters of some dior- 

ganotin(IV)carbohydrates”* 

Compound (:) (:) 6’ AE,,, 

BurSnerythrose 
(Bu,SnC,H@,) 

Oct,Snerythrose 
(Oct,SnC,H,O,) 

BurSnarabinose 

(Bu2SnCsHsW 
Bu,Snribose 

(Bu,SnC,HsOs) 
Bu,Snfructose 

(Bu2SnC,H1&&) 
Me,Sngalactose 

(Me,SnC,H 1 o06) 
Bu,Sngalactose 

(Bu2SnCsHro0,) 
Oct,Sngalactose 

(Oct,SnC,H l d&J 
Me,Snglucose 

(Me,SnC,H 1 oo,) 
Bu,Snglucose 

(Bu,SnC,H,&) 
Bu,Snrhamnose 

(Bu2SnC,H10W 
Bu,Snsorbose 

(BurSnC,Hr&&) 

41.9 6.6 1.16 2.78 
(41.1) (6.9) 
52.4 9.0 1.18 2.84 

(51.8) (8.7) 
(Z) (::) 1.25 3.07 

40.9 6.7 1.22 2.95 
(41.0) (6.9) 
39.9 6.9 1.21 2.94 

(40.9) (6.9) 
29.5 5.6 1.20 2.95 

(29.4) (4.9) 
40.5 6.9 1.22 2.95 

(40.9) (6.9) 
51.2 8.9 1.04 2.87 

(50.5) (8.5) 
28.5 5.2 1.16 3.05 

(29.4) (4.9) 
(zz) (G) 1.23 3.03 

42.3 7.3 1.17 2.78 
(42.6) (7.1) 
40.6 7.0 1.21 2.95 

(40.9) (6.9) 

“Arabinose = /I-D( - )arabinopyranose, erythrose = 
B-D( - kzythrofuranose, fructose = /I-D( -)fructo- 
pyranose, galactose = a-D( + )galactopyranose, gluc- 
ose = a-D( + )glucopyranose, rhamnose = a-L(+)- 
rhamnopyranose, ribose = /I-D( -)ribopyranose and 
sorbose = /I-L( - ) sorbopyranose. ’ 5 

*Absorber thickness (mg “‘Sn cmm2) was ~0.5. 
Mossbauer parameters were determined at 77.3 K; 
6 + 0.03 mm s- ‘, BE f 0.02 mm s-r. 

‘Isomer shift with respect to room-temperature 
CaSnO, . 

dExperimental nuclear quadrupole splitting. The calcu- 
lated nuclear quadrupole splitting was 2.673 mm s- ‘; the 
partial quadrupole splittings used in the point charge 
model formalism were according to Refs 25-27. 

The increases in the splittings must result from 
increases in the asymmetry of the tin p- or d- 
electron density on formation of the carbohydrate 
derivatives from the oxides. The Mossbauer spectra 
showed for all the investigated complexes only one 
doublet, which strongly supported the occurrence 
of only one tin environment, excluding in such a 
way the possible coexistence of both five- and six- 
coordinated tin atoms in the complexes as was 
found by Holzapfel et al.’ 3 in methyl-4,6-O-benzyl- 
idene-2,3-O-dibutylstannilene-a-D-mannopyrano- 
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Table 2. More relevant IR absorption bands for some diorganotin 
(1V)carbohydrates” 

Compound v(C0) in COSn v(SnC) v(SnO) 

Bu,Snerythrose 1 lOSm, 108Ow 
Oct,Snerythrose 1 lOSm, 1075m 
Bu,Snarabinose lllOw, 1075m 
Bu,Snribose lllOw, 1078m 
Bu,Snfructose 1 lOSsh, 1080s 
Me,Sngalactose lllOw, 109Ow 
Bu,Sngalactose 1105sh, 1082~s 
Oct,Sngalactose 1 105m, 1080s 
Me&glucose lllOs, 1078m 
Bu,Snglucose 1115m, 1076s, bd 
Bu,Snrhamnose 11;3w, lWus, bd 
Bu,Snsorbose llOSw, 109Osh 

57Om,bd, 515w 455w, 415w 
599s, 559s 435s 
596m. 520w 475m, 420w 
598m, 522~ 453w, 425m 
59Ow, 520w 45Om, 420m 
572m, 545m 428~ 
56Ow, 520w 458s 
564s, 535w 47Ow, 430sh 
578s, 552m 430s 
598s, 520w 46Ow, 415m 
595w, 512~ 462m, 420w 
578w, 55Ow 4sOm, 415w 

“Measured in the range 4000_180cm-’ as Nujol and hexachloro- 
butadiene mulls: s = strong, m = medium, w = weak, sh = shoulder, 
bd = broad and v = very. 

side by X-ray investigation. 
The quadrupole-splitting data for the dialkyltin 

oxides have been interpreted in terms of a polymeric 
network with five-coordinate tin atoms?’ and the 
values of the splittings for the carbohydrate deriva- 
tives are also consistent with trigonal bipyramidal 
C,SnO, coordination with equatorial Sri--- 
honds.i4 The dibutylstannylene derivative of 
methyl46-di-0-benxylidene-a-Dglucopyranoside, 
which is likely to have a tin environment similar 
to those in the carbohydrates prepared in this work, 
is known to have a trigonal bipyramidal five- 
coordinated structure.24 

Assuming the tin coordination in Fig. 1, the 
nuclear quadrupole splittings can be rationalized 
in terms of the point charge model formalism using 
literature values for the partial quadrupole splitting 
of alkyl and oxygen-bonding groups (Table 1).25-27 

Alk 

Fig. 1. 

Thermal decomposition 

The results show that the thermal decomposition 
of the complexes fall into one of three main types: 
viz. (1) those sugar derivatives which break down 
in two stages, leaving a residue of stannous oxide; 
(2) those which pyrolyse in a two-step process to 
give either SnO, or SnO, and carbon as products 
of decomposition, and finally (3) those compounds 
which melt before decomposition and give either 
SnO or SnO, as residues. 

Table 3 list the dialkyltin(IV)carbohydrates under 
these categories. 

It appears that the fate of tin during decompo- 
sition to give either a tin(I1) or tin(IV) species as a 
product is dependent on the nature of the sugar. 
Monosaccharides are divided principally into two 
categories, those which are polyhydroxyaldehydes 
(aldoses) and those which are polyhydroxyketones 
(ketoses). Of the sugars studied here most are 
aldoses but fructose and sorbose are examples of 
ketoses. The dialkyltin(IV) derivatives of the aldoses 
(compounds l-6) are shown to decompose without 
melting to give SnO, whilst the derivatives of the 
ketoses (compounds 7 and 8) give SnO,, again 
without melting. 

These results are consistent with the reducing 
properties of aldoses resulting in the reduction of 
tin(IV) to tin(II), and the oxidation of the aldehyde 
group of the aldoses to aldonic acids. 

No such reducing reactions occur with ketoses. 
The reactions in these two categories deal with 

the decomposition of the tin species in the solid 
state but different criteria apply to the third group 
of compounds in which melting procedes the 
decomposition. 
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Table 3. Thermal behaviour of some diorganotin(IV)carbo- 
hydrates 

1 2 3 

1 Bu,Snerythrose 7 Bu,Snfructose 9 Oct,Snerythrose 
(m.p. 1Ol’C) 

2 Bu,Snarabinose 8 Bu,Snsorbose 10 MerSngalactose 
(m.p. 163°C) 

3 Bu,Snribose 11 OctrSngalactose 
(m.p. 97°C) 

4 BurSngalactose 12 Me&glucose 
(m.p. 155’C) 

5 Bu,Snglucose 

6 Bu,Snrhamnose 

In a molten system, the final tin product depends 11. 
not only on the nature of the sugar but also on the 
nature of the molten tin species. One of the aldose 12. 
derivatives (compound 12) decomposes to give the 
expected tin product, SnO, but this is not always 

13 
’ 

the case. It is found that the aldose derivatives 
(compounds 9-11) decompose from melts to give 14 

’ SnO, and not the reduced tin species, SnO, as the 
final tin product. 15. 
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Abstract-Ru(II1) perchlorate complexes of purine and pyrimidine bases and their 
nucleosides, viz. adenine, adenosine, guanine, guanosine, hypoxanthine, inosine, cytosine, 
cytidine, uracil, uridine, thymine and thymidine, were synthesized. The compounds were 
characterized by elemental analysis, IR, electronic and ‘H NMR spectroscopy, and 
conductivity measurements. In the complexes of purine bases and nucleosides the ligand 
binding site is found to be N,, whereas in the case of complexes of pyrimidine bases and 
their nucleosides N, is the binding site. 

Recently there has been an upsurge of interest in the 
complexes of purines, pyrimidines and nucleosides 
with metal ions.‘-6 This is mainly because of their 
role in biochemical processes involving nucleic 
acids.’ The platinum group metal complexes of 
purines, pyrimidines and their derivatives were 
found to possess antitumor and antibacterial 
activity.s-” Interest has been mostly focussed on 
the complexes of Pt(I1) and Pd(II),lm6 and the 
ruthenium complexes of purines, pyrimidines and 
the nucleosides have been little studied.“*13 Earlier 
we reported on the complexes of Ru(I1) and 
Ru(III)~*‘~~‘~ with purines, pyrimidines and nucleo- 
sides. Since the perchlorate anion as a ligand or as 
a counter ion can give rise to an interesting series 
of complexes, we report in the present paper the 
synthesis of Ru(II1) perchlorate complexes of the 
purines adenine, guanine and hypoxanthine, and 
the pyrimidines uracil, cytosine and thymine, and 
their nucleosides. Except for hypoxanthine and 
inosine the purines, pyrimidines and their nucleo- 
sides studied are the natural constituents of DNA 
and RNA molecules. The complexes reported are 
binary Ru(II1) purine, pyrimidine or nucleoside 
complexes with perchlorate present either at the 
outer coordination sphere or in the inner coordi- 
nation sphere of the metal ion. The complexes 
are soluble in water which makes them useful 
candidates for biological studies. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Ruthenium perchlorate was prepared by a met- 
athesis reaction of ruthenium trichloride trihydrate 
obtained from Alfa Ventron (U.S.A.) and silver 
perchlorate obtained from BDH (London, U.K.). 
Purines, pyrimidines and nucleosides were pur- 
chased from Sigma Chemicals (U.S.A.). All solvents 
used were of high purity and distilled in the 
laboratory before use. Elemental analyses were 
obtained from CSIRO (Australia). Conductivity 
data were measured on a digital conductivity meter 
No. DI909. The IR spectra were recorded in KBr 
pellets on a Perkin-Elmer 577 spectrophotometer. 
The electronic spectra were recorded on Beckman 
model 26 and Varian 635 M spectrophotometers. 
NMR was recorded on Varian A-60 and JEOL 
HA-100 spectrophotometers. 

Preparation of Ru(II1) perchlorate 

Ruthenium trichloride trihydrate (0.5 mmol, 
0.13 g) was dissolved in alcohol (15 cm3), and to 
this an alcoholic solution of silver perchlorate 
(0.5 mmol, 0.31 g) was added. The precipitated silver 
chloride was separated by repeated centrifugation, 
and the filtrate was taken as Ru(II1) perchloroate. 

Preparation of complexes 

Triperchloratobis(adenine)rnethanolruthenium- 
(1II)methanolate {(Ru(ade),(CH30H)(C104)3b]. 
CH,OH} (l),diaquo-tetra(adenosine)ruthen- 
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R= RIBOSE 

Fig. 1. 

ium(II1) perchlorate ([Ru-(adenos)&HzO),l- 
(ClO&} (2), pentaaquo(guanine)-ruthenium- 
(1II)perchlorate {CRu(guaHH20)~l(Clo,),)(3), 
aquopenta-(guanosine)ruthenium(III) perchlorate- 
{[Ru(guanos),-(H,O)](ClO& (4), tris(cytosine)- 
trimeth-anolruthenium(II1) perchlorate methano- 
late {[Ru(cyt),-(CH,OH}J (ClO,),~CH,OH}(S), 
aquopenta(cytidine)-ruthenium(II1) perchlo- 
rate dihydrate { [Ru(cyd)S-(H20)](C10.+)), .2H,O} 
(6), hexa(uracil)ruthenium(III)perchlorate hydrate 
{ [Ru(ura)J(ClO,), . H,O} (7), bis-perchlorato- 
triaquo(uridine)ruthenium(III) perchloratehy- 
drate {CRu(~rd)(HzO),(C~O~),l(C1o,) * H201 @), 
perchloratodiaquotris (thymine) ruthenium (III) 
perchlorate{CRu(thy),(H,0)~(C10,11(C10,)~} (9), 
tetraaquobis(thymidine)ruthenium(III) 
chlorate ([Ru(thd)z(HzO)J(CIO,),} (lo), Ei- 

k A 
H H 

Fig. 3. 

quotetra(hypoxanthine)ruthenium(III)perchlorate 

~CR~(hyp)4(H20)zl(~~0,),) (10, awopenta-(ino- 
sine)ruthenium(III) perchlorate {[Ru(ino),(H,O)]- 

(ClO,),1(12). 
In a general method for the preparation of 

complexes 1-12 an appropriate quantity of 
ruthenium perchlorate in water is added to the 
required concentration of an aqueous solution of 
purine, pyrimidine or nucleoside. The resulting 
solution was refluxed on a water bath for 6-8 h 
and then left at room temperature overnight when 
complexes l-12 separated out. The complexes were 
filtered, washed with acetone or ether, recrystallized 
from water-methanol, dried in wcuo and kept in 
a desiccator. Yield 60-70%, 

The recrystallized complexes were characterized 
by elemental analyses, conductivity measurements, 
IR, electronic and NMR spectra. The analytical and 
conductivity data of the complexes are presented in 
Table 1. 

OO “d,/ 

R = RIBOSE R = RI BOSE 

Fig. 2. Fig. 4. 
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Table 1. Characterization and conductivity data of Ru(III) nerchlorate comnlexes 
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No. Complex Colour 

Analysis [% found (talc.)] Conductivity 

Carbon Hydrogen Nitrogen (mho cm2 mol- ‘) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

[Ru(ade),(CH,OH)(ClO.+)J . CHpOH 

CRu(adenos),(H,O),l(C10,), 

CRu(guaMHzO),l(CIO,), 

CRu(guanos),(H,O)l(C10,), 

Brown 19.6 
(19.5) 

Dark brown 31.8 
(31.9) 

Dark brown 9.3 

(9.4) 
Chocolate brown 33.7 

(32.7) 
Red brown 22.3 

(22.6) 
Brown 32.9 

(32.9) 
Dark brown 26.4 

(26.5) 
Dark brown 14.4 

(14.6) 
Dark brown 22.1 

(22.4) 
Brown 25.5 

(25.0) 
Violet 24.9 

(24.6) 
Dark brown 31.1 

(30.7) 

(ii) 
$5) 
(E) 
(E) 
3.6 

(3.7) 

:::, 

(:::) 

(Z) 

(E) 
3.7 

(3.7) 

(E) 
3.5 

19.7 14.6” 
(19.0) 
18.6 280 

(18.6) 
10.6 308 

(10.9) 
18.9 280 

(19.1) 
14.6 200 

(14.8) 
12.6 225 

(12.6) 
15.5 280 

(15.4) 
(E) 88.6 

10.3 123* 
(10.6) 

:I) 300 

22.8 360 
(23.0) 
15.4 250 

(3.5) (15.9) 

“In DMSO. 
*In alcohol. 

RESULTS AND DISCUSSION 

The ligational frequencies of importance in the 
complexes of purines, pyrimidines and nucleosides 
studied in this investigation are the v(C=C), 
v(C=N) and v(C=O) modes. The v(C=C) and 
v(C=N) of the purines, pyrimidines and nucleosides 
are observed around 1450- 1600 cm - i and undergo 
a significant shift (N 50 cm - ‘) on complexation 
compared to the frequencies in the free ligand, 
indicating the involvement of ring nitrogens in 
coordination to the metal ion. The ligational 
v(C=O) and &NH,) modes observed around 1700 
and 1680 cm-‘, respectively, are very slightly shifted 
on complexation, excluding the coordination of the 
C=O or NH, group of the ligands to the metal 
ion. The v(OH) mode of coordinated water or 
methanol appears as a medium band around 3300- 
3400 cm-‘. The presence of a coordinated perchlor- 
ate in complexes 1, 8 and 9 is observed as doubly 
splitlG20 vJ- and v,-modes of perchlorate around 
1080 and 62Ocm-‘. The v,-mode of perchlorate 
becomes IR-active on coordination and is observed 
around 91Ocm- ’ as a medium peak. The presence 
of exclusively ionic perchlorate in complexes 2-7 
and 10-12 is observed as single peaks around 1080 

and 620cm- ‘, corresponding to the vJ- and vq- 
modes of perchlorate which are fundamental 
vibrations of this group. 16-20 The presence of both 
ionic and coordinated perchlorate in complexes 8 
and 9 is observed as triply split vj- and v,-peaks 
around 1080 and 62Ocm-‘. The v,-mode is 
observed around 920cm- ‘. The IR spectra of the 
complexes exhibit a v(M-N) around 520cm- 1.21 

The electronic spectra of the complexes and their 
assignments2? are given in Table 2 and some 
structures are depicted in Figs l-4. 

In order to determine the binding sites of the 
ligands used, the NMR spectra of the complexes 
were of great help. The NMR spectra were recorded 
in D,O. The solubility of complex 1 precludes 
the NMR investigation. The NMR spectrum of 
complex 2 exhibits peaks at 6 8.20 and 8.64 ppm 
corresponding to C2H and CsH protons, respec- 
tively, of adenosine. The peak corresponding to the 
CsH protons is shifted downfield by 0.28ppm in 
the complex compared to that of the ligand, whereas 
C2H protons remain unaffected on complexation. 
This indicates that adenosine is bound to the metal 
ion through N,. On the basis of the NMR spectrum 
of the rhodium complex of adenine2j in which the 
CsH protons alone are shifted and on the earlier 
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No. 

Table 2. Electronic spectra of Ru(II1) perchlorate complexes 

1 rn.X %uX Point Probable 
Complex (nm) (mol-‘cm-‘) group transition 

1 [Ru(ade),(CH,OH)(ClO,)J . CH,OH 

2 [Ru(adenos),(H,O),](ClO,),* 

3 CRu(gua)(H,O),l(ClO,), 

4 CRu(guanos),(H,O)l(C10,), 

5 [Ru(cyt)JCH,OH)J(ClO& . CH,OH 

6 CRu(cyd)~(H~O)l(ClO,), . =WC 

7 [Ru(ura)J(ClO,), . H,Od 

8 [Ru(urd)(HzO),(CIO,),](CIOJ~ H,OC 

9 CRu(thy)s(H~0)~(Clo,)l(C103, 

10 CRu(thd)~(H~O)~l(C~o,)3 

11 CRu(hyp),(H,O),l(ClO.), 

12 CRu(ino)~(H*o)l(Clo,)~ 

270” 13.25 x lo3 
368 41.6 x 10’ 
556 12.5 x lo2 
258 49.46 x 10’ 
354 4.86 x lo3 
546 8.50 x 10’ 
714 566 
248 8.22 x lo3 
354 1.2 x 103 
542 434 
252 42.25 x 10’ 
356 8.16 x 10” 
270 15.69 x lo3 
360 234 
560 65 
690 56 
270 56.92 x lo3 
362 5.99 x 10” 
538 942 
260 14.10 x 103 
355 322 
560 30 
755 14 
264 257 x 10’ 
336 415 
527 48 
722 25 
278’ 12.13 x 10’ 
372 14.9 x 102 
552 368 
264 85.71 x 103 
344 2.79 x lo3 
560 1540 
260 5.8 x 103 
365 248 
560 95 
250 24.7 x lo4 
362 40.65 x 10’ 

c 2v 

D 4h 

c 40 

C 4” 

C 20 

C 4” 

Oh 

C 2lJ 

C* 

D 4h 

D 4h 

C 40 

1T--K+ 
2A2 + ‘B, 
2A2 + 2B2 
Il--R* 
d-d 
2B2 + ‘B, 
2B2 + 2A, 
1L---7L* 
2A, + 2B, 
‘A, + ‘B, 
II-?? 
2A, + 2B, 
R--n* 
2A2 + 2B, 
2A2 + 2B2 
‘A2 -P ‘A, 
I[-?? 
‘A, + 2B, 
‘A, -+ 2B2 
X-4 
‘T2, + 2E, 

‘T2, + 4G, 
2Tz, --* 4T,, 
R--R+ 
‘A, + 2B, 
2A2 -+ 2B2 
2A2 + 2A, 
k--II* 
d-d 
d-d 
P-k* 
d-d 
2B2 + 2B, 
Il--x+ 
d-d 
‘B, + ‘B, 
11--11+ 
2A, + 2B, 

542 12.33 x lo2 2A, + 2B2 

‘In DMSO. 
*Figure 1. 
‘Figure 2. 
dFigure 3. 
‘Figure 4. 
IIn alcohol. 

work on adenine complexes,24 it can also be pro- ion. On the basis of the above discussion, hypox- 

posed that the adenine in complex 1 is coordinated anthine, which is also a purine base, and its nucleo- 
through N,. In the NMR spectrum of complex 3 side inosine can be assumed to be coordinated 
the peak at 7.88 ppm for the CsH protons shows a through N, in complexes 11 and 12. Earlier litera- 
downfield shift of about 0.2ppm, indicating that ture also supports this assumption.13 In the NMR 
N, is the binding site in guanine. In complex 4 the spectrum of complex 5 the peaks at 5.26 and 

NMR peak for C,H protons at 8.8Oppm shows a 7.2Oppm correspond to the C,H and C,H reson- 
shift of about l.Oppm, which is evidence for the ance, respectively, of cytosine. The peak at 5.26 ppm 
coordination of the N, of guanosine to the metal shows a greater upfield shift than the one at 
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7.20 ppm, indicating the coordination of cytosine 
to the metal ion through N,. The peak at 1.8ppm 
in complex 5 shows the presence of coordinated 
methanol. In complex 6, the NMR spectrum shows 
peaks at 5.48 and 7.64 ppm. The peak at 5.48 ppm 
corresponding to C,H protons shows a greater 
shift than the CsH protons, indicating that the 
binding site in cytidine is N,. The NMR spectrum 
of complex 7 exhibits two peaks for the C,H and 
C,H protons at 5.60 and 7.56ppm, respectively. 
The C,H peak shows a greater upfield shift than 
the C,H peak, indicating that uracil is coordinated 
to the metal ion through N,. On the basis of earlier 
work on uridine’ and the NMR of the complex of 
uracil, uridine in complex 8 may also be proposed 
to be coordinated to the metal ion through N,. 
The NMR spectrum of complex 10 exhibits two 
peaks at 1.76 and 7.5 ppm, corresponding to methyl 
and C,H protons, respectively. The peak at 7.5 ppm 
shows a shift of about 0.20 ppm, indicating that N, 
is the binding site in thymidine. On this basis 
and by comparison with the complexes of other 
pyrimidine bases in this paper and the earlier work 
on Pt(I1) thymine complexes,25 the thymine in 
complex 9 is assumed to be bound to the metal ion 
through N,. 

To summarize, in the present investigation the 
purine bases and nucleosides studied are coordi- 
nated to the metal ion through N, whereas in the 
case of pyrimidine bases and nucleosides N, is the 
binding site. 
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Abstract- 1:l Lewis acid: Lewis base adducts are obtained from the reaction of 2- 
benzoylpyridine with MeSnCl,, SnCl, and PhSnCl,, and of 2-pyridine carboxaldehyde 
with PhSnCl,. The Lewis bases bind to the organotin Lewis acids through both N and 0 
atoms of the acylpyridines. But 2-acetylpyridine reacts in a different manner with the 
organotin chlorides, giving what appear to be 1:2 adducts with MeSnCl,, SnCl,, PhSnCl, 
and Ph,SnCl,; and a product with Me,SnCl, that has yet to be characterized. This suggests 
that, with organotin Lewis acids, 2-acylpyridines with an a-hydrogen atom on the side- 
chain reacts differently from 2-acylpyridines without side-chain a-hydrogen atoms. 

With an acyl substituent at the 2-position on the 
pyridine ring (I) (Fig. 1) several possibilities arise 
in the mode of association of the Lewis base with 
a suitable Lewis acid: the carbonyl oxygen could 
coordinate along with the nitrogen on the Lewis 
acid, or the nitrogen could coordinate alone, being 
less electronegative than oxygen. Or the Lewis base 
might fail to bind at all because of steric repulsion 
if the acyl group is bulky. Also, for certain acyl 
groups, tautomerization in the side-chain could 
influence the mode of interaction between the 
acylpyridine and the organotin Lewis acid. 

Studies of the interaction of a few 2-acylpyridines 
with some transition metals have been previously 
reported. I4 2-Acetylpyridine and 2-benzoylpyridine 
were found to bind with both N and 0 on the Lewis 
acids studied. Jain,’ in his study of the interaction of 
2-acetylpyridine with stannic chloride, obtained what 
he identified as a 1: 1 adduct. 

According to the principle of hard and soft acids 
and bases, the presence of inductively positive organic 
groups on tetravalent tin would confer softness on 
the latter.6*7 The mode of interaction of acylpyridines 
with transition metal Lewis acids might therefore 
differ from that with organotin chlorides. 

No report appears to have been made so far of the 
interaction of organotin halides with 2-acylpyridines. 
We report herein a study of the mode of reaction 

*Author to whom correspondence should be addressed. 

0 

R = H. CH3 or C,HS 

Fig. 1. 

of 2-acetylpyridine (2-AcPy), 2-benzoylpyridine (2- 
BzPy), and 2-pyridine carboxaldehyde (2-PyCHO) 
with methyltin chlorides, phenyltin chlorides and 
stannic chloride. 

EXPERIMENTAL 

All the reagents were ANALAR grade. The organ- 
otin chlorides and stannic chloride, and the Lewis 
bases were obtained from Aldrich Chemical Co. 

Dichloromethane was purified by washing success- 
ively with 5% sodium carbonate solution and water, 
and drying over anhydrous CaCl, before distillation. 

Melting points are uncorrected. 
IR spectra (KBr and CsI discs) were obtained using 

Perkin-Elmer PE-700 and PE-710-B spectrometers. 
‘H NMR spectra (in DMSO-d, with internal 

TMS reference) were obtained using a Varian T-60 
spectrometer operating at a probe temperature of 
38°C. 

Elemental analyses (C, H, N and Cl) were carried _ 
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out by Scandinavian Analytical Laboratories. Tin 
content was determined locally according to the 
method of Farnsworth et aLa 

Preparations 

Solutions(containing about 1 mmol solute in 6 cm3 
solvent) of the Lewis acid and Lewis base were mixed 
in a solute molar ratio of 1:2. The resulting clear 
mixtures were left overnight at a temperature of about 
5°C to give crystalline products. The crystals were 
washed four times with solvent or recrystallized and 
dried in vacua. 

RESULTS AND DI!SCU!SSION 

Table 1 summarizes the methods of preparation, 
physical properties and elemental analytical results 
of the various complexes. The analytical results 
suggest 1:l complex formation between benzoyl 
pyridine and MeSnCl,, SnCI, and PhSnCl,. The last 
two complexes decomposed on heating. 

The reaction of 2-pyridine carboxaldehyde with 
MeSnCl,, PhSnCl, and SnCl, gave a stable isolable 
product only with PhSnCl,, Elemental analysis of 
this product suggested a 1:l adduct. 

Reaction of 2-acetylpyridine with MeSnCl,, 
PhSnCl,, diphenyltin dichloride (Ph,SnCl,) and 
SnCl, yielded products that were clearly different 
from the corresponding products with 2benzoylpyri- 
dine. Elemental analysis of the 2-acetylpyridine prod- 
ucts suggested 1:2 adduct formation. On the other 
hand, the analytical results of the reaction product 
with Me,SnCl, conformed neither with 1:l nor with 
1:2 adduct formation. With the exception of the 
adduct with Ph,SnCl,, these adducts all decomposed 
at a lower temperature than the corresponding 
2-BzPy complexes. 

IR spectra 

With 2benzoylpyridine, complex formation 
resulted in a ligand carbonyl band shift from 
166Ocm-’ to about 1610cm-‘. From the work of 
Plytzanopoulos et ~1.~~ it can be inferred that this 
shift is an indication of binding through the carbonyl 
oxygenatom. ForallthecomplexesanaromaticC=C 
band shift from 1580 to 1595 cm - ’ was observed. This 
is an indication of binding through the nitrogen atom 
of the pyridine ring. Thus, taken with the inference 
from the elemental analyses, it can be concluded that 
benzoylpyridine behaves as a bidentate ligand with 
the tin Lewis acids. Similar evidence shows that 2- 
pyridine carboxaldehyde also behaves as a bidentate 
ligand. 

The adducts with 2-acetylpyridine all lack the 

17OOcm-’ band which is observed in the free base.. 
All except the adduct with Me,SnCl, show a band at 
about 345Ocm-’ which is assignable to -OH. The 
usual parent ring band shift from 1580 cm-’ to about 
16OOcm-’ was observed in all the complexes. The 
evidence suggests, first, adduct formation through the 
nitrogen rather than the oxygen atom and, second, 
the tautomerization (enolization) of the side-chain. 
But because the band at 164Ocm- ’ was broad and 
extended to about 1650cm-’ it was not possible to 
confirm the presence of a band for the vinyllic C=C 
which would have been expected at about 1645 cm- I. 

The IR spectrum of the 2-acetylpyridine adduct 
of Me,SnCl, showed no band above 31OOcm- ‘, 
suggesting that no enolization occurred, and that the 
band at 1640 cm- ’ was probably due to a coordinated 
carbonyl (Table 2). 

‘H NMR spectra 
The ‘H NMR spectra of the 2benzoylpyridine 

adducts were simple and, except for slight downfield 
shifts of the ligand signals, directly derivable from 
those of the uncomplexed starting materials. The 
spectrum of the 2-pyridine carboxaldehyde complex 
with PhSnCl, was also simple. 

The 2-acetylpyridine complexes were more compli- 
cated. The stannic chloride adduct showed singlets at 
1.95,2.40,3.00,5.80 and 7.OOppm, in addition to the 
2.70ppm singlet for the COCH, side-chain. The 
aromatic ring of the ligand showed a complex multi- 
plet between 9.50 and 7.00 ppm. 

The spectra of the PhSnCl, complexes were rela- 
tively simple and supported the molecular formulae 
suggested by the elemental analyses. 

The spectrum of the MeSnCl, complex showed a 
new singlet at 2.15 ppm in addition to those expected 
for MeSnCl,. bis-2-AcPy. But the most complex 
spectrum, which we have still not been able to 
interpret, is that of the reaction product of 2-acetylpy- 
ridine with Me,SnCl,. The spectrum lacks the singlet 
at 2.70 ppm for the -COCH3 of the starting Lewis 
base but shows a signal at 2.3Oppm. The signal for 
the aromatic rings shows a complex pattern between 
7.20 and 8.15 ppm. The mass spectrum of the product 
gave no indication of a simple 1:l or 1:2 adduct. It 
showed a base peak at 207, an apparent molecular 
ion at 394, and other major peaks at 135, 155, 170, 
185 and 224. 

The results show a variety of reaction patterns 
between acylpyridines and organotin Lewis acids. 
ZBenzoylpyridine acts as a bidentate ligand to give 
1:l adducts with the tin derivatives. Also, 2-pyridine 
carboxaldehyde reacts, at least with PhSnCl,, to give 
a 1:l adduct. 2-Acetlypyridine reacts with PhSnCl, 
and Ph2SnC12 to give 1:2 adducts in which the ligand 
is coordinated through the nitrogen atom. Adduct 
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Table 2. IR spectral (cm-‘) data of complexes of MeSnCl,, Ph,SnCl,, PhSnCl, and SnCl, with 2-BzPy, 
2-AcPy and 2-PyCHO 

Complex O-H C-H(arom) C=O C=C(Py) Sn-Ph Sn-Me Sri-Cl 

MeSnCl, .2-BzPy 306ow 1620s 159% 795m 
SnCl, .2BzPy 306ow 1610s 164% 325s 
PhSnCl, * 2-BzPy 3100w 1610s 1595s 1065w 320s 
PhSnCl, .2PyCHO 3100w 1630s 1595s 1065w 320s 
MeSnCl, . bis-2-AcPy 35oow 305ow 16302 1600s 795m 280s 
SnCl, . bis-2-AcPy 3450m 3100w 1620s 1600s 325s 

PhSnCl, . bis-2-AcPy 3450m 3100w 1610s 1600s 106Ow 
PhSnCl, . bis-2-AcPy 35oow 305ow 1630s 1600s 106Ow 
Product of Me,SnCl, + 2-AcPy 307om 1640s 1600 795s 

formation in this instance also seems to lead to 
extensive enolization in the ligand side-chain. With 
SnCl, and MeSnCl,, 2-acetylpyridine gives reaction 
products which, from the elemental analyses, appear 
to be 1:2 adducts but for which spectroscopic data 
suggest structures that are more complex than the 
other simple adducts. It has not yet been possible to 
deduce meaningful structures from the spectroscopic 
data for these products. 

REFERENCES 

1. J. D. Ortego, D. D. Waters and S. C. Steele, J. Inorg. 
Nucl. Chem. 1974,36,751. 

2. M. Plytzanopoulos, G. Pneumatikakis, N. Hadjiliades 
and D. Katakis, J. Inorg. Nucl. Chem. 1977,39,965. 

3. 

4. 

5. 
6. 

7. 
8. 

9. 

10. 
11. 

M. Plytxanopoulos and G. Pneumaticakis, Chim. 
Chron. 1979, S, 281. 
M. Plytzanopoulos, G. Pneumatikakis, N. Hadjiliadis, 
D. Katakis and V. Papadopoulos, C&n. Chron. 1979, 
8,109. 
S. C. Jain, Lubdev, Part A 1970,8(4), 169. 
R. C. Poller, The Chemistry of Organotin Compounds, 
p. 186. Logos Press, New York (1970). 
Tse-Lok Ho, Chem. Reo. 1975,75,1. 
N. Famworth and J. Pekola, AnaIyt. Chem. 1959,31, 
1410. 
N. S. Gill, R. H. Nuttal, D. E. Scaife and D. W. A. 
Sharp, J. Inorg. Nucl. Chem. 1961,18,79. 
P. C. H. Mitchell, J. Inorg. Nucl. Chem. 1961,21,382. 
A. I. Popov, J. C. Marshall, F. B. Stute and W. B. 
Person, J. Am. Gem. Sot. 1961,83,3586. 



Polyhedron Vol. 6, No. 3, pp. 397-400, 1987 

Printed in cheat Britaio 

0277-5387187 S3M+.CKl 

0 1987FkrSamonJoumlsLtd 

REACTION OF PHENYLTIN CHLORIDES WITH 
SILVER TRIFLUOROACBTATE 

J. J. BONIRE 

Department of Chemistry, Ahmadu Bello University, Zaria, Nigeria 

(Received 5 July 1985; accepted after revision 7 July 1986) 

Abstract-Ph,SnCl and PhSnCl, reacted with AgOCOCF, to give Ph,SnOCOCF, and 
PhSn(OCOCF,), respectively, but Ph,SnCl, gave an oil which breaks down and rearranges 
by a radical mechanism to give the ditin compound Ph,Sn,(OCOCF,),. 

In a previous paper,’ I reported the synthesis of 
some pyridine complexes of tri- and dimethyltin 
trifluoroacetates resulting from a study of the 
substitution reactions of organotin chloride pyri- 
dine adducts. 

In continuation of this study, it was discovered 
that the pyridine adducts of diphenyltin dichloride 
react with silver trifluoroacetate to produce, not 
the expected pyridine adducts of diphenyltin bistri- 
fluoroacetate, but salts of the pyridine Lewis bases. 

Although there is a great deal of literature on 
the synthesis of organotin carboxylates,2*3 there 
has been no report on any reaction of phenyltin 
chlorides with silver trifluoroacetate. 

In trying to understand why diphenyltin dichlor- 
ide pyridine adducts do not react with silver tri- 
fluoroacetate to give pyridine adducts of diphenyl- 
tin bistrifluoroacetate, a study of the reaction of 
silver trifluoroacetate with phenyltin chlorides has 
been undertaken, and this paper reports the results. 

EXPERIMENTAL 

All reagents were obtained from BDH, Aldrich, 
or Alfa; elemental analyses were done by the 
Scandinavian Microanalytical Laboratories; Sn 
analysis was done locally using the method of 
Farnsworth.4 

IR spectra (CsI disc) were obtained using Perkin- 
Elmer SP700 and 800 spectrometers; Raman and 
mass spectra were determined by the Butterworth 
Analytical Laboratories. 

Dry acetone was prepared by refluxing an 
AnalaR grade of acetone with p-toluenesulphonyl 
chloride (1 g/l of acetone) for 45 min, and distilling 

Reaction of Ph,SnCl with AgOCOCF, 

Triphenyltin chloride (3.85 g, 0.01 M) and silver 
trifluoroacetate (2.21 g, 0.01 g), each in dry acetone 
(5Ocm’) were mixed. The precipitated silver chlor- 
ide was coagulated by boiling the mixture for 
10 min in the dark, and filtered off. The clear filtrate 
was evaporated to dryness giving a white powder. 
The product (3.6Og, dry) was recrystallized 3 times 
from 40-60 petroleum spirit; analyses (below) show 
that it is triphenyltin trifluoroacetate. 

Reaction of PhSnCl, with AgOCOCF, 

Phenyltin trichloride (1.51 g, 0.005 M) and silver 
tritluoroacctate (9.95 g, 0.015 M), each in 100cm3 
of dry acetone, were mixed. The precipitated silver 
chloride was removed as above, and the clear light 
yellow filtrate concentrated by evaporation into a 
thick oil. The oil, on standing, hardened into an 
unpurifiable brown solid. 

Extraction of the oil into 40-60 petroleum spirit, 
followed by boiling under reflux for 30 min, yielded 
a fine, white powder which was shown by analysis 
to be phenyltin tristrifluoroacetate. 

Reaction of Ph,SnCl, with AgOCOCF, 

Diphenyltin dichloride (3.44 g, 0.01 M) and silver 
trifluoroacetate (5.53 g, 0.025 M), each in 50 cm3 of 
dry acetone, were mixed. After removal of the 
precipitated silver chloride the clear filtrate was 
concentrated into a colourless viscous oil. 

The ‘oil’ was extracted into cold, aromatic hydro- 
carbon-free 40-60 petroleum spirit. Warming of 
the solution started the production of a white 
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Table 1. Elemental analysis results and IR spectra (Csi disc) of the products 

Melting Elemental analysis IR spectra (cm-‘) 

Yield point (“C) Found Calculated O-C-O O-C-O 
Compound (%) (uncorrected) C H Sn C H Sn (assym) (sym) Sn-O-C 

(C,H,),SnOCOCF, 77.80 120-122 51.8 3.4 25.6 51.9 3.2 25.6 1640~s 1440m 
C,H,Sn(OCOCF,), 54.60 >360 27.0 1.1 22.6 26.9 0.9 22.2 164&s 1440m 1085m 
(CsHS),Sn,(OCOCF,), 36.50 >360 28.1 1.6 28.6 28.4 1.2 28.1 1610s 1430m 995m 

paste, and the reaction continued in an exponential 
manner for several days as the solution was boiled 
under reflux. After four days, the fine granular 
precipitate was filtered off, washed four times with 
aromatic hydrocarbon-free petrol (40~60), and 
dried (2.5g). Analyses showed the powder to be 
Ph,Sn,(OCOCF,),. 

RESULTS AND DISCUSSION 

Table 1 shows the elemental analytical results 
for the products. Ph,SnCl, PhSnCl, and Ph,SnCl, 
reacted with AgOCOCF, to give products which 
the elemental analysis results have suggested to be 
Ph,SnOCOCF,, PhSn(OCOCF,),, PhSn(O- 
COCF,), , respectively. 

The ‘H NMR spectra of the products obtained 
for Ph,SnCl and Ph,SnCl,, in deuterodimethyl 
sulphoxide (d-DMSO), were simple and similar, 
giving multiplets assignable to the phenyl ring 
protons at 6 7.40 and 7.75ppm. The product 
obtained from PhSnCl,, however, dissolved in d- 
DMSO only with much heating, and gave just a 
singlet at 6 7.30 ppm (assignable to benzene protons) 
thereby raising the suggestion of the breakdown of 
the product in hot d-DMSO instead of a simple 
dissolution. 

The IR (CsI discs) spectral data of the products 
are also shown in Table 1. The spectra of the three 
products were similar, showing intense bands for a 
bridge type of O-C-O bond among others. 

A mass spectrum of the solid product obtained 
from Ph,SnCl, gave the highest mass unit of 423, 
assignable to C,H,Sn(OCOCF,)2 but its Raman 
spectrum showed bands at Raman shifts of 139, 
147, 183, 565, 852, 1000 and 1026cm-‘. Taking 
into account the works of Brown et ai.’ and Bulliner 
et a1.,6 the Raman shift at 147cm-’ has been 
assigned to an Sn-Sn bond in the compound. A 
UV spectrum of the compound in DMSO gave a 
band with a A,, at 273 nm, assignable to an Sn- 
Sn bond, according to the reports of Drenth et al.’ 
and Poller.’ Further, the decolouration of a Ccl, 
bromine solution by the compound makes it safe 
to conclude that the molecule of the compound 
contains an Sn-Sn bond, since the Sn-Sn bond 

is known to be broken by the halogens. 
From the elemental analysis results and the 

above deductions the molecular formula of the solid 
product obtained from Ph,SnCl, is Ph,Sn,(O- 
COCF,), or [PhSn(OCOCF,),],, with an Sn-Sn 
linkage. 

The elemental and spectral analyses have shown 
that Ph,SnCl, PhSnCl, and Ph,SnCl, react with 
AgOCOCF, to yield Ph,SnOCOCF,, PhSn 
(OCOCF,), and Ph,Sn,(OCOCF,),, respectively. 
The synthesis of Ph,SnOCOCF, is not new,* but 
its preparation using AgOCOCF, appears to be. 

The Ph2Sn2(0COCF,),, dirty white and pow- 
dery, did not melt below 360°C. It dissolved only 
in highly nucleophilic solvents like dimethyl- 
sulphoxide and dimethylformamide. 

Benzene was produced along with Ph,Sn, 
(OCOCF,), when the “oil” obtained from the 
reaction of Ph,SnCl, with AgOCOCF, was heated 
in aromatic, hydrocarbon-free 40-60 petroleum 
spirit. The production of benzene, first indicated by 
‘H NMR spectroscopy, was confirmed by subject- 
ing a distillate of the reaction mixture to nitration 
with 1: 1 c. H,SO,/c. HNO,; crystals of m-dinitro- 
benzene were obtained. It was also found that 
Ph,Sn,(OCOCF,), was produced from the oil in 
petrol under UV and sun light. Prolonged heating 
of a Ccl, extract of the oil yielded a powder that 
had identical spectral properties with Ph,Sn(O- 
COCF,),, and biphenyl. Heating of a benzene 
extract of the oil also yielded biphenyl, confirmed 
by spectroscopy and TLC, along with Ph,Sn,(O- 
COCF,),. It was also found that addition of 
benzoquinone, a radical scavenger, to a petrol 
extract of the “oil” inhibited the production of 
Ph,Sn,(OCOCF,), when the mixture was heated. 

A tin elemental analysis of the “oil” in its driest 
form gave an Sn content of 20.92%; further drying 
made the oil solidify to an amorphous light yellow 
powder with an Sn content of 26.75%. The IR and 
‘H NMR spectra of the “oil” did not appear much 
different from those of Ph,Sn,(OCOCF,),. There 
was no indication that benzene was produced along 
with the “oil” from Ph,SnCl,. Also, a Lassaigne 
test did not show the presence of Cl in the oil. It does 
appear then that the ‘oil’ was Ph2Sn(OCOCF,),. 
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Fig. 1. Behaviour of Ph2Sn(OCOCF,)I when heated in non-polar media and UV light. 

The production of the Ph,Sn,(OCOCF,), from 
the ‘oil’ in petroleum spirit is exponential, a mode 
typical of radical reactions. This suggestion has 
further being strengthened by the ability of UV 
and sun light, in addition to heat, to. initiate the 
production of the compound in non-polar media 
only; and by the ability of benzoquinone, a radical 
scavenger, to stop or inhibit its production. Benzene 
was produced along with Ph,Sn,(OCOCF,), in 
petrol, and biphenyl in Ccl, and benzene solvents. 
These suggest an initial radical break of the Sn- 
phenyl bond, a union of two PhSn(OCOCF& 
radicals, and the union of two phenyl radicals 
or the abstraction of a hydrogen radical from 
petroleum spirit by a phenyl radical, as shown in 
Fig. 1. 

Benzene is obtained in petrol and biphenyl in 
Ccl, probably because it is easier to homolytically 
break a C-H bond than a C-Cl bond. 

The symmetrical nature of the structure (I) sug- 
gested above would explain the high melting point 

of the compound; its internal coordination would 
explain why pyridine adducts of Ph,SnCl, do not 
react with AgOCOCF, to give pyridine adducts of 
Ph,Sn(OCOCF,),, as well as the poor solubility 
of Ph,Sn,(OCOCF,), in many solvents. 

It cannot be said at this stage that all diphenyltin 
dicarboxylates would react as above in non-polar 
media. It is possible that the electron-withdrawing 
ability of the phenyl ring of Ph,Sn(OCOCF& 
happened to compare with that of the Sn(O- 
COCF,), moiety, thereby making possible a homo- 
lytic fission of the Sn-phenyl bond. Ph,Sn(O- 
COCH,),, reportedly first synthesized by Graddon 
and Rana, lo remained stable when heated in non- 
polar media. 

REFERENCES 

1. J. J. Bonire, Polyhedron 1985, 4, 1707. 
2. B. F. E. Ford and J. R. Sams, J. Organomet. Chem. 

1971, 31, 47. 



400 J. J. BONIRE 

3. A. Roy and A. K. Ghosh, Inorg. Chim. Acta 1977, 
24, L89. 

4. M. Farnsworth and J. Pekola, Analyt. Chem. 1959, 
31, 410. 

5. M. P. Brown, E. Cartmel and G. W. A. Fowles, J. 
Chem. Sot. 1960, 506. 

6. P. A. Bulliner, C. P. Quicksall and T. G. Spiro, Inorg. 
Chem. 1971, 10, 13. 

7. W. Drenth, M. J. Janssen and G. J. M. Van Der 
Kerk, .I. Organomet. Chem. 1964, 2, 265. 

8. R. C. Poller, The Chemistry of Organotin Compounds, 

p. 259. Logos Press, New York (1970). 
9. R. C. Poller, The Chemistry of Organotin Compounds, 

p. 145. Logos Press, New York (1970). 
10. D. P. Graddon and B. A. Rana, J. Organomet. Chem. 

1977, 136, 19. 



Polyhedron Vol. 6, No. 3, pp. 40-402, 1987 
Rioted in Great Britain 

0277-5387/87 S3.00 + .OO 
0 1987 Pergnmoo Joumalls Ltd 

POLAROGRAPHIC STUDY OF THE COMPOSITION AND 
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Abstract-The complexation of thallium(I) by cyclohexylthioglycolate (CyHTG) has been 
studied polarographically. The reduction of Tl+ in cyclohexylthioglycolate solution has 
been found to be reversible and diffusion controlled involving a one-electron transfer 
process. Potential vs concentration data at 0.5 M ionic strength are interpreted on the 
basis of the formation of two complex species, TlA and TlA;. The logarithms of the 
stability constants of these complexes are 1.73, 3.176 at 2O”C, 1.77,3.342 at 30°C and 1.87, 
3.398 at 4O”C, respectively. The values of AC *, AH* and ASo have been calculated at 
30°C. 

Mercapto compounds containing active SH and 
COOH groups have a wide variety of applications. 
The polarographic behaviour of Tl+ has been 
studied in various media with different complexing 
reagents such as ethylene bis-(3-mercaptopro- 
pionate),’ ethylthioglycolate,2 ethane-1,2-dithiol,l 
butylthioglycolate,3 furfuryl mercaptan,4 2-mer- 
capto ethanol’ and /?-mercaptopropionic acid.6 
In the present investigations the complexation of 
cyclohexylthioglycolate with thallium(I) has been 
studied polarographically to determine the compo- 
sition and stability constants of the complex ions 
formed. The values of AC*, AHo and AS* have 
also been calculated and are reported in this paper. 

EXPERIMENTAL 

Cyclohexylthioglycolate (CyHTG) was used as 
metal binding agent. It was synthesized by the 
method given by Gambarov,’ and was standar- 
dized. A stock solution of the reagent was prepared 
in pure ethanol. A 2 M solution of KNO, was used 
as the supporting electrolyte and 0.1% Triton X- 
100 as the maximum suppressor. All solutions used 
in the polarographic measurements had in addition 
to CyHTG, a Tl+ concentration of l.OmM, 0.5 M 

*Author to whom correspondence should he addressed. 

KNO, and 0.002% Triton X-100 in 50% ethanolic 
media at pH6.0. The CyHTG concentration was 
varied from 0.005 to 0.03 M. A manual Toshniwal 
polarograph (CL02 type) and saturated calomel 
electrode were used. The necessary correction for 
the iR drop and residual current were applied in 
determining the half-wave potential and diffusion 
current data, respectively. 

The plot of id vs fi and id vs C (C = con- 
centration of thallium) is linear, indicating the 
diffusion-controlled nature of the reduction wave. 
The values of slopes from log plots (i.e. plot of log 
i/id - i vs E - d * e) agreed with the theoretical values 
for one-electron transfer. The half-wave potential 
shifted toward more negative values with increasing 
CyHTG concentration indicating complex forma- 
tion. The diffusion current and half-wave potential 
values are recorded in Table 1. A plot of El12 as a 
function of log (CyHTG) showed the curvature 
indicating the formation of more than one complex. 
The method of Deford and Hume* was applied to 
the calculation of stability constants for the two 
complexes TlA and TlA;. Thermodynamic par- 
ameters AC*, AH* and AS* were also evaluated 
at 30°C for the two complexes and the results are 
summarized in Table 2. The percentage distribution 
of thallium present in different forms as a function 
of log (CyHTG) has been calculated and the results 
are presented in Fig. 1. 
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402 U. GUPTA and A. L. J. RAO 

Table 1. Half-wave potentials, diffusion current and values of the 
various functions at 20°C 

Concentration of 
ligand jd -El,, us SCE 

(M) (CIA) (v) F,(X) F,(X) F,(X) 

0.000 0.554 0.460 - - - 

0.005 4.048 0.480 1.288 57.6 720 
0.010 3.774 0.490 1.640 64.9 1090 
0.015 3.542 0.502 2.135 65.7 1440 
0.020 3.238 0.510 2.673 83.7 1484 
0.025 3.036 0.520 3.377 95.0 1640 
0.030 2.834 0.530 4.285 109.5 1850 

Table 2. Stability constants and their thermodynamic functions at 30°C 

Stability constants 8 AH* ASe 
Composition 20°C 30°C (kJ:l-‘) (kJ mol-‘) (J K-’ mol-‘) 

1:l 54 60 - 10.5 6.8 57 
1:2 1.5 x 103 2.2 x 103 - 19.2 29.3 159 

03 
2.4 2.2 2.0 1.8 1.6 1.4 1.2 

Loit G 

Fig. 1. Distribution diagrams for thallium- 
cyclohexylthioglycolate system. 
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Abstract-The decomposition of H,Op in the presence of ethylenediaminetetra(methylene- 
phosphonato)manganate(II) complex, [Mn(II)Y] (Y represents the (CH,-N(CH,PO,H,),), 
anion), was studied at various temperatures. The rate law: 

- W-W,1 
dt 

JW-f+l(h + k,K,CH+l) [MnY],,[H,@J~ 
= (1 + K,[H+])(l + K,[H+]) 

holds over the pH range 9.0-10.30. A mechanism involving Mn(IV) and peroxy intermedi- 
ates is suggested. In strongly alkaline solutions, Mn(IV) species hydrolyse to give colloidal 
MnO,. At 3o”C, the specific rate constants for the reactions: 

[Mn(III)Y(OH)]6- + H,02 2 CMn(III)Y(OOH)]6- + Hz0 

and 

[Mn(III)Yj’- + H,O, 2 [Mn(III)Y(H202)]5- 

were determined to be k i = 33M-is-’ and k2 = 2.2M-‘s-i. The corresponding 
activation parameters are, A* = 17 f 4kJmol-‘;Ae = -165 + 15JK-‘mol-‘; 
AH? = 83 f kJmol_‘and A@ = 37 + 55 JK-‘mol-‘. 

The kinetics of oxidation of hydrogen peroxide by 
potentially oxidizing aquo metal ions in acidic 
media has been thoroughly investigated.lm3 In the 
case of aquo manganese(II1) species, two different 
mechanisms were postulated to cope with the 
observed rate data. In one set of experiments,4 
the data were analysed using a bimolecular rate 
equation and the apparent second-order rate con- 
stants were found to vary with varying the initial 
[Mn(III)], [Mn(II)], l&O,] and w’] concen- 
trations. The results indicated a first-order depen- 
dency on both [Mn(III)] and [HzO,] and an 

*Author to whom correspondence should be addressed. 
Current address: Chemistry Department, Florida State 
University, Tallahassee, FL 32306-3006, U.S.A. 

inverse dependence on [Mn(II)]. Wells and Mays,’ 
on the other hand, investigated the same system 
under comparable experimental conditions and 
found that the rate of reaction is first order in 
[Mn(III)] and independent of both [Mn(II)] and 
[H202] concentrations. The enhancement in 
optical density at 470 nm after mixing with peroxide 
was attributed to the formation of a new [Mn(III)- 
OOH] peroxo species which decomposes slowly to 
the products. The discrepancy in both experiments 
was attributed to the inappropriate use of the 
bimolecular rate equation.6 Analysis of the optical 
densities available for an individual run in Ref. 4 
gave a reasonable first-order plot with k,,,, approxi- 
mately half of that estimated from the measure- 
ments of Wells et aL5 

Disproportionation of H,O1 in the presence of 
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manganese-polyaminocarboxylates is limited to the 
report of Jones and Hamm.’ The reaction of 
Mn(III)-CyDTA with H,Oz was studied in the pH 
range of 2-4 and found to be first-order in [H,O,], 
second-order in [Mn(III)-CyDTA] and inversely 
dependent on both [H’] and [Mn(II)-CyDTA] 
concentrations. The mechanism suggested involves 
a fast formation of a ternary peroxo intermediate 
followed by the slow decomposition of these species. 
Such ternary complexes were also proposed for the 
reaction of Fe(III)-EDTA* and Cr(III)-EDTAg with 
hydrogen peroxide at higher pH (N 6-10). In these 
systems, the rate was found to be first-order in both 
H,O, and the complex species. The disagreement 
in the rate equation for Mn-CyDTA compared to 
the closely resembling Fe(II1) and Cr(II1) systems 
arises from the differences in the reactions con- 
sidered in both cases. Although iron and chromium 
chelates were shown to act as catalyst centres for 
the disproportionation of H,O,, Mn(III)-CyDTA 
was shown to react with H,O, to give Mn(II)- 
CyDTA and oxygen with an overall stoichiometry 
of [Mn(III)-CyDTA]/[HzO,l = 2.06. Contrary to 
the peroxidatic systems, the rate-determining step 
in the catalytic studies is that involving peroxide 
substitution in the inner sphere of the metal ion. 

an equimolar amount of the ligand aqueous solution 
slowly with a constant stirring. The mixture was 
warmed and the pH was raised to 7-8 with Na,CO,. 
Twice the stoichiometric amount of magnesium 
nitrate was then added and the mixture was left to 
stand overnight. The pale pinkish crystals formed 
were filtered, dried and analysed for the constituent 
elements and found to agree well with the empirical 
formula Na,Mg,[MnY] * 18H,O; here and else- 
where Y represents the anion of ethylenediamine- 
tetra(methylenephosphonate). 

Spectral and cyclic voltametry measurements 

Visible spectral measurements were obtained with 
a Tracer Northern Optical Multichannel Analyzer. 
The system composed of a Tracer Northern 6050 
spectrometer containing a Czemy-Turner spectro- 
graph connected to a Tracer Northern 1710 Multi- 
channel Analyzer and a Houston Omnigraphic 2000 
X-Y recorder. Wavelength calibration was achieved 
with a holmium oxide filter and the measurements 
were obtained using a l.OO-cm path length quartz 
cuvette. 

In the present investigation, we extend these 
studies to the Mn-ENTMP-H,O, system 
[ENTMP = ethylenediaminetetra(methylenephos- 
phonic) acid, {CH,-N(CH,PO,H,),),]. A slight 
excess of ENTMP was always present to ensure 
that manganese was present only in the complexed 
form. 

EXPERIMENTAL 

Cyclic voltammograms were obtained using an 
EG&G Princeton Applied Research model 174A 
polarographic analyser. A conventional three-elec- 
trode system was used with a glassy carbon working 
electrode, a Pt wire counter electrode and a saturated 
sodium chloride-calomel electrode as a reference. 
The electrochemical solutions were isolated from the 
reference electrode via asbestos fritte. The 
voltammograms were recorded on a Houston Omni- 
graphic 2000 X-Y recorder and the scan rate used 
was 50mVs-‘. 

Materials 

Ethylenediaminetetra(methylenephosphonic) acid, 
HsENTMP, was kindly donated by Monsanto 
Chemical Co., St. Louis, MO and was recrystallized 
by precipitating the ligand as the tetra lead salt, 
filtered, washed and allowed to react with H,S for 
2 h. The black residue of lead sulphide was removed 
by filtration and the mother liquor containing the 
ligand in the acid form was freeze dried. The purity 
of the ligand was checked by potentiometric titration 
ofasuitablesamplewithastandardCO,-freesodium 
hydroxide. Also, the ‘H NMR spectrum showed the 
presence of only a doublet and a singlet assigned to 
the a-methylene and the p-backbone protons respec- 
tively.‘O Manganese(I1) chloride hexahydrate, 
sodium nitrate, sodium hydroxide and hydrogen per- 
oxide were B.D.H. AnalaR grade. 

Kinetic procedure 

In all kinetic measurements, fresh solutions of the 
manganese complex were prepared by dissolving 
the appropriate weight in the minimum amount of 
hydrochloric acid. The pH was then adjusted to 
the desired value by the addition of either glycine 
bufferl’ or ammonia buffer. Sodium nitrate was 
added to maintain the ionic strength at 0.10 M unless 
otherwise specified. The mixture was thermostated 
in a controlled temperature bath and the kinetic 
run was started by injecting the peroxide into the 
solution. Samples of the reaction mixture were 
removed at set time intervals and the reaction was 
quenched by KI/H,SO, mixture. The liberated iod- 
ine equivalent to the residual peroxide contents was 
then determined iodometrically.’ 1 

The Mn(II)-ENTMP complex was prepared by All calculations were carried out using an IBM 
adding 0.001 mol of the manganese salt solution to PC. 
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Fig. 1. Variation of residual peroxide concentration with 
time for the decomposition of hydrogen peroxide! in the 
presence of [MnYj,: [HtO,] = S.OmM, [MnY&,, = 
O.O555mM, I = O.lOM (KNO,). (A)pH = 9.88 (40°C); 

(B)pH = 9.80 (35°C); (C)pH = 9.79 (30°C). 

RESULTS AND DISCUSSION 

The dependence of the reaction rate of the catalytic 
process 

2H,O, + 0, + 2H,O (1) 

on the initial conditions of the reaction mixture 
(namely pH, catalyst concentration, temperature 
and ionic strength) was investigated. Pseudo-first- 
order conditions were maintained in all runs by the 
use of a large excess of H,O, over that of the manga- 
nese complex. Semi-logarithmic plots of the residual 
peroxide contents as a function of time were found 
to be linear up to a degree of completion of two half- 
lives or more. Representative sample plots obtained 
at -log [H’] = 9.7 and at various temperatures, 
are shown in Fig. 1. In most cases, the limiting ratio 
of [H,O,]/[MnY] at 75% reaction completion is 
greater than 22. Only in a few cases, where the depen- 
dence of the reaction rate on the catalyst concen- 
tration is studied, did this ratio approach 6-7. The 
influence of the concentration of the catalyst on the 
disproportionation reaction was determined at sev- 
eral pHs and temperatures. In all cases, the rate is 
linearly proportional to the catalyst concentration. 
The slopes of these lines are a function of the medium 
pH and the temperature of the reaction mixture. 

The rate constants determined for mixtures of 
fixed initial H,O, and complex concentrations at 
variable pHs are illustrated in Fig. 2. At the three 
temperatures studied, the values of k,, are an 
increasing function of pH in the range of 9-O-10.3. At 
higher alkalinity, the catalytic sensitivity is markedly 
retarded and approaches zero at pH > 11. A sum- 
mary of all the results obtained at various reaction 
conditions is listed in Table 1. 

Fig. 

I I I I 
9.0 9.5 10.0 10.5 

-log [H+] 
2. Dependency of the rate constants on the pH of 

the medium. Solid lines represent the calculated values 
from eqn (5) at different pH values; the solid symbols 
are those obtained experimentally. (A) 30°C; (B) 35°C; 

(C) 40°C. 

Earlier equilibrium studies on the reaction of 
manganese salts with ENTMP is limited to the 
reports of Kabachnik et al.‘* and Kurochkina et 
a1.13 Manganese(I1) reacts with the phosphonate 
ligand to form MnH,Y*- at pH N 5. With increas- 
ing the pH of the medium, the complex deproton- 
ates successively, leading to the formation of the 
normal complex [MnY16- and the following equili- 
bria hold 

MnH,_,Y-(‘-“) + H+ +MnH,Y-@-“) 

K, = [MnH,Y - @-“)]/[MnH,_ iY_(‘-“)I [H’] (2) 

Mn*+ + Y*-eMnY6- 

B iol = [MnY6-]/[Mn*+][Ys-] (3) 

where pK, = 9.06, 7.51, 6.22 and 5.32 for n = 1, 2, 
3 and 4, respectively, and log pi,,, = 12.70. 

The study is not as complete for manganic species 
and only the constant for the reaction 

Mn3+ + H2Y6- +MnH,Y’- (4) 

was evaluated to be log jIlzl = 1 1.201 3 compared 
with log/?,,, = 7.00 for the corresponding equili- 
bria with Mn*+. The authors showed also that 
the auto-reduction of manganese(II1) reaches a 
minimum at pH 2 9.’ 3 

According to these data in the pH range of 9.0- 
10.3 the ratio of [Mn(II)Hfl/[Mn(II)Y] decreases 
from 0.72 to 0.06. Since pK, for trivalent ENTMP 
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Table 1. Observed rate constants for the decomposition 
of hydrogen peroxide in the presence of Mn-ENTMP 

complex: [H202] = S.OmM, I = O.lOM(KNOJ 

Temperature [MnY]:,/10-5 k&/10-4 
-log [H’] (“C) (M) (s- i) 

9.01 30 5.549 
9.09 35 5.549 
9.09 40 5.549 
9.19 30 5.549 
9.39 30 5.549 
9.47 35 5.549 
9.44 40 5.549 
9.49 30 5.549 
9.60 30 5.549 
9.68 30 5.549 
9.68 30 11.098 
9.69 30 16.647 
9.68 30 19.422 
9.69’ 30 5.549 
9.68’ 30 5.549 
9.68’ 30 5.549 
9.69 35 5.549 
9.69 35 11.098 
9.71 35 16.647 
9.77 35 5.549 
9.77 40 5.549 
9.89 30 5.549 
9.99 35 5.549 

10.01 30 5.549 
10.09 30 5.549 
10.09 35 5.549 
10.07 40 5.549 
10.24 30 5.549 
10.24 35 5.549 
10.24 40 5.549 
10.54 30 5.549 
10.51 35 5.549 
10.57 40 5.549 
10.79 30 5.549 
10.69 30 11.098 
10.69 30 15.260 
10.79 35 5.549 
10.79 35 15.260 
10.79 40 5.549 
10.84 40 15.260 
10.77 45 5.549 

2.40 f 0.15 
3.61 f 0.23 
4.90 + 0.32 
2.95 f 0.18 
3.83 + 0.24 
5.32 + 0.35 
7.30 f 0.50 
4.42 + 0.28 
5.00 f 0.32 
5.68 f 0.37 

10.90 + 0.80 
16.10 f 1.30 
19.00 + 1.62 
6.50 + 0.44 
6.72 k 0.45 
6.90 f 0.47 
7.03 f 0.48 

13.81 f 1.07 
20.09 f 1.74 

7.60 f 0.52 
10.00 + 0.72 
7.40 f 0.51 
9.83 + 0.71 
8.45 f 0.59 
9.15 f 0.65 

10.70 + 0.78 
12.65 k 0.96 
10.76 + 0.79 
12.40 f 0.94 
14.50 f 1.14 
6.27 + 0.42 
7.05 + 0.48 
8.90 + 0.63 
2.60 + 0.16 
6.40 + 0.43 
8.80 + 0.62 
4.44 f 0.28 

12.17 f 0.92 
6.10 k 0.41 

16.39 f 1.33 
8.08 + 0.56 

“Manganese concentration in all forms. 
“I = 0.30 M (KNO,). 
‘I = 0.50 M (KNO,). 
dZ = 0.75 M (KNO,). 

complexes is ~7.0,~~ only [Mn(III)YJ species are 
dominant at pH > 9.0. 

The spectral characteristics of Mn-ENTMP com- 
plexes were investigated over the pH range 5-12. 
In the absence of H,O,, Mn(II)-ENTMP has a 
very weak absorption over the entire pH range 

(sInax = 4.0 M-’ cm- ‘). Addition of H,O, to the 
mixture is accompanied by subsequent changes in 

400 450 500 550 600 650 

Wavelength (nm) 

Fig. 3. Absorption spectra recorded after 15 min of 
mixing CMnYl., with hydrogen peroxide. 

(A) [MnYlul = 10 mM (pH = 6.31); (B) [MnY],,, = 6 mM 
(pH = 7.12) (C) [MnY], = 4mM @H = 7.88); (D) 
[MnY], = 2 mM (pH = 10.03) (E) [MnY], = 2.5 mM 

@H = 10.67); and(F) [MnY], = 2.5 mM (no peroxide). 

colour depending on the pH of the medium. The 
course of the colour changes is pale pink + intense 
purple + yellowish pink + yellow at pH 6.3, 7.1, 
7.9 and 10.0, respectively. The colour intensity 
reaches a maximum after 15 min of peroxide 
addition except at pH 10 where the yellow colour 
is developed instantaneously. Increasing the pH to 
10.7 intensifies the yellow colour which turns to 
brown upon standing for 3 h followed by the 
deposition of MnO, and the pH drifts to 12.5. 
Figure 3 illustrates the spectral envelopes observed. 
The presence of a strong band at 485-495nm in 
the pH range 6.3-7.9 can be assigned to the spin- 
allowed ‘E, c ‘B,, transition for Mn(II1) in a 
distorted 0, symmetry. l5 These spectra resemble 
closely those obtained by mixing Mn(III)-pyro- 
phosphate with ENTMP.t3 At all pHs, the colour 
is reversible and disappears upon the depletion of 
the peroxide. Hamm and Suwyn16 attributed the 
change in colour from pink to yellow in the case 
of Mn(III)-CyDTA to the formation of the mono- 
hydroxo complex (pK = 8.11). At higher pHs, the 
formation of the unstable intense yellow-brown 
solutions was attributed to the formation of an 
oxo-Mn(IV) complex. l5 The very few reports on 
the spectra of Mn(IV) complexes suggests the pres- 
ence of two spin-allowed transitions in the regions 
355-520 and 46%628nm assigned to 4Tl, c 4A2, 
and 4T2, c 4A,, transitions, respectively.’ 7 The 
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media, the electron-rich MnY6- [and/or 
Mn(OH)Y’-] species are dominant. The pair of 
peaks observed at higher potential involves a two- 
electron transfer reaction as indicated by the differ- 
ence in (E,, - E,,). This is tentatively assigned to 
the oxidation of the [Mn(III)YX]6- complex to 
[Mn(IV)YX14-, where X is a coordinated OH- or 
OOH- group. 

B(i) _l!Y 5OpA 
I 

I I I h I I I I I I 
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The kinetic data obtained in the pH region 9.0- 
10.3 were processed using the program KINETIC 
based on the SIMPLEX algorithm and written by 
W. Cacheris. The program allows simultaneous 
calculation of the rate constants associated with 
two reactants and their conjugate bases. Different 
models were considered for the reaction of H,Oz 
(and/or HOO-) with MnY5- and/or MnY(OH)6- 
complexes. Among all probabilities, only that which 
consider the reaction of neutral +H,O, with both 
complex species gave the best fit. The absence of 
ionic strength dependency of the rate constants is 
in support of this assumption. These results are 
consistent with the rate law 

Fig. 4. Cyclic voltammograms obtained during the elec- 
tro-oxidation of [MnYJag. (A)No peroxide (pH = 7.96); 
(B)in the presence of excess peroxide: (i)pH = 6.93; 

(ii)pH = 11.61. 

spectra of Mn-ENTMP-H,O, at pH 10 shows the 
presence of two new bands at 468 and 587 nm and 
the latter was masked by the intense absorption at 
460nm when the solution pH was raised to 10.7 
and higher. 

The cyclic voltammograms obtained for Mn(II)- 
ENTMP in the absence of peroxide and at pH 8.0 
displayed a reversible peak with an EL.v of 0.81 V 
vs NHE (Fig.4A). The small cathodic current 
observed relative to the anodic current is presum- 
ably due to the adsorbability of the phosphonate 
complex on the electrode surface.‘* The voltammo- 
gram obtained for the Mn-ENTMP-H,O, mixture 
(pH 1: 7), shows the presence of an anodic peak at 
E,, 1.13 V and a small hump at 1.42 V and the 
reversed scan gave rise to a cathodic peak at E,, 
of 1.14 V. In strongly alkaline solutions (pH = 11.6), 
the intensity of the anodic peak at higher potential 
increased at the expense of the first one. Also, the 
potentials of all the peaks were negatively shifted 
by -0.40 V. The low potential anodic peak is 
probably associated with the oxidation of the 
residual Mn(I1) to Mn(II1). The observed negative 
shift in the potential with increasing the pH of the 
medium is attributed to the changes in Mn(I1) 
speciation. At pH7, the dominant species are 
MnH,Y4- and MnH,Y3-; in strongly alkaline 

-W-W,1 
dt = ~odMnYl.,CWWT 

UH+l(k, + kK,CH+l) 
= (1 + K,[H+-J)(l + K,[H+]) 

CMnYl&W21T (5) 

where [MnY],, is the manganese concentration in 
all forms, K, is the protonation constant of H,O, 
(pK, = 11.75), l9 k, and k, are the rate constants 
observed in the presence of MnY(OH)6- and 
MnY’- species respectively, and K, is the proton- 
ation constant for the reaction 

MnY(OH)6- + H+ eMnY’-. (6) 

A summary of all the constants calculated together 
with the activation parameters are listed in Table 
2. The error limits of the activation parameters were 
obtained at 90% confidence following standard 
procedures. 2o As a further check, the rate constants 
obtained were used to calculate the values of k,, 
at different pHs. The solid lines shown in Fig. 2 
represent these theoretical calculations; the solid 
symbols are the experimental values. 

In the very early stages of the reaction and 
at the specified conditions for the kinetic runs 
([H202] >> [MnY],,; pH Z 9), most of the manga- 
nese species will resume oxidation state III. There- 
fore, the catalytic process is initiated by the reaction 
of these complexes with the peroxide. The spectral 
data shown in Fig. 3 are not conclusive about 
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Table 2. The rate constants and the activation parameters for the 
catalytic decomposition of hydrogen peroxide in the presence of Mn- 

ENTMP complex 

Temperature 

(“C) 
(M-k:s-l) 

k, 
(M- ) 

Is-1 
PK, 

30 33 * 2.4 
35 36 + 3.3 
40 42 f 2.5 

AH: = 17 rf: 4kJmol-‘, 

AS? = -165 f 15JK-‘mol-1, 

2.2 f 0.03 10.1 + 0.06 
3.7 + 0.18 10.1 * 0.10 
6.7 f 0.31 10.1 + 0.08 

AH? = 83 _+ 16kJmol-’ 

AS? = 37 f 55JK-‘mol-1 

the involvement of peroxy intermediates in the 
mechanism. The band position is slightly blue- 
shifted by N 15 nm compared to that reported in 
Ref. 13. This shift could be due to the formation of 
such intermediates or perhaps an anticipated shift 
due to the presence of the auxiliary pyrophosphate 
ligand. 

The negative entropy associated with the 
[Mn(III)Y(OH)]6- route suggests that substitution 
of H,O, for the coordinated OH- group is the 
rate-limiting step as in other polyaminocarboxylate 
systems. 8(n)*g The positive entropy observed for the 
CMn(II1)Y-J pathway, can also be attributed to the 
solvent reorganization accompanying the intra- 
molecular charge-transfer RDS.21 However, 
changes in complex ion hydration can arise from 
H202 substitution for one of the coordinated di- 
negative phosphonate groups. The marked change 
in the energy barrier for both pathways argues for 
the involvement of different leaving groups. A 
possible mechanism consistent with these obser- 
vations is 

[Mn(III)Y(OH)]6- + H202 2 

[Mn(III)Y(OOH)]6- + H,O (7) 

[Mn(III)f15- + H,O, 2 

[Mn(III)Y(H202)]5-. (8) 

The reaction may propagate via one-electron oxi- 
dation steps with the liberation of OH’ radicals. 
Accordingly 

[Mn(III)Y(OOH)]6- + [Mn(IV)Y(0)16- + OH 

(9) 

[Mn(III)Y(H202)]5- + [Mn(IV)Y(OH)]‘- + OH 
(10) 

H,O,+OH’ +H20+H+ +O;- (11) 

[Mn(IV)Y(0)]6- + H,O + O;- -+ 

[Mn(III)Y(OH)]6- + 0, + OH- (12) 

[Mn(IV)Y(OH)]‘- + O;- + 

[Mn(III)Y(OH)]6- + 0,. (13) 

In strongly alkaline media, the oxo-Mn(IK) species 
undergo further hydrolysis leading to the formation 
of colloidal MnO, which, in turn, reduces the 
catalytic activity as evidenced by the kinetic obser- 
vations. 
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Abstract-Antimony(II1) oxide could react readily with dithiocarbamic acids 
(R’R’NCS,-H, where R’, R2 = Ci-Cs alkyls, alkylenes and C2H40C2H4) and gave the 
corresponding antimony(II1) dithiocarbamates in good yields (45-94%) at 15°C. Novel j?- 
hydroxy or /l-cyanoethyl dithiocarbamates were prepared via the condensation in 88-98% 
yields (R’, R2 = CH,CH,OH, R’ = Me, and R2 = CH,CH,OH; R’ = Bu”, and 
R2 = CH,CH,CN). The larger anisobidenticity among the antimony dithiocarbamate 
complexes was introduced in the Sb-S2CN moieties by hydrogen bonding from jl-hydroxyl 
groups which was confirmed by IR, and ‘H and l 3C NMR spectroscopy. The quinquevalent 
inorganic Sb205 and Sb,S$, and organometallic PhSb03H2 and Ph,SbO, gave tervalent 
products. In the reactions with diethylamine and CS2 the former three compounds afforded 
the corresponding dithiocarbamates and the last gave triphenylstibine, but Ph,SbOH gave 
the quinquevalent Ph,SbS2CNEt2. 

Only two methods for the preparation of antimony 
dithiocarbamate complexes, of both Sb(II1) or 
Sb(V), and also of inorganic or organometallic, 
have been available to date:’ (i) metathesis reaction 
between antimony chloride and sodium or 
ammonium dithiocarbamate salts;‘-’ (ii) insertion 
of CS2 into Sb-amide bond&s 

Sb203 + 6R2NCS2H + 

2Sb(S2CNR2), + 3H20. (1) 

In this paper we wish to report a facile and more 
operative procedure for the preparation of the 
antimony dithiocarbamates. We found that anti- 
mony(II1) oxide could be condensed with dithio- 
carbamic acids, formed from dialkylamines and 
carbon disulphide in situ, to give the corresponding 
antimony(II1) dithiocarbamates in good yields even 
at room temperature.g The reaction was not sensi- 
tive to moisture, air and temperature, and was a 
clean process because of the very small contamin- 
ation by sodium and/or chlorine. We have extended 
the reaction to /?-substituted amines, e.g. 

*Author to whom correspondence should be addressed. 

bis(hydroxyethyl)amine, and also succeeded in 
obtaining organoantimony dithiocarbamates such 
as tetraphenylstii ~ nium dithiocarbamates. We 
have also investig,;ed the effect of /3-substituents 
on the dithiocarbamate bonding by means of IR, 
‘H and 13C NMR. 

EXPERIMENTAL 

General 

Melting points were measured with a Yanaco 
micro-melting point apparatus and were uncor- 
rected. IR spectra were recorded on a Hitachi 260- 
30 spectrophotometer using a KBr disk or KRS-5 
windows. ‘H and “C NMR spectra were performed 
with a Hitachi R90H FT spectrometer (2.1138T). 
Cryoscopical molecular weights were measured in 
benzene or DMSO using a Beckmann thermometer 
(accuracy +O.OOl°C) and indicated that the 
obtained dithiocarbamate complexes were mono- 
meric in the solution. X-Ray fluorescence analysis 
was executed using a Rigaku o600 type analyser 
(30 kV-5 mA, secondary target Ti), and showed no 
detectable peaks due to chlorine or sodium atoms, 
although the samples prepared from the metathesis 
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process contained these contaminators even after 
some recrystallizations with respect to the peak 
observation. 

Materials 

Antimony trioxide (Sbz03, Kanto Chemical Co., 
Inc., Tokyo) was used without purification. Tetra- 
phenylstibonium hydroxide was prepared by basic 
hydrolysis of tetraphenylstibonium bromide.” 
Phenylstibonic acid (PhSbOsH,) was synthesized 
as reported by Doak and Steinman.’ 1 Triphenyl- 
stibine oxide was obtained by hydrogen peroxide 
oxidation of triphenylstibine. l 2 These organo- 
antimony oxides gave satisfactory analyses. Other 
reagents and solvents were used after purification. 

Reactions 

Typical procedures are described below. 
Sb(S,CNEt,),: into a suspension of Sb,O, (5 mmol) 
in 20 cm3 of acetonitrile and 30 mmol diethylamine, 
CS2 (30mmol) was added dropwise at 15°C. The 
precipitates of Sb203 disappeared with the reaction 
and then a yellow solution was obtained. After 1 h 
of stirring, the volatiles were evaporated in uacuo. 
The resulting yellow mass was then dissolved into 
hot CHCl, and filtered. Recrystallization was per- 
formed by addition of cold methanol to the chloro- 
form solution. Antimony tris(diethyldithio- 
carbamate), was obtained as yellow needles, m.p. 
133-135”C(lit. 136137”C’), 88%. 

Sb(S2CN(Me)CH2CH20H),: the reaction of 
Sb203 (5 mmol), N-methylethanolamine (36 mmol) 
and CS2 (30mmol) in 20cm3 of methanol gave a 
dark yellow gum after stirring for 2 h at 15°C. The 
gum was filtered off and washed with cold methanol 
in order to remove unreacted ethanolamine. The 
dithiocarbamate was recrystallized from MeOH- 
CHC13, m.p. 156-159”C, in 98% yield. Yields and 
analytical and spectral data of the synthesized 
dithiocarbamates are presented in Tables 1 and 2, 
respectively. 

RESULT!3 AND DISCUSSION 

The direct condensation of antimony(II1) oxide 
(Sb,O,) and dithiocarbamic acids proceeded 
smoothly at 15°C and gave the corresponding 
antimony(II1) dithiocarbamates (Sbdtc,) in good 
yields. The results of the reaction are summarized 
in Table 1. Dialkylamines, cyclic amines and /I- 
substituted amines could be converted into the 
Sbdtc, in l-4h. Reactions using Sb2S3, Sb205 
and Sb2S, also occurred, but the yields of the 
dithiocarbamate were somewhat lower compared 
to Sb203. 

In the case of diethylamine, a solvent effect was 
investigated. Aprotic solvents such as acetonitrile, 
benzene and chloroform, irrespective of their own 
polarity, promoted the reaction, however, protic 
ones-such as methanol and water-resulted in 
lower yields of Sbdtc,. The basicity of the starting 
amines (based on their pK, values”) seems not to 
affect the reaction at all. Instead, steric hindrance 
largely decreases the formation of Sbdtc3: for exam- 
ple, di(isopropyl)amine gave Sb(S2CNPr\) in only 
45 % yield, while dipropylamine afforded 
Sb(S2CNPr$), in 77% yield. Based on the above- 
mentioned results, we believed that the formation 
of Sbdtc, proceeded via stepwise condensation of 
Sb203 and the dithiocarbamic acids as shown 
below. A similar process has been reported for the 
case of arsenic(II1) oxide and dithiocarbamic acids 
by Sugiyama et al. I4 The first step in the scheme 
may be rate-limiting because unreacted antimony 
oxide and the dithiocarbamic acids were recovered. 

The most characteristic merit of this procedure 
is the fact that amines which have labile substituents 
against basic or acidic conditions could be con- 
verted to corresponding substituted Sbdtc,. Thus, 
reactions involving the /I-hydroxy or /I-cyan0 
derivatives, such as diethanolamine, N-methyl- 
ethanolamine and butyl cyanoethylamine, gave the 
novel substituted dithiocarbamates in good yields 
with minor modification to the reaction conditions; 
namely, methanol was rather favourable in these 
reactions in place of acetonitrile. 

On the other hand, some efforts on the reaction of 
organoantimony oxides and dithiocarbamic acids 
have been reported. 2*3,7 Most of the authors in the 
literature have used organic antimony(II1) oxides 
in oxygen-sulphur exchange reactions. We have 
found that two phenylantimony(V) oxides were 
reduced to antimony(II1) species during the conden- 
sation. Thus, phenylstibonic acid (PhSbO,H,) gave 
phenylantimony(II1) bis(diethyldithiocarbamate) in 
good yield, while triphenylstibine oxide did not 
give any dithiocarbamate complexes, but gave the 
corresponding thiuram disulphide [(Et,NCS,),] 
and triphenylstibine quantitatively. On the other 
hand, tetraphenylstibonium hydroxide could be 
converted into quinquevalent tetraphenylstibonium 
dithiocarbamate but in low yield. 

IR spectra 

It has been reported that v(C=N) and v(C=S) 
modes of the Sbdtc species appeared in the regions 
of 1450-1550 and 950-105Ocm-‘, respec- 
tively. 4.7~‘6-1* These bands reflect both the 7c 
character of the C-N bonds and dent&y of the 
CS2 moiety, respectively. 



Facile synthesis of antimony dithiocarbamate complexes 

Table 1. Preparation of antimony dithiocarbamates from the reaction 
of antimony oxides, amines and CS2 at 15°C 

Amines (R’R2NH) Time Yield 
R’ R2 PKb Solvent (h) (W 

(1) Sb20, 
Et Et 10.93 MeCN 1 88 

H20 1 52 
EtOH 1 41 
CHCl, 1 85 
GH, 1 79 

Pf Pr” 11.00 MeCN 1 77 
Pr’ Pr’ 11.05 MeCN 1 45 
Bu” Bu” 11.31 MeCN 1 86 
Bu’ Bu’ 10.82 MeCN 1 69 
Bn’ Bn EtOH 1 94 
Ocd oc MeCN 4 54 

CH2)4 11.11 MeCN 4 80 
(‘332), 11.12 MeCN 1 79 

CZH~OCZH, 8.36’ C,H,’ 2 89 
C2H40H C2H,0H 8.80 MeOH 2 88 
Me C,H,OH (9.72)o MeOH 2 98 

; PhSbO,H, 
C2H,CN MeCN 0.n.’ 90 

;) Ph,SbOH Et MeCN 4 80 

Et Et MeCN 1.5 30 

“Reaction conditions: antimony oxides, 5 mmol; amines, 30 mmol; 
CS2, 30 mmol; solvents, 20 cm3 and the isolated yields were presented 
here. 

“Taken from Ref. 15. 
‘Bn denotes benxyl. 
dOc denotes 2-ethylhexyl. 
‘Ref. 20. 
‘Reflux. 
upK, value for N-methyl-2-propanolamine. 
‘Overnight. 
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I 
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I 

+dtcH 

+dtcH -H20 

Sb(dt+ 

Scheme 1. 

The v(C=N) band of Sb(S,CNP& appeared as 
a doublet at 1475 and 144Ocm-‘, and the v(C!=S) 
band shifted to 1030cm- ’ in comparison with 

those of other Sbdtc,. The splitting and the higher 
wave number shift indicated larger n bond character 
in C-N bonds and monodenticity of the CS2 
moiety in Sb(S,CNP&, compared with other 
dialkyl derivatives. The larger monodenticity may 
be attributable to its large steric hindrance. 

The existence of fl-hydroxy group greatly affected 
the v(C=N) and v(C=S) bands in the two hydroxy- 
ethyl derivatives, Sb[S,CN(CH,CH,OH)J, and 
Sb[S2CN(Me)CH,CH,0H],. Both v(C=N) and 
$24) bands in the former were split into doublets 
with low wave number shifts and in the latter 
lOcm- ’ splitting could be observed in the v(C=S) 
band. These results indicated the possibility that 
the anisobidenticity of CS2 moiety was increased 
or that monodentate and bidentate CS2 moieties 
co-existed. These were caused by intramolecular 
hydrogen bonding between O-H and C-S 
bonds.‘* 
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Table 3. ‘“C NMR spectral data for the antimony dithiocarbamates“ 

‘(N-alkyl) 

Dithiocarbamates Solvent G(N”CSr) a /I y 6 Othersb 

WWNEt,), CDcl, 199.2 48.3 12.3 
Me,SO-d, 196.9 48.0 120 

Sb&CNPr\), CDC13 199.3 54.V 20.0 
Sb[S,CN(CH,CH,0H)J3 Me,SO-d, 198.7 57.8 57.1 
Sb[S&N(Me)CH,CH,OH], Me,SO-d, 198.2 43.0 

57.9 57.1 
Sb[S,CN(Bu)CH,CH,CN-J3 CDcl, 202.5 55.5 29.3 20.2 13.9 117.4* 

49.4 15.8 
PhSb(S,CNEt,), CDcl, 197.6 48.3 12.2 128.1(m), 128.2(p), 

134.9(o), 1489(ipso) 
Ph,Sb(S,CNEt,) CDcl, 200.7 50.0 12.1 127.6(m), 128.3(p), 

134.9(o), 151.2(ipso) 

“Conditions: 5-15 wt% solution, pulse interval 1.5 s, pulse width 45”, number of pulses 500-4000, resolution 
0.12Hx. 

bSignals of ring carbons were assignable by using the reported data of several phenylantimony compounds (Refs 
23 and 24). 

cA(v,,,): 27.7 Hz. 
‘&‘“C=N). 

The v(C=S) band of Ph,SbSzCNEt, appeared 
in the higher wave-number region (1015 cm- ‘) from 
which a larger ionicity of Sb-S2C bonding was 
expected. Recently, Stevens and Troosterig have 
reported that the analogous Me$bS&NEt, 
showed an ionic structure by means of Miissbauer 
spectroscopy. 

NMR spectra 

Results of ‘H NMR measurements are also 
presented in Table 2. No remarkable change was 
observed other than some broadening in the signals 
of N-alkyl protons as reported by Sharma et ai.” 

In particular, we could not detect the methine 
proton signal of Sb&CNPr&. This may be 
derived from slow rotation around the C-N bonds. 
Such a significant line broadening in the isopropyl 
derivative was also observed in “C NMR signals. 
The A(vl,J of methine carbon was 27.7 Hz. 

“C NMR investigation of the obtained Sbdtc 
was also carried out and the results are shown in 
Table 3. &N”CS& of Sb(S&NEt,), in CDC& 
appeared at 199.2ppm which was between the 
reported chemical shifts, 198.7l’ and 199.L2’ 
Dipolar solvent, Me,SO-d, shifted 6(N’%S2) of 
Sb(S2CNEt2), to higher field by about 2.3ppm. 
The up-field shift of 6(N13CS2) in 
PhSb(S2CNEt2)2 could be explained by its higher 
fraction of oxidation number (oxidation number/ 
coordination number)” and supported the penta- 
coordinated structure reported by Meinema and 

Noltes.’ Apparently, in the ionic Ph,SbS,CNEt, 
6(N’3CS2) shifted to lower field by about 1Sppm 
compared with Sb(S2CNEt2)3. 

In the j?-hydroxy substituted dithiocarbamates, 
single and higher 6(N13CS2) shifts were detected, 
although the anisobidenticity was enhanced as 
suggested by the IR spectra. In general, an increase 
of the anisobidenticity has been considered to 
decrease the 6 values. In this case, such lower field 
shifts were mainly attributable to an increase of 
total IL character in whole NCS2 moieties. As shown 
in 2, the hydrogen bonding pulls the p-electrons in N 
atoms introducing an increase in total n character. 
Thus, it is reasonable that the increasing of double 
bond character in C-N bonds compensated for 
the decrease in C-S bonds. 

Scheme 2. 

The most awkward feature was faced on the 
higher G(N”CS2) in B-cyanoethyl derivative 
because there was no notable change in vibrational 
mode. We tentatively deduced that the large lower 
field shift of “3.3ppm was brought about by 
the coordination of the end cyano group which 
cancelled the formal positive charge at a central 
antimony atom, and then decreased the fraction of 
oxidation number. 

Thus, an introduction of polar substituents in 
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the end of N-alkyl group was found to cause a 10. 
significant alternation on the bonding between the 
central antimony atoms and the ligands. It was 11. 
found that the 6(N13CS2) of /l-substituted antimony 
dithiocarbamates appeared in the most low field 
among these simple alkyl dithiocarbamates (193- 12* 
200 ppm). “I 

13. 
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Abstract-Log K, AH and AS values for the 1: 1 reactions at 25°C in methanol solution 
of Na+, K+ and Cs+ with 2-methoxy-1,3-xylyl-15-crown-4 (I), 2-methoxy-1,3-xylyl-18- 
crown-5 (II), 2-hydroxy-1,3-xylyl-15-crown-4 (III), and 2-hydroxy-1,3-xylyl-1%crown-5 (IV) 
were determined by a calorimetric titration procedure. Log K values for the systems with 
Na+ and K+ were also determined by potentiometry with ion-selective electrodes. For a 
given cation the stability constants for the complexes with the l&membered cycles II and 
IV are higher than those for the complexes with the 15-membered cycles I and III. For 
the ligand having the same ring size the methoxy-crown complex is always more stable 
than the hydroxy-crown one. The macrocyclic effect shown by the two l&membered cycles 
is the result of favourable entropic factors, 

A wide variety of thermodynamic parameters are 
now available for the complexation of cations with 
crown ethers.’ The process of the ion-polyether 
association depends on several factors related to 
the characteristic properties of ligand, reacting ion 
and solvent. 

Various modifications have been made to the 
basic crown ether structure in an attempt to influ- 
ence the ion-binding characteristics of the ligands. 
Among these modifications a number of macro- 
cyclic polyethers containing convergent methoxy- 
aryl or phenolic groups have been reported.2-5 

The complexing properties of macrocyclic sys- 
tems bearing convergent methoxyaryl groups have 
been investigated by determining the free energies 
of their association with alkali metal and 
ammonium and alkylammonium picrates in chloro- 
form.z.4 

The host-guest complexation of a series of crown 

*Author to whom correspondence should be addressed. 

ethers bearing an intra-annular phenolic group with 
alkali metal cations, ammonia and primary amines 
has been well characterized mainly on the basis of 
structural studies.5 

Recently we have examined how the ability of a 
crown ether to bond lanthanide ions is influenced 
by a convergent methoxyaryl group.6*7 

Since no thermodynamic parameters for the 
reactions of these crown ether derivatives with 
metal ions are available in the literature, we planned 
to perform a calorimetric study of the interactions 
of two crown ether methoxyaryls (I and II) and 
two crown ether phenols (III and IV) with Na+, Kf 
and Cs+ cations in anhydrous methanol solution. 

I 
II 
III 
IV 

R 
; CH, 
3 CH, 
2 H 
3 H 

417 
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From the experimental data, log K, AH and TAS 
values for the reactions examined were calculated. 
LogK values for the complexes with Na+ and K+ 
were also determined by potentiometry with ion- 
selective electrodes. 

EXPERIMENTAL 

Materials 

The macrocyclic ligands I-IV were synthesized 
by condensation of 2,6-bis(bromomethyl)anisole 
with the appropriate polyethylene glycol, following 
the procedures described by McKervey et aL3v5 The 
NaCl, KC1 and CsCl salts (Baker) were dried at 
120°C for 24h and stored in a desiccator over 
P,O,. The absolute methanol (Baker Analyzed 
Reagent) was found by Karl Fischer titration to 
contain less than 0.01% H,O. The concentration 
of NaCl, KC1 and CsCl solutions were determined 
gravimetrically. The macrocycle solutions were pre- 
pared by dissolving known weights of each com- 
pound in methanol and by dilution. All solutions 
and reagents were handled and stored in a glove 
box filled with an inert recirculating atmosphere. 

Calorimetric measurements 

The calorimetric measurements were made at 
25°C using a LKB 8721-2 Precision Calorimeter. 
The heats of reaction were determined by titrating 
the metal ion solution in the reaction vessel with 
successive additions of the ligand solution from a 
piston burette. Heat of dilution was measured by 
adding the solution of the cyclic polyether to the 
pure solvent. 

Log K and AH values were calculated from 
calorimetric data using the least-squares program 
LETAGROP KALLE.* 

Potentiometric measurements 

The concentration of the uncomplexed metal 
cation was measured with ion-selective electrodes. 
A Philips G15 Na electrode was used for Na+ and 
a Philips G15 K electrode for K+. The electrodes 
were stepwise conditioned in aqueous solutions of 
increasing methanol content up to pure methanol. A 
calomel reference electrode was used. The electrode 
was connected to the measuring solution via a 
bridge containing 0.01 M N(C,H,),Br in methanol. 

A closed glass cell equipped with inlets for the 
electrodes and the titrant and a magnetic stirrer 
was used for the measurements. The temperature 
of the system was maintained at 25.0 f O.l”C with 
a bath of circulating water. The e.m.f. was measured 

with a Radiometer PHM64 pH meter. The cation 
selective glass electrodes were calibrated by using 
standard solutions of the corresponding alkali metal 
ion in the concentration range lo-‘-30 x 10e3 M. 

Three runs of measurements were carried out for 
each cation/polyether system. Each run was started 
by measuring the e.m.f. of the salt solution (concen- 
tration range 10-3-20 x low3 M). The polyether 
solution was added from a piston burette and the 
new e.m.f. value was measured after each increment. 

The stability constant of the 1: 1 complex, K, was 
computed from the relationship 

K= CM - CM’1 
(CL - CM + CM+l)*CM+l 

where [M’] is the measured equilibrium concen- 
tration of the free metal ion, and C, and C, are 
the total polyether and metal ion concentrations, 
respectively. Refined values of K were obtained 
using the least-squares program MINIQUAD. 

In the treatment of both potentiometric and 
calorimetric data we assumed that the alkali metal 
chlorides are completely dissociated in methanol. 
This assumption was proved to be justifiable by 
other authors”*‘r and has been applied in a number 
of investigations on the interaction of alkali metal 
cations with macrocycles in methanol.’ 

RESULTS AND DISCUSSION 

Log K, AH and TAS values for the reactions of 
Na+, K+ and Cs+ with the macrocyclic ligands 
studied in methanol are given in Table 1. Also 
included in this table, for comparison, are the 
corresponding values for the reactions with two 
simple crown ethers and their linear counterparts. 

For all the systems investigated the heat gener- 
ated was sufficient to allow log K, AH and TAS 
to be calculated, except for the Na+/hydroxy-15- 
crown-4 system. In this case only a rough value 
of 1ogK calculated from potentiometric data is 
reported. For the other systems the reliability of 
the 1ogK values computed from calorimetric data 
is indicated by the excellent agreement with the 
corresponding values obtained from independent 
potentiometric measurements. 

In all cases where the heat generated was 
sufficient, the 1ogK and AH values computed on 
the assumption of 1: 1 complexing were found to 
describe adequately the reaction occurring in the 
calorimeter. Reactions of stoichiometry 1: 1 were 
also indicated by the potentiometric data treatment. 
Only for the reactions of methoxy-18-crown-5 with 
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K ;’ and Cs + were the experimental data consistent 
with a small amount of 1: 2 (metal:ligand) complex- 
ing. 

The data in Table 1 show that all the complexes 
formed are enthalpy stabilized, whereas the entropy 
change opposes their formation. The stability 
sequence for the three alkali metal ions with all the 
four ligands is K+ > Cs+ > Na+, except for the 
relative positions of K+ and Cs+ with the ligand 
hydroxy- 15crown-4. 

For each of the three cations the stability con- 
stants for the complexes with the l&membered 
cycles II and IV are at least one order of magnitude 
higher than those for the complexes with the 1% 
membered cycles I and III. This difference in 
stability is mainly due to the enthalpic contribution, 
which is more favourable with the larger macro- 
cycles, as would be expected if the magnitude of 
AH is related to the number of oxygen donor atoms 
in the ring.‘2*‘3 

Comparison of 1ogK values for the complexes 
with methoxy and hydroxy derivatives having the 
same ring size shows that for each cation the 
methoxy-crown complex is always more stable than 
the hydroxy-crown one. Taking into account steric 
hindrance factors, a reversed trend should be 
expected. A similar behaviour was found by Cram 
et ~1.~ in their investigations on the ion binding 
properties of binaphthyl-crown ethers bearing two 
methoxyaryl or, alternatively, two phenolic groups 
with alkali inetal picrates in chloroform. The reason 
for the observed difference was attributed to the 
existence of strong intramolecular hydrogen bonds 
of the phenolic groups with the crown ether O- 
atoms in the uncomplexed macrocyclic polyethers. 
Complex formation requires the cleavage of these 
hydrogen bonds. 

The well-established intramolecular O-H...0 
hydrogen bonding in the pure hydroxy-18-crown- 
5 (IV)5 further supports this hypothesis for the 
system examined here. 

It is also of interest to compare the complexing 
behaviour of the methoxy and hydroxy derivatives 
with that of the simple crown ethers which have a 
corresponding ring framework and the same num- 
ber of oxygen donor atoms, i.e. 18-crown-6 and 15 
crown-5. As can be seen in Table 1, both the simple 
crown ethers form more stable adducts than the 
corresponding methoxy- and hydroxy-crown with 
all the three cations. A similar behaviour was noted 
in the case of methoxy-18-crown-5 compared with 
the dicyclohexyl-18-crown-6 in chloroform.4 The 
poorer complexing ability of the methoxy and 
hydroxy derivatives can be accounted for by struc- 
tural factors. Indeed, a functional group attached 
to the 2-position of the 1,3-xylyl subunit can easily 

adopt an intra-annular orientation toward the 
centre of the cavity defined by the macro-ring. This 
conformation has to change upon complexation 
in order to allow a more favourable interaction 
between the cation and the ligand donor atoms. 
The energy required for this change is expected to 
have a destabilizing effect on the resulting metal 
complex. 1 3 

A consideration of the thermodynamic values 
reported in Table 1 shows that the lower stability 
of the methoxy- and hydroxy-crown complexes 
compared with that of the corresponding simple 
crown complexes is the result of less favourable 
enthalpic factors, which seems in accord with the 
notion that unfavourable conformational energetics 
are primarily responsible for the observed differ- 
ence. 

An additional minor contribution to this differ- 
ence in stability could be ascribed to the fact that 
the methoxy- or hydroxy-oxygen is probably a 
poorer ligand for cations than purely aliphatic 
oxygens because of the electron-withdrawing effect 
of the attached aryl group. 

Is this lowering of stability so great to remove 
the macrocyclic effect? Useful information to 
answer this question can be obtained by comparing 
log K, AH and TAS values for the systems here 
examined with the corresponding values for the 
complexes of their open-chain counterparts. Among 
a number of available data referring to reaction of 
alkali metal ions with open-chain polyethers,i6 we 
have chosen and reported in Table 1 a complete 
set of stability constants and thermodynamic values 
for the complexes of Na+, K+ and Cs+ with 
tetraethylene glycol dimethyl ether (TeG) and 
pentaethylene glycol dimethyl ether (PG), in meth- 
anol at 25”C, recently reported.16’ To our knowl- 
edge no study has been carried out on the complex- 
ing properties of open-chain polyethers based on 
the 1,3-xylyl subunit, and so TeG and PG appear to 
be the best counterparts available for a comparison 
with the methoxy- and hydroxy-crowns having five 
and six oxygens, respectively. 

The data listed in Table 1 show that all the 
complexes formed by a given alkali metal ion with 
pentaoxa-ligands I, III and TeG have stability 
constants of the same order of magnitude. It is 
difficult to admit any significant macrocyclic effect 
for the two 15-membered crown derivatives. 
Instead, a comparison of exaoxa-cycles II and IV 
with PG clearly indicates a greater stability for 
the crown derivatives complexes (maximum A log 
K = 1.5), which can be.attributed to the macrocyclic 
effect. This is particularly true for the methoxy-18- 
crown-5 ligand where no interference of trans- 
annular hydrogen bonding is present. A consider- 
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ation of thermodynamic values shows that this 
macrocyclic effect is caused entirely by favourable 
entropic factors. 

From a comparison of the data for the reaction 
of Na+ and K+ with 18-crownd, PG and PeG 
(pentaaethylene glycol), Izatt et al. concluded that 
the macrocyclic effect is primarily the result of 
favourable enthalpic factors, not entropic fac- 
tors.‘6’d’ At least two effects, depending on struc- 
tural peculiarities of II and IV, can be invoked to 
account for these different conclusions concerning 
the thermodynamic origin of the macrocyclic effect. 
(i) Owing to unfavourable conformation of 
methoxy- and hydroxy-crown a greater energy is 
required to place the donor atoms in their proper 
bonding locations, lowering in this way the stabiliz- 
ing enthalpy change, as mentioned above. (ii) The 
more rigid structure imposed by the 1,3-xylyl sub- 
unit decreases the unfavourable internal entropy 
change upon complexation. 
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NEW y,y’-DISURSTITUTED DERIVATIVES OF MACROCYCLIC 
J/JGER-TYPE Ni(I1) COMPLEXES 
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Abstract-The reaction of [Bzo,Me,[14]hexaenato(2 -)NJNi(II) and [Bzo,Me,Ph, 
[14]hexaenato(2-)N,]Ni(II) with glutaryl chloride leads to new y,y’-disubstituted deriva- 
tives having y&unsaturated-&lactonic rings as substituents. The demetalation of the new 
complexes by means of gaseous HCl is described. The new compounds were characterized 
by elemental analysis, IR, ‘H NMR and MS data. 

The y-position of six-membered diiminato chelate 
rings has been found to be a reactive nucleophilic 
centre. In an earlier report the reactivity of Jgger- 
type macrocyclic Ni(I1) complexes towards benzoyl 
chloride was described.’ Since there is continuing 
interest in the preparation of peripherally substi- 
tuted macrocyclic complexes, it seemed interesting 
to use the dichlorides of dicarboxylic aliphatic acids 
as acylating agents. 

It is believed that the reaction with such difunc- 
tional electrophilic reagents will give rise to a 
variety of derivatives. First of all, y,y’-disubstituted 
complexes are expected to be formed. It is also 
possible that, depending on the length of the 
aliphatic chains, more complicated compounds can 
be produced. Bi- and polynuclear systems linked 
by the difunctional acyl groups, and lacunar-type 
complexes seem to be also accessible in this way. 

This paper summarizes the results of the reaction 
of Jiiger-type Ni(I1) complexes with glutaryl 
chloride. 

RESULTS 

The reaction of the complex 1 and glutaryl 
chloride in the 1:2 molar ratio in the presence of 
triethylamine was performed in refluxing benzene. 
In this manner y,y’disubstituted compound 3, with 
two y&unsaturated-&lactonic rings as substitu- 
ents, was obtained in good yield. 

The sterically more crowded complex 2 had to 
be acylated with an excess of the acylating agent, 
otherwise about equal quantities of unreacted com- 

1 R =CH, 
2 R q C,H, 

-1 5 R= CsH, 

3 R=CH, 1. 
4 R=CsH, 

HCI gas/acetone 
2. tea 

\ 

8 R =CH3 

plex 2, monosubstituted product 5 and disubstituted 
complex 4 were isolated from the reaction mixture. 

Demetalation of these disubstituted complexes 
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MS 620 (PT5*Ni). IR (cm-‘): 1680(m) (vC=C), 
175&s) (vC=O). 

yellow crystals. Yield 1.6g (59O/). M.p. 280°C. 
‘H NMR [s(ppm)]: 2.0 Found (6): C,71.2; H, 5.9; N, 10.2%. Calc. for 

(m,4H)[-CH,-CH,-, 2.2 (s, 3H)-CH,, 2.3 C,,H,,N,O,: C, 71.6; H,6.0; N, 10.4%. MS: 536 
(s, 3H)_H,, 4.9 (s, 1 H) =CH-, 5.0 (Pq, IR (cm- ‘): 1680 (m) (vC=C), 1750 (s) (vC=O), 
(b.t,lH)=CH-(lact.), 5.7 (m,4H) AA’BB’--o- 2700-2900 (v.w) (vN-H), ‘H NMR: 2.2 
C,H,, 6.7 (m,4H)--+C,H,, 7.4 (m, lOH)-C,H,. (s, 12H)-CH,, 2.6 (m,8H)-CH,-CH,-, 5.5 

(t, 2H, J = 4 Hz) =CH-, 7.1 (s, 8H)-o-CsH4, 14.5 

Demetalation of the complex 3 (broad, 2H) N-H (in py-D,). 

A stream of anhydrous hydrogen chloride was 
passed through a magnetically stirred suspension Acknowledgement-This research was supported finan- 

of complex 3 (3 g) in 150 cm3 of acetone. The colour cially by the Polish Academy of Sciences. 

of the reaction mixture changed slowly from dark 
green to orange-yellow and a yellow precipitate 
began to appear. After about 15 min, the passage 
of hydrogen chloride was stopped and the tightly 
closed reaction flask was left overnight under mag- 
netic stirring. Crystalline solid material which 
accumulated was filtered off, washed with acetone 
and dried. It was then treated with dilute (1:lO) 
hydrochloric acid to dissolve the nickel chloride. 
Orange, undissolved solid was filtered off, washed 
carefully with dilute hydrochloric acid and then 
immediately with acetone, while still wet. The 
deprotonation of this hydrochloride of the disubsti- 
tuted ligand was achieved with the use of triethyl- 
amine by the previously described procedure.’ 
Recrystallization of the crude product from 
dimethylformamide-water afforded the ligand 6 as 

1. 
2. 
3. 

4. 

5. 

6. 

7. 

8. 
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Abstract-Copper(H) bis(dizirconium-ennea-isopropoxide), [Cu(Zr,(OPr’),),], has been 
synthesized by the interaction of CuCl, with K{Zr,(OPr’),} in a 1:2 molar ratio. The 
compound undergoes exchange reactions with alcohols of varying steric bulk to yield 

products of the composition, [Cu{Zr2(OR),}o] (where R = Me, Et, PI”, Bu”, Bu’ and BUS); 
CCu(Zr2(OPri)&W~}21; CCu{Zrz(OPri),(OBuS)J},l; CCu{Zr20Pr’)3(0Bu”)6}21; Ku 
{Zr2(OPri),(0Bu’)z}2]; [Cu(Zr,(OPri)3(0Bu?6}2]; and [Cu{Zr,(OPr’),(OAmt),)2]. These 
derivatives have been characterized by IR, electronic and ESR studies as well as by 
magnetic susceptibility and molecular weight determinations. 

For many years, the alkoxide chemistry of 
transition metals has centred mainly on the 
earlier members of the series.’ During the past 
few years we have made a detailed study of simple as 
well as some bimetallic alkoxides of later transition 
metals.2-6 The synthesis and alcoholysis reactions 
of simple copper alkoxides,l-’ (Cu(OR)2}, as 
well as of bis-tetraisopropoxyaluminates 
[Cu{Al(OPr’),},] have been described over the 
past few years by our laboratory.4 

In view of an unprecedented interest in the 
bimetallic alkoxides as a source of ceramic and 
other materials,’ we report in this paper the syn- 
thesis, reactivity and structural characteristics (with 
the help of IR, electronic, ESR and magnetic studies) 
of some novel copper bis(dizirconium-ennea-alkox- 

ides), CWZr2WW21. 

EXPERIMENTAL 

Glass apparatus with standard joints were used 
throughout the experimental work and stringent 
precautions were taken to exclude moisture. 

Anhydrous CuCl, was prepared by heating the 
hydrated CuCl, - 2H,O (B.D.H.) in a current of dry 
HCl gas. (Found Cu, 47.3; Cl, 52.7%. Calc. for 
CuCl,: Cq47.2; Cl, 52.8%.) K(Zr,(OP&} was 
synthesized* by the (1:2 molar) reaction of KOPr’ 

*Author to whom correspondence should be addressed. 

with Zr(OPr’), * Pr’OH in Pr’OH. Found: Zr, 24.6; 
OPri, 70.4%. Calc. for K{Zr2(OP&}: Zr,24.2; 
OPr’, 70.6%.) 

Copper in bimetallic alkoxides was estimated 
iodometricallyg and zirconium was estimated as 
oxide after precipitation as mandelate. Alcohols 
were determined by an oxidimetric method” after 
using a correction for copper content of the 
sample. 

The magnetic susceptibility measurements were 
made on a Gouy balance using Hg[Co(CNS),] 
as standard. The magnetic moments, pLcff, were 
calculated by the expression: pelf = 2.84- T 
(where XT is the observed molar susceptibility 
after correction for the diamagnetism of the 
constituent atoms). 

Preparation of [Cu(Zr2(OPr’)g}2] 

To a suspension of CuCl, (0.34 g, 2.52 mmol) in 
Pr’OH (ca 5cm3) was added a benzene solution 
(ca 35 cm’) of K{Zr,(OPr’),} (3.7 g 5.03 mmol) and 
the reaction mixture was refluxed for cu 5 h, during 
which the colour of the reaction mixture changed 
from light green to bluish green. The precipitated 
KC1 was filtered, and the filtrate concentrated 
(ca 15 cm3) and left at room temperature for a few 
hours to afford a bluish green crystalline product 
(3.1Og, 83.8%). The product was further recrystal- 
lized unchanged from n-hexane. Analysis and physi- 
cal characteristics of [Cu(Zr,(OPr’),},] are given 
in Table 1. 
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Sl. 
No. 

Table 1. Synthesis and alcohol interchange reactions of [Cu{Zr,(OPf),},] 

Analysis (%) 
Product (g) found (talc.) Pr’OH 

Reactants and Physical state liberated 
(g) reaction condition@ of product Cu Zr OPr’ (g) 

2. [Cu{Zr,(OPf),},] + M&H 

3. [Cu(Zr$?Pt)J,] q !k& 
1.43 0.19 

4. CCu{Zr,(OPf),},] + MeOH 
1.25 0.33 

5. CCu{Zr,(OPr‘),J,] + MeOH 
1.82 0.55 

6. [Cu{Zr,(OPr’),},] + EtOH 
1.27 -35cm’ 

7. [Cu{Zr,(OPrl),},] + EtOH 

1.23 -30cm3 
9. [Cu{Zr,(OPti),j,] + EWOH 

0.73 -4ocma 
10. [Cu{Zr,(OPr’),},] + Bu’OH 

2.10 -40cm3 

11. CCu{Zr,(OPti),}J + Bu*OH 
1.32 3 

12. [Cu{Zr,(OP$.},] t i%sH 
1.20 -20cm3 

13. CCu{Zr,(OPr’),j,] + Bu*OH 
2.10 -35cm3 

14. [Cu{Zr,(OPr‘),},] + Bu*OH - .__~ 
1.24 -25cm” 

15. [Cu{Zr,(OPr’),},] + Bu’OH 
1.94 -4ocmJ 

16. LCu{Zr,(OPr‘&,},] + Am’OH 

CCu(Zr~(OW,IJ 
3.10 (3.70) 

CCuIZr~WWJJ” 
1.30 (1.32) 
~~(Z~,lp2p6:)~(OMe)3}~l* 

CCu(Zr,(OPr’),(OMe),}~l 
0.94 (0.W 
~(Zr$$‘L(OM~),),1 

C~u{Zr&t),),Y 
0.89 (1.05) 
CCu{Zr,(OPr3,(0Et),},Ib 
0.93 (0.W 
CWWOPrW,l* 
1.22 (1.23) 
CCu{Zr,(OBu”),I,]* 
0.79 (0.85) 

~~~{zr,(oPr’),(oBu3,}~1~ 
(1.39) 

CCu~zr,(o~‘)3(oBu3,),3 
1.24 (1.33) 
CW~r#JnuWtl 
2.28 (2.45) 
~~~~r~(~Pr‘~,(~~~?,~~l* 

[Cu(Zr,[&?)jOBu161;1 
2.10 (2.15) 
CCu~Zr3(OPr9dOAm3,}31c _ _ _ _ _ 

Bluish green 
crystalline 
solid 

Turqoise colour 
powdery solid 

Green colour 
solid 

Green colour 
solid 

Turquoise 
solid 

Turquoise 
colour solid 

Green solid 

Turquoise 
colour solid 

sea green 
foamy solid 

Green colour 
crystalline 
solid 

Green colour 
solid 

Green colour 
solid 

Green colour 
solid 

Green solid 

-green 
solid 

Green solid 

(ii) 

(Z) 
(ii) 
5.4 

(5.5) 

(E) 

(;i) 

(4.5) 

(E) 

,:::, 

(E) 

(E) 

(Z) 

(Z) 

(E) 

(Z) 

(Z) 

24.6 70.4 
(24.4) (71.3) 

35.5 
(37.0) 
28.4 

(27.6) 
32.1 

(31.6) 
33.9 

(33.2) 
30.3 63.0’ 

(29.4) (65.516 
26.4 

(25.9) 
24.8 

(24.4) 
21.6 

(20.9) 
21.4 

(20.9) 

23.7 44.6 
(23.1) (45.0) 
24.4 22.5 

(22.0) (21.3) 
21.5 

(20.9) (:::) 
24.2 53.0 

(23.6) (53.4) 
22.6 21.0 

(22.0) (21.3) ($ 
21.3 26.1 0.7 

(20.6) (26.7) (0.7) 1.84 -40cm3 
‘Reaction at room temperature. 

2.05 (2.18) 

*Reaction in refluxing benzene, without azeotropic removal of Pr’OH. 
‘Reaction in relluxing benzene with azeotropic removal of liberated Pr’OH. 
“Observed as well as calculated values in this case refer to “ethoxy” content. 

AIcoholysis reactions of [Cu{Zr,(OPr’),),] 

(a) With MeOH in dierent molar ratios 

(i) With excess of MeOH. A slight heat was evolved 
on addition of an excess of methanol (cu40cm3) 

benzene solution (ca 30cm3) of 
~u(&,(OPri)~jJ (2.00 g). The reaction mixture 
was stirred for ca 6 h, during which its colour 
changed from bluish green to turquoise and an 
insoluble product separated out. The solid with the 
composition [Cu{Zr,(OMe),},] was isolated 
(1.24 g, 94%) by decantation and dried under 
reduced pressure. 
(ii) With MeOH in 1:6 molar ratio. The above 
reaction was repeated in 1:6 molar ratio 
CCu{Zr,(OPr’),},] (1.43 g, 0.95mmol) with MeOH 
(0.19 g, 5.93 mmol) in benzene (ca 15 cm3). Although 
the colour of the solution became lighter, it 
remained clear even after 6 h of stirring, after 

which the volatile components were removed under 
reduced pressure yielding a green solid (1.24 g, 
98%), which was purified by volatilization at 
18o”C/O.2mm to afford a green coloured solid of 
composition [Cu{Zr,(OPri)JOMe),},]. 
(iii) With MeOH in 1:12 molar ratio. From the 
reaction of [Cu(Zr,(OPr’),),] (1.25 g, 0.83 mmol) 
with MeOH (0.33 g, 10.30 mmol) in benzene, under 
conditions similar to those in the previous exper- 
iment, a green coloured solid product (0.94 g, 98%) 
of formula [Cu(Zr,(OPr’),(OMe),},] could be 
isolated. 
(iv) With MeOH in 1: 14 molar ratio. Interaction of 
[Cu{Zr,(OPr’),),] (1.82g, 1.21 mmol) with meth- 
anol (0.55 g, 17.18 mmol) in benzene resulted in the 
appearance of turbidity after ca 4 h. The reaction 
mixture was allowed to stand at room temperature 
overnight. After filtration of the insoluble material 
and drying it under reduced pressure a turquoise 
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coloured solid compound (1.32 g, 100%) of compo- 
sition [Cu{Zr,(OPf),(OMe),}J was isolated. 

(b) With excess of EtOH (at room temperature). 
To a benzene solution (ca 10cm3) of [Cu 

WAOPrih121 U.(Jot3) was added an excess of 
ethanol (ca 25 cm3) and the mixture was stirred for 
cu 6 h at room temperature. The solvent was 
removed from the clear solution under reduced 
pressure, affording a green solid (0.93,98%) 
product which corresponded in analysis to 

Ccu{zr,(OPri),(OEt)3},1. 
(c) With excess of EtOH (under refluxing con- 

ditions). [Cu{Zr,(OPr’),},] (1.27 g) was dissolved 
in benzene (ca 20cm’) and treated with an excess 
of EtOH (ca35cm3) and the mixture was refluxed 
for ca 6 h during which the colour changed from 
bluish green to turquoise. After stripping off the 
solvent, a turquoise coloured solid (0.89g, 85%) 
product of composition [Cu{Zr,(OEt),},] was iso- 
lated. In a similar manner derivatives of n-propanol, 
n-butanol and i-butanol were prepared. 

(d) With excess of Bu”OH at room temperature. 
To a benzene solution (cc 20cm3) of [Cu{Zr, 
(OPti),},] (1.32g) was added an excess of s-butanol 
(ca20cm’). The reaction mixture was stirred for 
cu6 h, after which the solvent was stripped off 
under reduced pressure to afford a green solid, 
(1.37g,98%) which corresponded in analysis to 
[Cu(Zr,(OPr’),(OBu’),},]. 

(e) With excess of BuSOH in refluxing benzene 
(without uzeotropic fractionation of Pr’OH). To a 
benzene (ca 15 cm3) solution of [Cu(Zr,(OPr’),},] 
(1.20 g) was added s-butanol (ca 20 cm3). The reac- 
tion mixture was refluxed for ca5 h, after which 
the solvent was removed under reduced pressure, 
yielding a green solid product (1.24g 93%) with 
composition [Cu{Zr,(OPr’),(OBu”)~}J. 

(f) With excess of Bu’OH in rejhxing benzene 
(without azeotropicfiuctionation of Pr’OH). Bu’OH 
(ca25cm3) was added to the benzene solution 
(cu 10 cm3) of [Cu{Zr,(OPr’),),] (1.24 g). After 
refluxing the mixture for cu4 h, the solvent was 
removed under reduced pressure and finally a green 
coloured solid (1.26 g, 98%) product of composition 
[Cu{Zr,(OPr’),(OBu’),},] was obtained. 

(g) AIcoholysis reaction with excess of BuSOH 
(with continuous uzeotropic removal of Pr’OH). To a 
benzene solution (ca 15 cm3) of [Cu{Zr,(OPr’),},] 
(2.1Og) was added s-butanol (cu 35cm3). The 
reaction mixture was refluxed for ca7 h, during 
which the liberated isopropanol was continuously 
fractionated out azeotropically. After complete 
removal of the isopropanol, the solvent was 
removed under reduced pressure to yield a green 
coloured solid compound (2.28g, 93%) of the 
combosition CorresDonding to fCulZr,(OBuX,~,l. 

(h) With excess of Bu’OH and Am’OH (with 
continuous azeotropic jkrctionation of Pr’OH). To a 
benzene solution (cu 15 cm3) of [Cu{Zr,(OPr’),}J 
(1.94 g) was added t-butanol (ca 40cm3). The 
reaction mixture was refluxed for cu 25 h with con- 
tinuous azeotropic removal of the liberated isopro- 
panol, which was collected and estimated. The 
reaction was stopped when isopropanol could no 
longer be detected in the azeotrope; the solvent was 
removed from the final reaction mixture under 
reduced pressure to yield a green solid product 
(2.10 g, 97%) of composition [Cu{Zr,(OPr’), 

(OBu’),) 21. 
The reaction with excess of t-amyl alcohol was 

carried out in a similar manner. 
Analyses as well as physical characteristics for 

all the products isolated from the above reactions 
are compiled in Table 1. 

RESULTS AND DISCUSSION 

The reaction of copper chloride (anhydrous) 
with K{Zr,(PPr’),} in 1:2 molar ratio in benzene 
containing a few drops of isopropanol (which prob- 
ably facilitates the dissolution of CuC12 in the 
solvent) affords quantitatively the bimetallic iso- 
propoxide of copper( [Cu{Zr,(OPr’),},]: 

CuCl, + ZK{Zr,(OPr’),} 

rIzX CC4Zr2PPriM21 + 2KCU. 

The bluish green solid product can be purified 
unchanged by volatilisation (23O”C/O.2 mm) or re- 
crystallization (from Pr’OH/C,H, or n-hexane); it 
shows monomeric behaviour in freezing benzene. 

The alcoholysis reactions of the isopropoxide 
derivative [Cu{Zr,(OPr’),},] with different alco- 
hols have shown interesting results in the following 
order of reactivity: 

MeOH >> EtOH, n-PrOH, n-BuOH, i-BuOH 

(a) 

>> s-BuOH >> t-BuOH, t-AmOH 

(b) (E, 

For example, with methanol the replacement of 
the isopropoxy group is quantitative even at room 
temperature: 

[Cu{Zr,(OPr’),),] + 18MeOH 
(CXCCS8) 

-B [Cu{Zr,(OMe),},] + 18Pr’OHf. 

On the other hand. with EtOH. n-PrOH. n- 
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BuOH, i-BuOH and s-BuOH at room temperature 
only six isopropoxy groups out of 18 could be 
replaced: 

[Cu{Zr,(OPr’),},] + 6ROH 
(excess) 

+ [Cu{Zr,(OPr’),(OR),},] + 6Pr’OHf 

The primary alcohols out of the above could 
effect complete replacement of isopropanol in 
[Cu{Zr,(OPr’),},] when the reaction was carried 
out under refluxing conditions: 

[Cu(Zr,(OPr’),},] + 18ROH 
(cxcesa) 

(where R = Et, Pr”, Bu” and Bu’). 
However, even in refluxing benzene, the reaction 

with an excess of s-butanol yielded a product cor- 
responding in analysis to [Cu{Zr,(OPri),(OBuS)6},]: 

[Cu(Zr,OPr’),}J + 12Bu”OH ,cXccSS, 

rIzX [Cu{Zr,(OPr’)J(OBuJ),),l + 12Pr’OHf. 

The complete replacement of isopropoxy groups 
with s-butanol was possible when the liberated 
isopropanol was continuously fractionated out from 
the refluxing reaction mixture. 

[Cu{Zr,(OPr’),},] + 18Bu”OH 
(excess) 

+ [Cu{Zr,(OBu”),},] + 18Pr’OHf. 

At room temperature, no reaction appeared to 
take place between [Cu{Zr,(OPr’),},] and t-buta- 
nol. In refluxing benzene, however, four isopropoxy 
groups could be replaced: 

[Cu{ Zr,(OPr’),} J + 4Bu’OH 
(cxccss) 

+ [Cu{Zr,(OPr’),(OBu’)~},] + 4Pr’OHf. 

The above reaction under the condition of azeotropic 
removal (for ca 25 h) of Pr’OH finally gave a solid 
product which corresponded in analysis to 
[Cu{Zr,(OPr’),(OBu’),},]: 

[Cu{Zr,(OPr’),},] + 12Bu’OH 
(excels) 

+ [Cu{Zr,(OPr*),(OBu’),},] + 12Pr’OHf. 

The product obtained as a result of the reaction 

with Am’OH (with azeotropic fractionation) corres- 
ponded in analysis to [Cu(Zr,(OPr’),(OAm’),}.J. 

In a number of publications from these labora- 
tories it has been shown that in alcoholysis reactions 
of alkoxides of earlier transition metals (e.g. Zr),” 
the terminal isopropoxy groups are replaced with 
greater facility than the alkoxy groups bridging the 
metal atoms. In the case of mixed mithoxide 
isopropoxide, although the interchange occurs 
initially at the terminal positions, the methoxy 
groups tend to change the bridging positions, so 
that the molecule finally tends to show properties 
ascribable to the greater steric bulk of the terminal 
isopropoxy groups. l1 Further, the alcoholysis reac- 
tions of such (zirconium) isopropoxides with more 
ramified tertiary alcohols do not tend to go to 
completion. More recently, it has been shown that, 
as far as bimetallic alkoxides of later transition 
metals (like copper)4 are concerned, the alkoxy 
groups bridging copper with main group metals 
like aluminium tend to show no difference in the 
facility with which these are replaced in alcoholysis 
reactions. 

In order to understand the results of the alcohol- 
ysis reactions of [Cu{Zr,(OPr’),},] with different 
alcohols, it becomes necessary to postulate a plaus- 
ible structure for the same. In an earlier publi- 
cation” from these laboratories, a plausible struc- 
ture was suggested for K{Zr,(OPr’),}, which 
appears to have received some corroboration in 
the structure determined recentlyI for K(U,- 
(OCMe&}. As it would be rather speculative 
to suggest a structure for the derivatives [Cu 

~Zr2(W9121 d escribed in these investigations, the 
structure may be considered similar to that of 
K{U,(OCHe&,} which is reproduced in Fig. 1, 
with the copper atom in place of potassium; the 6- 
coordinated copper ion is held by two bridging and 
one terminal oxygen atom from each 
{Zr,(OPr’),) - moiety: 

In the structure suggested above, ignoring the 
alkoxy bridge between Zr and Cu, there are three 
bridging alkoxy groups between each pair of zir- 
conium atoms and every zirconium atom has three 
terminal groups. The results of alcoholysis reactions 
can, therefore, be explained easily on the following 
lines: (i) only 12 groups are replaced by alcohols of 
group (a) and s-butanol at room temperature; (ii) 
both types of alkoxy groups are replaced by alco- 
hols (a) under refluxing and by methanol at room 
temperature; (iii) only partial replacement of ter- 
minal groups with t-butanol occurs under refluxing 
conditions, and all the terminal groups 12 are 
replaced by t-butanol under refluxing and continu- 
ous removal of the liberated isopropanol azeo- 
tropically; it may be further concluded that the 
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Fig. 1. 

last stages of this final reaction become too slow 
with t-amyl alcohol. The alcoholysis of [Cu(Zr, 
(OPr’),},] with methanol is quite facile at room 
temperature; by carrying out the methanolysis 
reactions in different molar ratios it has been shown 
that the derivatives [Cu{Zrz(OPr’)6(0Me)3}z] and 
[Cu{Zr,(OPr*),(OMe),},I are soluble but further 
replacement tends to make the product insoluble. 
As mentioned above, it may be that the replacement 
of isopropoxy by methoxy groups occurs initially 
at the terminal positions, but in view of their (OMe) 
tendency to form stronger bridging bonds, these 
tend to shift to the latter positions. The volatility 
of the derivative [Cu{Zr,(OPr’),(OMe),}J can be 

explained on the basis of all the methoxy groups 
occupying the bridging positions. Further, the pres- 
ence of three isopropoxy and three methoxy groups 
on the terminal positions on zirconium atoms tends 
to hinder further association and hence the product 
remains soluble and becomes insoluble only when 
more than three OPr’ groups per zirconium atom 
are replaced by OMe groups. 

All these bimetallic alkoxides of copper are 
highly soluble (except the homoleptic methoxide 
derivative, which is insoluble) in common organic 
solvents (such as benzene, carbon tetrachloride and 
n-hexane), but these depict lower solubility in parent 
alcohols. 

The analytical data and physical characteristics 
of these derivatives are compiled in Table 1. 

IR studies 

The IR spectra (in the range 4000~4OOcm-‘) of 
these compounds exhibited structurally significant 
bands13*‘* (Table 2) at 950-116Ocm-’ for 
v(C-O)M, and 510-580cm-’ for the v(Zr-0) 
and at 440-470 cm- ’ v (Cu-0). 

Electronic spectral studies 

The electronic spectra of a large number of 
copper complexes are reported in the literature 
and it is believed that the absorption connected 
with the ‘Es + 2T2r transition is characteristic of 
octahedral geometry. ls However, in a tetragonal 
ligand field it may split into two bands, 
2A1, + 2B1,(v1) and 2E, -+ 2Bl,(v2), in the visible 

Table 2. IR and room temperature magnetic moments of bimetallic alkoxides of copper 

Sl. Aff 

No. Compound V(C--O)M v(Zr-0) v(Cu-0) PM) 

1. CWZr2(OW9121 1150, br, 58oW, 470m 1.59 
102Om, 95Om 54ow 

2. PW%W%M 1130,95Os, 570s 460m 1.74 
1000s 

3. CWZr2WV9Ll 115Os, 108Om, 56Om, 460m 1.82 
1015m 53Om 

4. CWZr2(OB~“&l 116Om, 112Om, 57ow 460w - 

lOOOs, 95Om 

5. CC~IZr2(OB~‘)&l 114Os, 107Os, 56Om 460m 1.81 
101Om 

6. CCu{Zr2Wr’)9121 116Om, 113Om, 56Ombr 470mbr 1.69 
1015m, 945m 

7. PWWOBu%JJ 116On& 113Ow, 570wbr 47oWbr 1.79 
1015w, 960w 

8. CCu(zr,(oPr’),(oBu?,)21 116Om$lO9Om, 5lOmbr 44Om 1.81 
995m 

9. CCu(Zr,(OPr’),(OAm?,}~l 114Om, llOOw, 55Om 450wbr 1.80 
1055m, 1025m 
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Table 3. Electronic spectral parameters of bimetallic alkoxides of copper(H) with 

ZW) 

Observed transitions 

Sl. 
No. Compound 

1. [Cu{Zr2(OPri),},] 

2. CWZr2KW,121 
3. CCuPr2(OBu”M21 
4. CCuGWOBu’)9121 
5. CWZr2(OW9121 
6. [Cu{Zr2(OPr’),(OBu’),}2] 

Medium 

(i) Benzene 
(ii) THF 

(iii) Pyridine 
Benzene 
THF 
Benzene 
Benzene 
Benzene 

(kKY’ 

“2 “1 

15.4 17.8(sh) 
15.2 - 
14.8 - 
15.5 17.5(sh) 
14.9 - 
15.1 17.8(sh) 
15.4 17.9(sh) 
15.1 17.2(sh) 

“1 kK = 1000cm-l. 

region, possibly due to distortion.15v16 The elec- 
tronic spectra of the bimetallic alkoxides of 
copper studied here showed broad asymmetric 
bands at 15.3 and 17.5 kK (Table3), are charac- 
teristic of distorted octahedral geometry” in tetra- 
gonal ligand field. The visible spectral studies of 
[Cu{Zrs(OPr’)s}2] in different solvents (non-coor- 
dinating and coordinating) reveal: (i) disappearance 
of the higher frequency bands (vi); and (ii) shifting 
of vs bands towards lower frequency side with 
increasing coordinating tendency of the solvent. 

In view of the above findings a sandwich-type 
structure (Fig. 1) can be suggested for the derivatives 

CWZr2W%L1 in which {Zr,(OR),} - units 
behave as tridentate ligands conferring a distorted 
octahedral geometry on copper(I1). It is of interest 
that for the compound K(U,(OCMe,),} the crystal 
structure’? is similar to that suggested above. 

Magnetic studies 

For the Cu2+ ion (d’) having only one unpaired 
electron, the spin-only magnetic moment should 
be 1.73BM. However, the observed values are 
generally higher due to some orbital contribution. 

The observed magnetic moments (at room tem- 
perature) for these new bimetallic copper alkox- 
ides are in the 1.69-1.81 BM range and are in 
agreement with reported values (1.8-2.4BM) for 
Cu(II)dg systems. The slightly lower value (1.59 BM) 
observed only in the case of the methoxide deriva- 
tive, possibly due to its polymeric nature, is given 
in Table 2. 

The low temperature (77.8-295 K) magnetic 
susceptibilities have been made on 

CWZr2(OBu”)g~21 and indicated a decrease in 
magnetic moment with lowering of temperature. 
The plot of T vs l/xr is a straight line showing 
Curie-Weiss behaviour with 6 = - 17 K suggestive 
of antiferromagnetic exchange. The variable tem- 

perature magnetic susceptibility data are given in 
Table 4. 

ESR studies 

The ESR spectra of polycrystalline Cu2 + deriva- 
tives exhibits two types of g values, gll and g,, and 
these have been used to distinguishls unam- 
biguously between dX2_y2 (or d,,) ground state on 
one hand and dX2+ ground state on the other 
hand. For example, in d,z_,z (or d,,) ground state 
ESR spectrum indicate gll > g, > 2.02 in most 
cases whilst a dZ2 ground term usually gives a 
spectrum with g, > gll - 2.00. The bimetallic 
alkoxides of copper( studied here, show a pro- 
nounced peak (for which g, - 2.10) and a broad 
shallow quadruplet peak (for which gll - 2.40). 
These observations are characteristic’g~20 of axially 
distorted octahedral copper complexes in which 
the unpaired electron is present in the dX2-+ 

In an axial symmetry the g values are related by 
the expression G = (gl, - 2)/k, - 2), which meas- 
ures the exchange interaction between copper 
centres in the polycrystalline solid,21 if G > 4 ex- 
change interaction is negligible, values of G < 4 
indicate considerable exchange interaction in the 

Table 4. Magnetic susceptibility of [Cu{Zr,(OBu”),},] 
at different temperatures 

Temperature xn x lo6 xi,, x lo6 XT x lo6 kf 

(K) (c.g.s.) (c.g.s.) (c.g.s.) (BM) 

77.8 1.732 3017.46 4126.12 1.60 
86.6 1.542 2687.30 3795.96 1.62 

110.0 1.118 1949.22 3057.88 1.64 
131.0 0.8607 1499.74 2608.40 1.65 
140.2 0.8121 1414.98 2523.64 1.68 
174.2 0.5302 923.90 2032.56 1.68 
190.0 0.4579 797.88 1906.54 1.70 
220.0 0.3289 573.15 1681.81 1.72 

295.5 0.1013 176.47 1285.13 1.74 
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Table 5. g values of copper(H) bimetallic alkoxides from ESR spectra 

Sl. HII field HA field 
No. Compound (Gauss) 811 (Gauss) g, !I.“” G” 

1. CWZr2(OWd21 2900 2.342 3300 2.087 2.172 3.93 
2. [Cu{Zrl(OPri),},] 3150 2.352 3550 2.094 2.182 3.74 
3. CWZ~@W&l 3050 2.324 3480 2.101 2.175 3.20 
4. CWZ~AOW9Mb 2660 2.435 3040 2.130 2.231 3.34 
5. CWWOPf%121b 2680 2.416 3100 2.089 2.198 4.67 
6. [Cu{Zr,(OPr’),},]* 2660 2.435 3060 2.116 2.22 3.75 
7. [Cu{Zr,(OBu”),},]* 2660 2.434 3040 2.130 2.231 3.34 
8. [Cu{Zr,(OPr’),},] - - 3265 2.103 - - 
9. [Cu{Zr,(OPri),(OBu’)~}z]c - - 3340 2.105 - - 

“g., = l/3@, + 2g,); G = @, - 2)/k, - 2). 
‘Spectra have been recorded in polycrystalline solid state at L.N.T. (_ 77 K). 
‘Snectra have been recorded in carbon tetrachloride solution at room temperature 
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(N 25°C). 

solid complexes. The calculated G values are given 
in Table 5. The g,, values were calculated according 
to the relation g,,, = 1/3(g,, + gJ and gave values 
in the range 2.23 + 0.07 which are in agreement 
with an orbitally non-degenerate ground state.22 
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DISILOXANE-CONTAINING DIFUNCTIONAL COMPOUNDS: 
SYNTHESIS AND REACTIVITY OF 1,3-BIS+ 
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Abstract-Disiloxane-containing diisocyanates having the following general structure: 

R r! 

k it 

where R = CH, and C,H,, have been synthesized by the Curtius rearrangement of acid 
diazides. Both the diazides and one diisocyanate (R = C,H,) are new. The other diisocyanate 
(R = CH,) was prepared by following a new synthetic route. All the compounds were 
characterized by IR and ‘H NMR spectroscopy. The reactivity of the diisocyanates with 
2-ethyl-1-hexanol was studied using the IR spectroscopic technique. 

The uniqueness of the isocyanates lies in their high 
reactivity towards compounds containing active 
hydrogen atoms, leading to wide-ranging appli- 
cations in organic as well as polymer chemistry. 
Isocyanates can serve as the backbone for a wide 
variety of polymers other than the conventional 
polyurethanes and polyureas.’ 

During our research on the syntheses of silicon- 
containing diisocyanates2*3 we have synthesized 
and characterized the following disiloxane-contain- 
ing diisocyanates which were obtained from the 
corresponding diacids via the Curtius rearrange- 
ment of acid diazides: 

(i) 1,3-bis+&ocyanatophenyl)-1,1,3,3-tetramethyl- 
disiloxane @MIS); 

(ii) 1,3-bis-(pisocyanatophenyl~l,l,3,3-tetraphenyl- 
disiloxane (DPIS). 

DPIS is a new compound. DMIS was previously 
prepared by Bonnet and Marechal by the phos- 
genation of the corresponding diamine,4*5 however, 
in the present study DMIS was prepared by follow- 
ing a different synthetic route. Both the d&ides 
were synthesized for the first time. 

*NCL Communication No. 3935 
tAuthor to whom correspondence should be 

addressed. Present address: R & D Division (Polymer), 
Bharati Vidyapeeth, Erandawane, Pune 411038, India. 

Synthesis 
EXPERIMENTAL 

p-ToZyldimethytyIchlorosilane (DMSCL). To a sol- 
ution of dimethyldichlorosilane (105 g, 0.81 mol) in 
dry ether (100cm3), an ethereal solution of p- 
tolylmagnesium bromide [prepared from mag- 
nesium (12.15 g, OSg atoms) and p-bromotoluene 
(85.5 g, 0.5 mol) in dry ether (2OOcn?)] was added 
dropwise with stirring. The reaction mixture was 
stirred for an additional 12 h after the addition had 
been completed. The supernatant liquid was then 
poured from the salts which had formed, and the 
latter were washed with 150cm3 of dry ether. After 
distillation of solvent and unreacted dimethyl- 
dichlorosilane, vacuum was applied and 59.96g 
(65%) of the product boiling at 95°C (11 mmHg) 
were obtained. 

p_Tolyldiphenylchlorosilane (DPSCL). An eth- 
ereal solution of p-tolylmagnesium bromide [pre- 
pared from magnesium (12.15g, 0.5g atoms) and 
p-bromotoluene (85Sg, OSmol) in dry ether 
(200cm3)] was added dropwise with stirring to a 
solution of diphenyldichlorosilane (253 g, 1 mol) in 
dry ether (100cm3). The reaction mixture was 
refluxed for 2 h. The ether was distilled out, at 
the same time dry toluene (3OOcm’) was added 
dropwise and the reaction mixture was refluxed for 
4 h. After the magnesium salts were filtered off, 

43s 
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toluene was removed under reduced pressure. The 
fractional distillation gave 114.14g (74%) of 
DPSCL. 

p-Tolyldiphenylsilanol (DPOH). A drop of phenol- 
phthalein indicator was added to a solution of 
DPSCL (61.7 g, 0.2 mol) in ether (300cm3). Sodium 
hydroxide solution (1 N) was added with vigorous 
stirring till a light pink colour was obtained. The 
ether layer was separated, washed with water and 
dried over sodium sulphate. After removal of ether, 
the solid obtained was recrystallized from hexane 
to afford 52.2Og (90%) of DPOH. 

1,3-Bis-(p-tolyl)-1,1,3,3-tetramethyldisiloxane 
(DMDM). A solution of DMSCL (4Og, 0.217 mol) 
in ether (250cm3) was shaken with successive por- 
tions of cold water until the water was no longer 
acidic. The ether layer was then dried and after 
removal of the ether, the liquid residue was distilled 
under reduced pressure to obtain 26.9g (79%) of 
DMDM. 

1,3-Bis-(p-tolyl)-1,1,3,3-tetraphenyldisiloxane 
(DPDM). A mixture of DPOH (72g, 0.248 mol) 
and sodium hydroxide solution (4 cm3, 0.1 N) was 
heated at 218°C for 1.5 h, during which time water 
was eliminated. The temperature was then raised 
to 260°C for 1 h and the melt was allowed to cool. 
The product was purified by recrystallization from 
heptane. Yield: 65 g (95%). 

1,3-Bis-(p-carboxyphenyl)-1,1,3,3_tetramethyldi- 
siloxane (DMAC). The temperature of the solution 
of DMDM (3Og, 0.095 mol) in water (100cm3) 
and pyridine (200cm3) was raised to 95”C, and 
potassium permanganate was added portionwise 
to maintain a slow reflux. The mixture was then 
refluxed for 3 h. The excess permanganate was 
destroyed by adding methanol. The MnO, was 
removed by filtration and washed with a large 
volume of boiling water, and the washings were 
combined with the filtrate. The filtrate, after 
removal of excess pyridine was treated with acti- 
vated charcoal and acidified with dilute HCl. The 
precipitated acid was collected by filtration, washed 
with water, then dissolved in sodium carbonate 
solution, again treated with activated charcoal and 
finally acidified with HCl to get 25g (70%) of 
DMAC after recrystallization from alcohol. 

1,3-Bis-(p-carboxyphenyl)-1,1,3,3_tetraphenyldi- 
siloxane (DPAC). A mixture of glacial acetic acid 
(620 cm3) and acetic anhydride (200 cm3) was cooled 
to - 5°C and concentrated sulphuric acid (50 cm3) 
was added dropwise with stirring. The mixture 
was allowed to warm to 10°C and DPDM (43g, 
0.0765 mol; in 11 g portion) and chromium trioxide 
(76.8 g, in 19g portions) were added with rapid 
stirring. The portions of the chromium trioxide 
were added at 0.5 h intervals, followed 10 min later 

by a portion of DPDM with the temperature 
maintained at lo-14°C during the additions. After 
the additions were complete, stirring was continued 
for 3 h at 12-17°C and the mixture was poured 
over crushed ice. The precipitated acid was filtered, 
washed thoroughly with water and dried. It was 
further washed with methylene chloride (150 cm3) 
by stirring for 30 min. Treatment with charcoal and 
recrystallization from ethanol afforded 32.4 g (68%) 
of DPAC. 

1,3-Bis-(p-chlorocarbonylphenyl)-1,1,3,3-tetra- 
phenyldisiloxane (DPACL). DPAC (20 g, 0.032 mol) 
and thionyl chloride (150 cm’) were refluxed for 8 h. 
Excess of thionyl chloride was removed under 
reduced pressure and the residue was recrystallized 
from dry toluene. Yield: 14g (66%). 

1,3-Bis-(p-chlorocarbonylphenyl)-1,1,3,3-tetra- 
methyldisiloxane (DMACL). This compound was 
synthesized by following a similar procedure as 
that described for DPACL. 

1,3-Bis-(p-azidocarbonylphenyl)-1,1,3,3-tetra- 
phenyldisiloxane (DPAZ). (a) To a cooled (5’C) 
solution of sodium azide (2.60 g, 0.04 mol) in water 
(15 cm3) was added a solution of DPACL (6.59 g, 
0.01 mol) in methylene chloride (15 cm3) with 
efficient stirring. After stirring for 20min, the water 
layer was separated and the methylene chloride 
layer was washed with water and dried over sodium 
sulphate. The methylene chloride was removed 
under reduced pressure to obtain 4.64g (69%) of 
DPAZ. 

(b) The suspension of DPAC (6.22 g, 0.01 mol) in 
acetone (40cm3) was cooled to 0°C and triethyl- 
amine (2.02 g, 0.02 mol) in acetone (15 cm3) was 
added over a period of 10 min. The reaction mixture 
was stirred for further 10 min and then a solution 
of ethyl chloroformate (2.17 g, 0.02 mol) in acetone 
(15 cm3) was added at 0°C over a period of 10 min. 
The resulting reaction mixture was stirred for 1 h 
at the same temperature and then a solution of 
sodium azide (2.6Og, 0.04mol) in water (60cm’) 
was added dropwise. Finally, the reaction mixture 
was stirred for 4 h at 0°C and then poured into 
200cm3 of ice-cold water. The solid was collected 
by filtration. It was dissolved in methylene chloride 
and dried over sodium sulphate. After filtration, 
methylene chloride was removed under reduced 
pressure to get 5.71 g (85% of DPAZ). 

1,3-Bis-(p-azidocarbonylpheny&l,l,3,3-tetra- 
methyldisiloxane (DMAZ). The reaction conditions 
described for the synthesis of DPAZ were followed 
to obtain DMAZ-by both routes (a) and (b). 

1,3-Bis-(p-isocyanatophenyl)-1,1,3,3-te~aphenyl- 
disiloxane (DPZS). A solution of DPAZ (3.36g, 
0.005 mol) in dry benzene (35 cm3) was refluxed for 
12 h. The benzene was removed by distillation under 
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Fig. 1. Synthesis of disiloxane-containing diisocyanates. 
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Yield m.p./b.p. ‘H NMR” IR 
Compound (%) W/(mm)l CS (wm)l (cm-9 
DMSCL 65 95/(11) 

DPSCL 

DPOH 

74 180-185/(0.2) 

90 94-95 

DMDM 79 140- 142/(0.2) 

DMAC 

93 157-159 

70 244-246 0.33 (s, Si-CH,, 12H) 
7.42 (d, Ar-H ortho to Si, 4H), 
7.73 (d, Ar-H ortho to COOH, 4Hr 

DPAC 68 248-250 7.22-7.53 (m, Ar-H ortho to Si 
and Si-C,Hs, 24H), 

7.68 (d, Ar-H ortho to -COOH, 4Hr 

DMACL 

DPACL 

0.39 (s, Si-CH,, 12H), 
7.50 (d, Ar-H ortho to Si, 4H), 
7.90 (d, Ar-H ortho to COCl, 4H)“ 
7.05-7.65 (m, Ar-H ortho to Si 

and Si-C6H5. 24H), 

DMAZ 

72 55 

66 194-195 

72e Liquid 
87’ 

0.33 (s, Si-CH,, 12H), 
7.33 (d, Ar-H ortho to Si, 4H), 
7.73 (d, Ar-H ortho to CONJ, 4Hr 

DPAZ 6ge 95 
85/ 

7.0-7.60 (m, Ar-H or& to Si 
and Si-CsHs, 24H), 

7.83 (d, Ar-H ortho to CON,, 4H)” 

DMIS 90 155/(0.1) 

DPIS 92 55 

0.33 (s, Si-CH,, 12H) 
6.78 (d, Ar-H ortho to Si, 4H), 
7.23 (d, Ar-H ortho to NCO, 4Hy 
6.87 (d, Ar-H ortho to NCO, 4H), 
7.0-7.47 (m, Ar-H ortho to Si 

0.33 (s, Si--CHJ, 6H), 
2.0 (s, Ar-CH,, 3H) 
6.73 (d, Ar-H ortho to Si, 2H), 
7.13 (d, Ar-H ortho to CH,, 2H)* 
2.33 (s, Ar-CH,, 3H), 
6.86-7.60 (m, Ar-H, 14H)* 

2.27 (s, Ar-CH,, 3H) 
4.0 (s, S&OH, 1H; exchangeable 

with D,O), 
7.53-6.77 (m, Ar-H, 14H)* 
0.27 (s, Si-CHB, 12H), 
2.20 (s, Ar--CH,, 6H), 
6.78 (d, Ar-H ortho to Si, 4H), 
7.10 (d, Ar-H ortho to CH,, 4H)” 
2.27 (s, Ar-CHS, 6H), 
6.70-7.30 (m, Ar-H, 28H)” 

and Si-C,H,, 24H)” 

550 (B-Cl), 
800,840,1260 
(Si-CH# 

550 (Sk-Cl) 
705, 1120, 1430 

(Si-GHs? 
705, 1120, 1430 
(S&&-H& 
3300 (OH)’ 

800,840, 1260 (Si-CH& 
1060 (Sk-O-Si)o 

710, 1120, 1435 

(Si-GHJ, 
1100 (S&O-Si)L 
800,840, 1260 (Si-CH,), 
1070 (Si-0-Si), 
2300-3300 (COOH), 
1680 (C=O)k 
705, 1120, 1430 (S&&H&, 
1100 (S&O-Si), 
2300-3300 (COOH), 
1690 (C=O)’ 
800, 840, 1260 (SiXH& 
1090 (S&O-Si) 
1750, 1780 (-COCl)” 
710, 1120, 1435 (S&-&H,), 
1100 (S&0--Si), 
1745, 1780 (-COCl)h 
800,840, 1260 (Si-CH,), 
1070 (S&O-Si), 
2130 (N, asymmetric), 

1700 (>C=OY 

705, 1120, 1430 (S&&H,), 
1090 (S&O-Si), 
2130 (N, asymmetric), 
1700 (C=O)k 
800, 840, 1260 (Si-CH,), 
1070 (S&O-Si), 
2280 (NCO)p 
705, 1120, 1430 (Si-C6H5), 
1100 (Si&Si), 
2280 (NCO)k 

‘Assignment given in parentheses: s = singlet, d = doublet, m = multiplet. 
WCl,. 
‘DMSO& . 
“CDCl,. 
‘Acid chloride-sodium azide method. 
‘Mixed anhydride-sodium tide method. 
*Smear. 
Wujol. 
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smoothly and required 12 h for completion (con- 
firmed by IR spectra taken after every 2 h). During 
the rearrangement, CON, rearranges to NC0 with 
evolution of nitrogen. Hence, the aryl protons which 
were ortho to CON, in azidocarbonyl compounds 
became ortho to NC0 in isocyanate, thereby pro- 
ducing an upfield chemical shift. 

The method of Ghatge and Dandge13 was fol- 
lowed for plotting the course of the reaction between 
the diisocyanates and 2-ethyl-1-hexanol. Although 
the alcohol isocyanate reactions have been shown 
to follow second-order kinetics, approximately first- 
order kinetics can be assumed to be due to the 
large excess of the alcohol used. The pseudo-first- 
order reaction rate constants for diisocyanates at 
various degrees of reaction along with the time 
required for completion of reaction at these degrees 
are given in Table 2. Bailey et ~1.‘~ have shown 
that the electron-withdrawing substituent groups 
increase the reactivity of the isocyanate group 
by increasing the partial positive charge on the 
isocyanate carbon. In contrast, the electron-donat- 
ing substituent groups decrease the reactivity of the 
isocyanate group by increasing the electronegativity 
of the carbon atom of the isocyanate group. How- 
ever, in the present investigation CH, and C,H, 
groups may not be expected to influence the reac- 
tivities of the isocyanate groups in the neighbouring 
aromatic rings because of the presence of saturated 
silicon atoms in between the aromatic nuclei. 
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Abstract-H,, Ge,H, and a solid material (GeH& (x = 0.55-1.81) are produced by y- 
radiolysis of GeH,. The relative amount of all the products and the composition of the 
solid are reported vs the pressure of GeH, in the sample and the radiation dose. The 
composition of the solid approaches the formula Ge,H,, as the pressure increases while 
the production of H, and Ge,H, decreases. 

Until some years ago research on the IVth group 
semi-conductors was directed to the preparation of 
crystalline materials of very high purity.’ Only 
recently has attention been focused, at least for 
silicon, on the amorphous form in an effort to 
obtain cheaper and more efficient material for solar 
photovoltaic cells. It has been demonstrated that 
amorphous silicon cells (containing a small percent- 
age of bonded hydrogen) can collect the energy of 
the solar spectrum with higher efficiency than 
monocrystal cells. 1 

Germanium has not yet been considered for solar 
cell technology, but because its energy gap is lower 
than that of silicon, it might be added to silicon to 
build solar cells of higher efficiency utilizing the 
sun’s spectrum in the lower energy region.’ 

The decomposition of monogermane has been 
studied by thermal methods and by mercury photo- 
sensitization. Thermal decomposition in a static 
system has been interpreted as caused by both a 
zero-order reaction occurring on the surface of the 
reaction vessel and a first-order reaction occurring 
in the gas phase, the former being predominant at 
low pressures and the latter at higher pressures.2 

*Author to whom correspondence should be addressed. 

To our knowledge no radiolysis studies have been 
reported for GeH,. Radiolytical decomposition is 
a suitable method to get useful information on 
mechanisms which can be easily transferable to 
other decomposition methods, such as glow-dis- 
charge-which is one of the most popular tech- 
niques used for the commercial production of 
amorphous semiconductors. 

In this study we report the first results of the 
y + GeH, experiments. T-labelled GeH, was used 
the better to trace the hydrogen content of the 
products. 

EXPERIMENTAL 

GeH, was prepared by reduction of GeO, with 
KBH,.3 After purification from CO,, it was mixed 
with ‘He, sealed in quartz ampoules, and neutron 
bombarded for T-labelling with the nuclear recoil 
method.4 The irradiated mixture was purified by 
gas chromatography using a 1 m x 1 cm i.d. column 
6lled with Chromosorb 102, 60/80 mesh (J. Man- 
ville) at 310 K, He carrier 3OOcm’ min- ‘. The T- 
labelled GeH, was then diluted with pure unlabelled 
GeH, to a specific activity of 5.62 x lo3 Bqcmm3 
at STP as measured by a static ion chamber 
(Nuclear Chicago). 
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Table 1, Effect of oxygen on yield of products 

Products 

Ge in solid HT 
Oxygen total Ge (% of total 

@Pa) (wt%) T (solid) activity) Ge,H,T 
2.7 3.79 1.8 2.40 1.8 
6.6 3.98 1.35 2.61 1.8 

13.3 4.18 1.65 2.82 1.5 
20.0 3.87 2.01 2.77 1.3 

The solid product 

The solid product appears as a dark brown waxy 
material which covers the lower wall of the ampoule. 
In the oxygen-containing samples, the solid product 
is pale yellow, indicating the possible presence of 
hydrated oxides. 

The compound is quite stable, in fact combustion 
of identical samples performed after prolonged 
exposures to the atmosphere gave the same results. 
The compound is remarkably different from the so- 
called “polymeric GeH,“3 which indeed contains 
oxygen. 

Table 2 shows the composition of the solid as a 
function of the sample composition, pressure and 
the total dose. As expected the solid contains a 
lower fraction of the total Ge as the pressure 
increases and also its composition is pressure depen- 
dent: the H/Ge ratio is higher when obtained at 
higher pressures. The samples containing Ne show 
fairly enhanced yields. 

Experiments carried out with ampoules filled 
with glass wool showed no surface effect, the 
observed deposition of the solid over the bottom 
of the ampoule also confirms the absence of any 

Table 2. Composition of the solid vs pressure and dose 

Pressure Total T Wt of Ge. H/Ge 
GeH, Ne Dose in solid in solid ratio 
&Pa) &Pa) (GY) (%) (mg) in solid 

6.7 1 x 10s 0.52 0.080 0.55 
53.3 1 x 105 0.25 0.196 0.86 
80.0 1 x 105 0.29 0.228 1.29 

160.0 1 x 105 0.28 0.392 1.47 
6.7 8 x lo5 1.93 0.224 0.73 

26.7 8 x 10’ 1.86 0.735 0.86 
53.3 8 x lo5 1.79 1.093 1.11 
80.0 8 x 10’ 1.81 1.680 1.10 

106.6 8 x 10’ 1.84 2.056 1.81 
6.7 12 x 105 3.01 0.323 0.78 

53.3 12 x 105 2.76 1.756 1.06 
80.0 12 x 105 2.61 1.867 1.42 

160.0 12 x 105 2.43 3.017 1.61 
6.7 13.4 8 x lo5 3.47 0.372 0.77 

Table 3. G values of reactant and products at various 
pressures at the dose of 8 x 10’Gy 

Pressure G 

(kPa) -GeH, H, Ge& Ge (solid) 

6.7 19.5 f 2.1 17.1 + 1.3 6.9 + 1.5 16.5 + 0.7 
53.3 15.7 + 1.8 15.1 f 2.5 5.4 f 0.6 10.1 + 1.2 

106.6 12.6 + 0.4 11.9 + 1.9 5.1 &- 1.0 8.2 f 0.9 
160 9.4 f 1.1 9.2 + 0.7 4.8 + 0.8 6.3 f 1.1 

appreciable wall effect. 
The G values for all the components of the system 

at 8 x lo5 Gy and various pressures are reported 
in Table 3. The values at 1.0 x 1O’Gy are about 
1.5 times higher and those at 12 x 105Gy do not 
differ substantially from those reported in the table, 
showing a stabilization at the per 1OOeV yields 
over 8 x lo5 Gy; a similar trend has been observed 
for SiH,.’ 

DISCUSSION 

In gas-phase radiolysis both radicals and ions 
are responsible for the final products. Apart from 
the mechanistic point of view, it is interesting 
to consider evidence for ionic reaction paths, to 
determine whether their contribution is significant, 
and whether their final products are expected to be 
different from those of the radical path. 

The average energy absorbed for the formation 
of an ion pair (W) in the gas phase is about 
5.3 x lo- ‘s J (34eV) which is appreciably greater 
than the first ionization potential (I) of any gas.’ 
The excess energy (W - I) is then available to form 
excited molecules. The ionization potential of GeH, 
hasbeenfoundtobeabout 1.7 x 10-‘8J(10.7eV),9 
therefore in the upper limiting conditions, three 
molecules could be excited at about 1.2 x lo-‘s J 
(7.7 eV) per each ion pair formed. 

Moreover from the relation G = 3M/N, where 
M = number of molecules transformed, 
N = number of ions formed, it can be calculated 
that in our high-pressure conditions (where G has 
the lower value) N = M/3, i.e. the ions could 
account for -25% of the reactive species. On the 
other hand, at least for H, production, the per 
1OOeV yield obtained in absence of ions, as in 
mercury-photosensitized decomposition of GeH, 
with 7.7 x lo- l9 J (4.8 eV) photons, is the same as 
in our experiments at 6.3 kPa.‘O Besides, if an ionic 
mechanism similar to that of silane is supposed, 
the first step will give GeH: + H and/or 
GeHi + H,. r* In the first instance scavengable 
hydrogen is produced, which has been observed to 
be a minor product. In the second instance molecu- 
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lar hydrogen is produced and the reactions of 
GeH: will produce detectable amounts of higher 
germanes (see below). It can then be inferred that 
for GeH, radiolysis the behaviour of the ions will 
not sensibly differ from that of radicals. 

The following discussion will then deal with 
radicals, though some considerations could also 
apply to GeH$ species. Previous decomposition 
studies of GeH, suggest that excited GeHt mol- 
ecules could react as follows’o 

GeHX+M+GeH,+M (1) 

GeHf + GeH, + H (2) 

GeHX -+ GeH, + H, (3) 

GeHX -+ GeH + H, + H. (4) 

Reaction (2) involves the rupture of H,G-H bond 
and hence requires at least 346kJ mol-‘, while 
reaction (3) requires an activation energy of about 
200 kJ mol-’ lz and is then much more probable 
even in radiation and nuclear chemistry where the 
available excitation energies may be very high.4 

As hypothesized above, if only three molecules 
could be excited for each ion formed, their excitation 
energy should be 1.2 x lo- ‘* J. In such conditions 
the unimolecular rate constants for reactions (2) 
and (3), calculated from equation (5):” 

are 1.4 x 10’“s-’ and 1.9 x IO’* s-l, respectively. 
However in our mean experimental conditions 

(80.0 kPa and 8.0 x IO’ Gy) the calculated mean 
energy absorbed per molecule is only about 
9.8 x lo-*’ J, so that the effective excitation energy 
of the GeH, molecule should be in the 1.2 x IO- I*- 
9.8 x lo-*O J range, with a higher probability for 
intermediate values. In such an energy range reac- 
tion (2) could then be easily suppressed by collision 
deactivation. 

Furthermore experiments performed at 160 kPa 
and 1.2 x 106Gy with variable amounts of 0, 
(Table 1) show that the HT yield is scarcely affected 
by the scavenger; this finding makes it possible to 
exclude significant contributions of reactions (2) 
and (4) to the decomposition. 

To sum up, it appears that the primary decompo- 
sition of excited GeH, species occurs mainly 
according to reaction (3), leading to H, and germy- 
lene (GeH,). 

The decomposition reaction (3) is, however, in 

competition with the stabilization reaction (l), 
which is of increasing importance as the collision 
frequency increases. 

The poor pressure dependence of -(GeH,T) 
indicates that Kdec is greater than the collision 
frequency o (ranging from 1.3 x 10s to 1.6 x 109) 
at least by one order of magnitude, i.e. N 10”. 

The calculation based on eqn (5) indicates that 
such a reaction rate requires an excitation energy 
of at least about 4.5 x IO- l9 J, which is a reasonable 
value between the mean energy absorbed per mol- 
ecule (9.8 x lo-*‘J) at 8 x 10’Gy and the 
maximum energy of 1.2 x lo- ’ * J assuming only 
three excited molecules per ion pair. 

The finding that GeH, is the main reactive 
species produced by decomposition of GeHf sug- 
gests that germylene is the precursor of Ge,H, 
through the insertion reaction (6), as it has been 
observed also in recoil Ge chemistry,’ and ‘of the 
solid product. 

GeH, + GeH, + Ge,H,. (6) 

The small pressure dependence of digermane yield 
could suggest that GeH, is very reactive by reaction 
(6), also at low energy content. 

Actually the amount of germylene in the system 
decreases by about 6% (i.e. as -GeH,) as the 
pressure increases from 6.3 to 160 kPa. If Ge,H, 
is assumed to be produced by reaction of GeH,, 
its yield reported in Fig. 2, is apparently only 
scarcely affected by the pressure; in fact the yield 
of reaction (6) is sharply dependent upon the 
collisional survival of GeH,, and competes with 
the decomposition reactions (7) and (8) 

GeH,+M-+Ge+H,+M (7) 

GeH,+M-+GeH+H+M (8) 

both of which are thermochemically feasible. It is 
suggested that they compete in the ratio 9: 1.” 

The solid product formation could be attributed 
to two different reaction sequences: (a) excited 
germylene insertion into the Ge-H bond of GeH,, 
followed by hydrogen elimination and chain propa- 
gation as it has been suggested for the ionic 
mechanism in SiH4’4*‘5 and for the radical mechan- 
ism in methylgermane. l6 Such a sequence will lead 
to a solid with a composition very close to Ge,H,, 
at any pressure condition and to the formation 
of detectable amounts of higher germanes. (b) 
Aggregation of Ge, GeH species [from reactions 
(7) and (8)] and perhaps GeH,, leading to a 
hydrogen-poor solid. The composition of the solid 
reported in Table 2 and the absence of any substan- 
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Fig. 3. Stabilization/decomposition for gennilene 
radicals, vs total pressure. Intercept = 0.194; 

slope = 0.00118. 

tial amount of higher germanes strongly supports 
this second reaction sequence. 

The energetics of the reactivity of GeH, can 
be studied considering the competition between 
reactions (6), and (7) + (8). Using the symbology of 
decomposition-stabilization studies, we can call S 
(stabilized in gas phase) the fraction of GeH, species 
which reacts to Ge,H, and D the fraction which 
through decompositions (7) + (8) is found in the 
solid. 

Then the apparent rate constant for the uni- 
molecular decomposition of germylene can be 
obtained by eqn (9) at the pressure where D/S = 1. 

-1 
K,=P; z 0 (9) 

Z is the collision number and P the pressure 
in torr. Z has been obtained using 

uGeH4 = 5.1 x 10-s cm; D is the ratio (Ge in solid 
GeH,) and S is (Ge,H$-GeH,). The plot of S/D 
vs pressure (Fig. 3) is linear enough to support the 
hypothesis that both Ge,H, and the solid are 
formed in direct competition from the same precur- 
sor.” Linear least-square interpolation in Fig. 3 
indicates that D/S = 1 at 7.2 x lo5 kPa pressure, 
where the apparent unimolecular decomposition 
rate constant K, for reaction (7) is: 
ZP = K, = 7.2 x 109s-‘. 

The excitation energy for reaction (7), calculated 
by eqn (5) using the above rate constant, overcomes 
the activation energy used (1.18 x lo- l9 J mol- 
ecule-‘)12 by less than 1.6 x 1O-22 J (O.OOleV). 
Because the energy used as activation energy is the 
lowest possible value for E,, other values (2-3 
times larger) have been tested. Nevertheless the 
decomposition rate does not change substantially, 
because the high decomposition rate is due to the 
very small number of degree of freedom of the 
GeH,. Using the simplified RRK formula (i.e. 
neglecting te zero point energy E&, K, becomes one 
order of magnitude higher than ZP at an excitation 

energy 6.4 x 10m2i J higher than E,. However, it 
should be noted that by neglecting the zero point 
energy, at low excitation energy, uncorrected values 
for K, are obtained.‘* 

It therefore appears quite strange that so much 
GeH, can be found in so narrow energy a range 
(E - E,) to give the observed ‘stabilization’ yield 
(i.e. digermane). 

The above findings can be explained taking into 
account that GeHX molecules can undergo 
decomposition before or after any collision with 
the surroundings. GeH, species obtained by 
decomposition before collisions may carry higher 
excitation energy and be easily decomposed [reac- 
tions (7) + (S)], whereas the species obtained after 
collisions may be in a very low excitation state and 
be quite stable also. As the pressure increases the 
fraction of GeH, in low energy states increases and 
the ratio (Ge,H,/Ge in solid), i.e. S/D, is enhanced. 
As a consequence, the amount of undecomposed 
GeH, increases; this then takes part in the forma- 
tion of the solid, which thus becomes richer in 
hydrogen. 

Although the results at lower radiation doses 
and pressure (Table2) are probably affected by 
larger errors, the composition of the solid does not 
appear to change in the 1.0 x lo’--1.2 x 106Gy 
range. This indicates that the solid is not sensibly 
affected by radiation damage up to 1.2 x 106Gy, 
at least as far as the loss of hydrogen is concerned. 

We also tested the influence of inert gas bath 
(Ne) at the lowest pressure. The sharp increase of 
volatile products, mainly HT, at the same partial 
pressures of GeH, indicates that the added Ne not 
only is unable to quench the excited GeHZ mol- 
ecules but also favours some collisional decompo- 
sition [reaction (3b)] and consequently the insertion 
reaction (6) 

GeHX + Ne + GeH, + H, + Ne. (3b) 

The added Ne also affects the amount of the solid, 
the composition of which is apparently the same 
as that obtained from pure GeH,. 

Oxygen added as scavenger leads to a solid which 
appears different from that obtained from pure 
GeH,. The analytical procedure used in this work, 
for the study of the solid has been devoted to the 
sole determination of the H/Ge ratio. Oxygen is 
known to react with radicals GeH,, though its 
reactivity with such species is not known.’ Never- 
theless it can be inferred that the solid contains 
germanoxane chains, in fact the presence of oxygen 
does not affect the H/Ge ratio, indicating that 
oxygen does not substitute hydrogen atoms but 
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rather is inserted between two Ge atoms. The 
nature of the oxygen-containing solid will be the 
subject of a further report. 

CONCLUSION 

Though the bond dissociation energy for Si-H 
is higher than for Ge-H (378 vs 346 kJ mol- ‘),l i 
GeH, appears to be somewhat more stable than 
SiH, towards radiolysis, e.g. at 6.7 kPa: 
G(- SiH,) = 22,r4 G(- GeH,) = 19. Also for the 
formation of the solid the G values for silane” are 
higher than for germane, moreover the hydrogen 
content of the former is lower than for the latter. 
On the other hand some other contradictory prop- 
erties of silicon and germanium compounds have 
been already pointed out. Possibly the nature of 
germanium d orbitals is relevant to this behav- 
iour. 

The ionic contribution to the radiolysis of GeH, 
has been considered as similar to the radical contri- 
bution. However, the specific contribution of the 
ionic mechanism to the overall process should be 
tested, even if at very low pressures, by means of 
instrumental techniques such as MS and ICR 
spectrometry. 

The deposition rate of the solid film, which is a 
determining parameter for practical application, 
has been estimated (for the 150Gy min-’ dose 
rate), to range from 0.05-O.lOpm h-i at the lowest 
pressure to 2-4 pm h- ’ at the highest pressure. The 
above values are comparable with those usually 
observed for glow discharge deposition of amorph- 
ous silicon. 
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Abstract-The formation of the ternary complexes between palladium(I1) ions and 3,3’- 
thiodipropanoic acid (TDPA) and chloride ion as ligands has been studied using 
spectrophotometric methods in acidic aqueous media with a constant ionic strength 0.5 M 
(Na+,H+)(Cl;,Cl-). The stoichiometries of the detected ternary complexes ark 
[Pd(TDPA)Cl,]-, [Pd(TDPA),Cl,] and [Pd(TDPA),Cl]+. The spectrophotometric 
characteristics and the equilibrium constants for the different ternary species have been 
calculated with the LETAGROP-SPEFO computer program. 

The ability of Pd* ‘(as) to form different complexes 
with chloride ions is well known and the equilibrium 
constants corresponding to this binary system have 
been already summarized in the literature.’ In a 
previous communication* the direct complexation 
between Pd*+(aq) and thiodipropanoic acid 
(TDPA) without chloride ions being present in 
the medium was studied and the values of the 
equilibrium constants of the resulting complexes 
[Pd(TDPA)] * + and [Pd(TDPA)2]2+ were 
reported.’ Likewise, ternary systems containing 
palladium(II), chloride ions and thioethers3-’ or 
sulphur-related compound&’ have also been 
described and some of these results indicate that 
TDPA would be able to form this kind of mixed 
complex in a similar way. On this basis, and 
following our previous research with thio- and 
dithiodiacids,* a fundamental spectrophotometric 
study was carried out to elucidate the displacement 
reactions which could be produced when these two 
ligands (TDPA and chloride) compete for the same 
central atom (palladium) in acidic media. 

Apparatus and reagents 

The apparatus has been previously described.* 
Sodium chloride (Merck analytical reagent grade) 

was dried at 110°C and used without further 
treatment. 

Hydrochloric acid (Probus analytical reagent 
grade) was standardized with HgO, KI. 

All other reagents and solutions have been 
already indicated.* 

Preliminary studies 

447 

Spectral characteristics. In the range of palladium 
concentration studied (1O-5-1O-4 M), the species 
tetrachloropalladate(II), in aqueous media, shows 
two absorption bands: a broad one around 280 nm 
and a sharper one at 222nm. 

In the experimental conditions of this work, the 
predominant binary species from the system Pd- 
TDPA that has to be considered is the complex 
Pd(TDPA),, which denotes an absorption maxima 
at 272nm.* 

*Present address: Departamento de Quhnica Analitica, 
Facultad de Ciencias, Universidad de Barcelona, Barce- 
lona, Spain. 

TAuthor to whom correspondence should be addressed. 

Initial assays evidenced the formation of ternary 
complexes [Pd-TDPA-Cl] - which presented a 
shoulder at 234mn, and new absorption bands at 
the 280-300 nm zone shifted to higher wavelengths 
with respect to that of the binary systems. 

EXPERIMENTAL 
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Variation of absorbance with pH. No changes in 
the absorbance value of solutions with Cp,, = lo-’ 

M> &PA = lo-* M and Cc, = l.OM were 
observed when the pH was varied in the range 0.7- 
2.1. Therefore a pCH = 1.3 was chosen to avoid 
problems with hydroxocomplexes of palladium in 
a way similar to that of a previous work.* 

Variation of absorbance with time. The absorb- 
ance values of 10 solutions containing 
Cp,, = 2.7 x lo-’ M, CTDPA = 4 x 10e4 M and 
chloride concentration in the range 1.7 x 10e4- 
6.1 x lo-’ M were followed during two days, and 
indicated that during this period of time the sol- 
utions were stable. 

Ionic strength. Some preliminary attempts were 
made with solutions containing different concen- 
trationsof chloride (3, 1 or 0.5 M depending on the 
series), a palladium concentration of lo-‘M and 
TDPA:Pd ratios of 1, 5, 50, 100 and 1000. These 
studies showed that, as could be predicted, TDPA 
molecules more easily replaced the chloride ions 
from the ternary complexes at lower concentrations 
of chloride. In consequence, and to work in exper- 
imental conditions analogous to those of a previous 
paper,* a total ionic strength of 0.5 M was chosen 
for the following studies. 

RESULTS AND DISCUSSION 

Because the species in solution, corresponding to 
the different binary and ternary systems, could 
be numerous it was necessary to establish the 
experimental conditions in such a way that only 
[Pd(TDPA)2]2+, [PdCl,]*- and mixed complexes 
predominate. Two series of solutions were outlined: 
(i) a series with constant concentrations of metal and 
TDPA, 5.3 x 1O-5 and 8.0 x 10e4 M, respectively, 
varying the concentration of chloride in the range 
1.0 x 10-4-10-’ M; and (ii) a series with constant 
concentrations of metal and chloride, 5.3 x lo-’ 
and 0.4 M, respectively, varying the concentration 
in the range of TDPA 2 x lo-‘-1.8 x 10e3M. 

The analytical concentration of hydrogen in all 
solutions was pCH = 1.3 and the total ionic strength 
was always kept constant at 0.5 M (Na+,H+) 
(ClO;,Cl-). Some spectra corresponding to each 
series can be seen in Figs 1 and 2, respectively. 
Thirty minutes after each solution had been pre- 
pared, its absorbance values were read at different 
wavelengths in the range 320-235nm in order to 
get enough experimental data to study quantitat- 
ively all species absorbing in the wavelength zone. 
The TRIANG’ numerical program was simul- 
taneously applied to both series of solutions. It was 
possible to conclude that at least two ternary species 
were present in solution if an error matrix from 

0.004-0.009 was tolerated, and a third one, prob- 
ably present in low proportion appeared for an 
error matrix <0.004. 

Treatment of the experimental data 

The spectra of Figs 1 and 2 show that mixed 
species are gradually formed. It can be observed 
that the band of [Pd(TDPA)2]2+ (Fig. 1) decreases 
and shifts to higher wavelengths, and finally a well- 
defined band around 300nm appears. In Figure 2, 
the 280 nm band corresponding to [PdCl,]’ - also 
shifts, and it is possible to appreciate two new 
zones, one at 290 nm and other at 300 nm. It seems 
that the final species at 300nm is the same in both 
series. On this basis, and taking into account that 
at pCH = 1.3 TDPA acts as a monodentate 
ligand,* the ternary complexes could be: (i) 
[Pd(TDPA)CI,]- and [Pd(TDPA),Cl,] resulting 
from the displacement of chloride ions in [PdC1412 - 
by TDPA molecules; and (ii) [Pd(TDPA),Cl]+ and 
[Pd(TDPA),Cl,] formed when chloride ions are 
added to the [Pd(TDPA),] complex, trying to 
satisfy the four coordination positions of palladi- 
um(I1). 

The system can be represented by the following 
equations: 

[PdCl,]* - + TDPA z+ [Pd(TDPA)Cl,] - + Cl-; 

K 
1 

= CCPWDWW-ICCl-1 
[[PdCl,]* -1 [TDPA] 

(1) 

[Pd(TDPA)Cl,] - + TDPA 

+ [Pd(TDPA),Cl,] + Cl-; 

[Pd(TDPA),Cl,] [Cl-] 

K2 = [[Pd(TDPA)Cl,] -1 [TDPA] 
(2) 

[Pd(TDPA),]‘+ + Cl- z$ [Pd(TDPA),Cl] +; 

K, = 
[[Pd(TDPA),Cl] ‘1 

[[Pd(TDPA)2]2 + [Cl-] 
(3) 

where TDPA represents the totally protonated 
form of the ligand. In the following, the charges of 
the species will be omitted. 

Graphical methods. Newman and Hume’s 
method’ was used to corroborate this initial 
hypothesis. This graphical method has already 
been applied to displacement reactions between 
palladium chloride and some thioethers similar 
to thiodipropanoic acid.3 The method must be 
followed in conditions where the coordination of 
the central atom is completely fulfilled and, in this 
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0 
I 

260 PO 
“In 

Fig. 1. Absorption spectra of Pd-TDPA-Cl system. Displacement of Pd-TDPA complexes. All 
solutions contained a concentration of palladium and TDPA equal to 5.3 x 10m5 and 8 x 10e4M, 
respectively, and the chloride concentration was: (l)none, (2) 1.01 x 10e4M, (3)2.02 x 10W4 M, 
(4)3.03 x 10-4M, (5)4.04 x 10-4M, (6)S.OS x 10-4M, (7)6.06 x lo-*M, (8)8.08 x 10-4M, 
(9)l.Ol x lo-‘M, (10)1.51 x lo-‘M ,..., (28)4.00 x lo-*M. Solution (i) contained 5.3 x lOA 

Pd*+, 3 x lo-* M Cl- and no TDPA was present. 

work, only eqns (1) and (2) satisfy them. Two 
equations analogous to those of Newman and 
Hume were derived: 
-two species, PdCl, and Pd(TDPA)Cl,, exist and 

both absorb 

l(&PdC14 .C,)-AI* 
TDPA 

= A * K I - cw * &Pd(TDP.+& ’ K 1 (4) 

-two species, Pd(TDPA)Cl, and Pd(TDPA),CI,, 
exist and only one, Pd(TDPA),Cl,, absorbs. 

A = j&t- A)+ + EPd(TDPA)2C12 * CPd 
TDPA 

(5) 

where Cpd, Cc, and Cxnpa are the analytical concen- 

trations of palladium, chloride and thiodipropanoic 
acid, respectively and A is the experimental absorb- 
ance. The molar absorptivities of [PdCl,]‘- at 
different wavelengths, &pdcr4, were obtained from a 
separate experiment, which is indicated in the next 
section on numerical methods. When &da4 is known 

then KI and &Pd(TDPA)C13 at 280 and 29Onm, from 
eqn (4), and K2 and &pdGupA)2c12 at 310 and 320 run, 
from eqn (5), can be calculated and these results 
are given in the table 1. 

Numerical methods. Newman and Hume’s 
method needs the molar absorptivities of the tetra- 
chloropalladate complex. So a series of solutions 
with high chloride concentration (3 M) and pal- 
ladium varying between 3.2 x lo- ’ and 6.4 x lo-’ 
M was prepared. The molar absorptivities obtained 
are shown in Table 2 at some wavelengths and 
agree with those of Pitombo et al.’ At a chloride 



450 S. HERNANDEZ CASSOU and H. ITURRIAGA MARTfNEZ 

O- 
- 

260 300 
nm 

Fig. 2. Absorption spectra of Pd-TDPA-Cl system. Displacement of palladium chlorocomplexes. 
All solutions contained a concentration of palladium and chloride equal to 5.3 x lo- ’ M and 0.4 M, 
respectively, and the TDPA concentration was: (1) 1 x lo-’ M, (2) 1.2 x lo-’ M, (3) 1.4 x lo-’ M, 
(4)1.6 x 10-5M, (5)1.8 x lo-‘M, (6)2.2x 10-5M, (7)2.6x lo-‘M, (8)4.0x lo-‘M, 

(9)S.O x 10-5M, (10)6.0 x lo-’ M ,..., (25)1.8 x lo-‘M. 

Table 1. Results obtained by means of Newman and 
Hume’s method9 

Wave- 
length &Pd(TDPA)C13 EPd(TDPA)2CII 

(nm) (lmol-‘cm-‘) LogK, (lmol-lcm-l) LogK, 

280 9475 4.03 
290 11,981 4.10 
310 12,290 3.30 
320 8571 3.26 

concentration of 0.4 M, the species [PdClJ - must 
also be considered (it can be present up to 5%); 
then a series in these conditions and with palladium 
concentrations in the range 3.2 x 10e5-6.4 x 10e5 
M was prepared. Table 2 also gives the molar 
absorptivities of [PdClJ-, and the overall stability 
constants of the palladium binary species with 

chloride ion, /‘I4 and &, calculated by means of the 
LETAGROP-SPEFO program” were log p4 
= 11.39 and log& = 10.27 which are in concord- 

ance with the results of Ref. 1. The LETAGROP- 
SPEFO computer program was used to treat simul- 
taneously the experimental data from eight wave- 
lengths. Because of the difficulty of the whole 
system, the binary systems (molar absorptivities 
and equilibrium constants) were fixed and only 
those of the ternary species were left to refine. The 
initial refinement cycle was done with the values 
found by graphical methods. The final computer 
results are listed in Table 3 where overall formation 
constants for the system 

pPd2 + + qTDPA + rCl- 

= [PddTDPA),C1,](2P-‘)+ 

are expressed as log/I, k 3crtBj, where c is the 
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Table 4. Comparison between different binary and ternary equilibrium systems of Pd-TDPA-Cl. The constants of 
equilibria (I)-(W) have been derived from &,,r, values of the Table 3 and Kf’ and KY values from this table 

Equilibrium 
constant Reference 

(I) [PdCl$-(aq) + TDPA+[Pd(TDPA)ClJ- + Cl- log K, = 5.42 This work 
(II) [Pd(TDPA)CI,] - + TDPA = [Pd(TDPA),Cl,] + Cl- log K, = 2.87 This work 

(III) [Pd(TDPA),(H,0),12 + + Cl- + [Pd(TDPA),Cl(H,O)] + + Hz0 log KS = 4.30 This work 
(IV) [Pd(TDPA),Cl(H,O)] + + Cl- = [Pd(TDPA),Cl,] + H,O log K., = 2.51 This work 

(V) [Pd(H20)J2 + + TDPA = [Pd(TDPAXH20)J2 + + H,O log K; = 7.40 2 
(VI) [Pd(TDPA)(H20)J2 + + TDPA + Pd(TDPA)2(H20)2]2 + + Hz0 IogK; = 5.58 2 

(VII) [Pd(H20)J2 + + Cl- z$ [PdCl(H,O),] + + H,O log K;’ = 4.47 1 
(VIII) [PdCl(H,O),] + + Cl- z$ [PdCl,(H,O),] + H,O log K; = 3.27 1 

(IX) [PdCI,(H,O),] + Cl - + [PdCl,(H,O)] - + H,O log K; = 2.46 1 
(X) [PdCI,(H,O)] - + Cl- = [PdCl,]2-(aq) + H,O IogK; = 1.30 1 

standard deviation. As can be seen, the molar 
absorptivities calculated by numerical and graphi- 
cal methods are in agreement (the differences oscil- 
late between 3 and 6%), more so if the complexity 
of the solution system is taken into account. 

The particular stoichiometries and types of the 
ternary complexes found in this study reinforce our 
previous work’ about the monodentate character 
of 3,3’-thiodipropanoic acid when it reacts with 
palladium(I1) in highly acidic solutions (where the 
TDPA will be totally protonated) supposing that 
the coordination number of this cation is four. 
Table 4 shows all the equilibria of the binary and 
ternary systems of Pd-TDPA-Cl which can be 
compared in this way. If the Pd2+ ion, in the 
absence of chloride, is considered surrounded by 
water, [Pd(H20)J2’, then the displacement by 
TDPA of one molecule of water is approximately 
100 units easier than the analogous case with 
chloride in [PdCl,12- species. The ratios K,/K, 
and K;/K; (2.55 and 1.82 in logarithmic units, 
respectively) would indicate that there is an extra 
effect in the steric hindrance of chloride, with respect 
to the water, when a second bulky molecule of 
TDPA approximates in both cases. Obviously, the 
lower values of second stepwise constants compared 
to the first ones are due to this hindrance. 

The -Z effect of the COOH group, which is 
mentioned in some works,3 would be very much 
diminished in the mixed complexes with TDPA 
because in this system the carboxylic group is in 
the y-position with regard to the sulphur atom, and 
in consequence the values of these equilibrium 
constants would be greater, although for TDPA 
only one chloride is displaced and two chlorides 
were substituted in the COOH case. 

The comparison between equilibria III and VII 

I 

Pd-TDPA-CI 

C7UF~=4~ U3M 

\ 
01 02 

> I c 

C 

-35 -19 -I 0 

Log [Cl--] 

Fig. 3. Species distribution diagrams of Pd-TDPA-Cl 
system calculated by the Haltafall program: (0) 
[Pd(TDPA),], (1) Pd(TDPA),Cl], (2) [Pd(TDPA),Cl,], 

of Table 4 shows that the constants in these two (3) [Pd(TDPA)Cl,]. 
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systems are nearly equal, log K, = 4.30 and log 
K;’ = 4.47, and it is possible to conclude, in conse- 
quence, that the behavior of TDPA in 
[Pd(TDPA)J2 + is like a monodentate ligand 
because the tendency of chloride ion to coordinate 
with [Pd(TDPA)2(H20)2]2+ or [Pd(H20),J2’ is 
exactly the same. Moreover, in both cases, there is 
a mononegative anion (Cl-) that approximates to 
a dispositive cation, [Pd(H20).J2’ or [Pd 
(TDP&(H20)12+, indicating that the electrostatic 
effect of the attraction predominates over the hin- 
drance of TDPA with respect to chloride and, of 
course, this would only be possible if the TDPA is 
totally protonated and is coordinated only by the 
sulphur atom. 

Recently Kragten et al. l 1 have studied the paila- 
dium(II)-EDTA-chloride system and they have 
found a value of log K = 5.3 k 0.1 for the equilib- 
rium 

PdH,Y + Cl- = PdH,YCl- 

in agreement with the result calculated in this paper 
for the formation constant of equilibrium III, which 
is similar. 

Figure 3 shows the species distribution diagrams, 
calculated from the final equilibrium constants by 
means of the computer program Haltfall,” and 
indicates that the species [Pd(TDPA),Cl,] is pre- 
dominant ( > 90%) over a wide range of the chloride 

concentration. Then, on the basis of this complex, 
it would be possible to develop a method for the 
determination of palladium(I1) by TDPA in the 
presence of chloride ion. 
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Abstract-The bidentate ligand, 2-(2’-pyridyl)benzimidazole (PBH), forms both five- and 
six-coordinated complexes with oxovanadium(IV), (V02+). The complexes 
~O(PBH),](NCS),, [VO(PBH)SO,] and [VO(PBH),]SO, are five-coordinated while 
[VO(PBH),X]X (X = Cl, Br or NO,) are six-coordinated. Elemental analyses, electrical 
conductivity in non-aqueous media, electronic and IR spectra, mass and EPR spectra, 
magnetic susceptibility measurements and thermal analysis (TGA, DTG or DTA) studies 
adequately characterize the complexes. 

The chemistry of oxovanadium(IV) has received 
considerable attention’ as the V02+ unit can 
readily coordinate four and five donor atoms to 
form VOL, and VOL, complexes, respectively. 
Additional interest has been generated due to the 
increasing discoveries of the biological importance 
of vanadium.2 Several types of invertebrates 
accumulate vanadium in their blood. Thus, the 
ascidian seaworm Phallusia mammilata has a blood 
concentration of vanadium up to 1900 p.p.m., which 
represents more than a 106-fold concentration with 
respect to the sea-water in which it lives.3 In this 
instance, vanadium was believed to play a role in 
the oxygen transport cycle.4 Vanadium is also 
known to be an essential nutrient in higher life 
forms,2*5 where it is involved in phospholipid oxi- 
dation, sulphur metabolism and cholesterol bio- 
synthesis6 and also plays a role in other biochemical 
processes. Oxovanadium(IV) complexes find use in 
chemical-reactivity studies either as models for V- 
0 bond reactivity’ or as potential free-radical 
like activators of organic and inorganic molecules. 
Oxovanadium(IV) porphyrins are commonly found 
in petroleum,* although their origin is not clear. 
Furthermore, the chemistry of vanadium is also of 
interest due to its close similarity to molybdenum, 
which is an essential co-factor in a number of 
oxidation-reduction enzymes.gJO 

TAuthor to whom correspondence should be addressed. 

The ligand, 2-Q’-pyridyl)benzimidazole (PBH, 
see Scheme 1) is of interest in view of its similarity 
with 2,2’-bipyridyl and l,lO-phenanthroline in con- 
taining the -N=C-C=N- grouping and as it 
contains the imidazole group, which is present in 
many important biological systems. It also has 
potential use as a biochemical, anticancer and 
analytical reagent. The complexes formed due to 
the interaction of this ligand with dioxouranium(V1) 
and thorium(W) have already been reported by 
us.l’ In continuation of our earlier work on imidaz- 
oles12-14 and on the complexes of vanadium,15*16 
we report here the complexes formed by the interac- 
tion of several oxovanadium(IV) compounds with 
the ligand 2-(2’-pyridyl)benzimidazole. All of these 
complexes were adequately characterized on the 
basis of a number of spectral techniques in addition 
to the data based on analyses, electrical conduc- 
tivity, magnetic susceptibility and thermogravi- 
metric analyses. 

Scheme 1. 
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EXPERIMENTAL 

Materials 

The ligand 2(2’-pyridyl)benzimidazole was syn- 
thesized as reported earlier.” V,O, and 
VOSO, - 5H,O were BDH reagent grade chemicals 
and were used as such. Syrupy VOCl, and VOBr, 
were prepared by a literature method.” VO(NO,), 
was obtained in solution by treating VOSO, with 
NaOH and treating the precipitated VO(OH), with 
50% HNO, followed by concentration of this 
solution. 

Analyses 

Vanadium was estimated either as V,O, or as 
AgVOIJ*; Cl and Br were estimated as silver halides 
and S as BaSO, after fusion of the sample with 
NaOH and Na,O, and extraction of the melt with 
H,O followed by acidification and addition of 
either AgNO, or BaCl,, respectively. C, H and 
N microanalyses were made using a Carlo Erba 
instrument in CDRI, Lucknow. All melting points 
were determined in sealed capillaries and are uncor- 
rected. 

Physical measurements 
The room temperature magnetic moments were 

determined in a Gouy balance using HgCo(CNS), 
as calibrant. The electrical conductivity was mea- 
sured in DMF solution ( - lo- ’ M) using a Systron- 
its 304 digital conductivity bridge and a dip type 
Pt cell with a cell constant of 1.0. The electronic 
spectra were recorded in a Varian 634 spectro- 
photometer and IR spectra were recorded as KBr 
pellets or polyethylene discs in the range 4CKlO- 
2oocm-’ in a Perkin-Elmer 983 spectro- 
photometer. The EPR spectra were recorded as 
polycrystalline solids in a Varian E-4 spectrometer 
operating at X-band frequency. The mass spectra 
were recorded in a Varian CH-7 MAT spectrometer 
operating at an electron energy of 70eV. The ion 
source was maintained at 473 K and the emission 
current was 3OOpA. The thermogravimetric 
measurements were made using a Shimadzu DT- 
30 thermalanalyser which records T, TG, DTG and 
DTA simultaneously.* 

Synthesis of complexes 

Chloro bis-2-(2’-pyridyl)benzimidazole OXU- 

uanadium(Z v) chloride, [VO(PBH),Cl]Cl (1). 

Syrupy VOC& (1 mmol) in acetone (5 cm3) was 

*The TGA and DTA data have been deposited with 
the Editor as supplementary data available on request. 

added dropwise to the ligand PBH (2 mmol, 0.49 gj 
in the same solvent (5cm3) with stirring when a 

light green-yellow precipitate formed. The mixture 
was stirred further for 30min under reflux, cooled 
and the solid filtered, washed with small aliquots 
of acetone, followed by ether and dried in uacuo. 

Bromo bis-2-(2’-pyridyljbenzimidazole oxo- 
uanadium(ZV) bromide, [VO(PBH),BrJBr (2). 
Addition of aq. VOBr, (1 mmol) in acetone (5 cm3) 
to PBH (2 mmol, 0.4 g) with stirring yields a viscous 
green liquid which was dissolved in 1: 1 acetone- 
ethanol mixture and stored in a refrigerator for 
12 h when green solid deposited. This was collected 
on a frit, washed with acetone-ethanol mixture and 
dried in uacuo. 

Nitrato bis-2-(2’-pyridjZ)benzimidazole oxo- 
vanadium(ZV) nitrate, [VO(PBH),(NO,)]NO, (3). 
Syrupy VO(N03)2 (1 mmol) in acetone (5 cm’) and 
PBH (2mmo1, 0.4g) in acetone (5cm’) on stirring 
for 30 min yields a green compound, which was 
collected and dried as above. 

Bis-2-Q’pyridyZ)benzimidazole oxovanadium(ZV) 
thiocyanate, [VO(PBH),](CNS), (4). VO(CNS),, 
prepared by metathesis of aq. VOCl, and NH,CNS 
in EtOH, was added dropwise to a stoichiometric 
amount of PBH in EtOH, and stirred for 1 h. The 
volume was reduced and the resultant concentrate 
was stored in a refrigerator for 12 h. A brown- 
yellow solid deposited, which was collected, washed 
with Et20 and dried in uacuo. 

Bis-2-Q’-pyridyZ)benzimidazole oxooanadium(ZV) 
sulphate, [VO(PBH),]SO, (5). VOSO, (1 mmol, 
0.26 g) dissolved in 1: 1 ethanol-water mixture was 
added to PBH (2 mmol, 0.4 g) in EtOH with stirring. 
A bulky yellow precipitate formed immediately and 
the mixture stirred for 30 min for completion of 
reaction. The compound was collected on a frit 
washed with small volumes of acetone, followed by 
ether and dried in uacuo. 

Sulphato 2-(2’-pyridyZ)benzimidazole oxo- 
uanadium(ZV), [VO(PBH)SO,] (6). VOSO, 
(1 mmol, 0.26g) dissolved in DMF was added to a 
solution of PBH (1 mmol, 0.2 g) in DMF and stirred. 
Initially the solution turned green from which on 
further stirring a grey powder separated out. This 
was collected, washed with EtOH and then ether 
and dried in vacua. 

RESULTS AND DISCUSSION 

The compounds reported in this work are pre- 
sented in Table 1 along with their analytical data, 
conductance, magnetic moments and the EPR (g) 
parameters. The conductance measurements were 
made in dilute solutions (- 10d3 M) of DMF, 
MeNO, and MeOH. On the basis of observed 
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Table 1. Colour, analyses, conductivity data, magnetic moment and EPR parameters (g) of oxovanadium 
complexes with PBH ligand 

Analytical data; found (talc.) % 

AM Peff 

Compound Colour V C H N (in DMF) (BW <g> 
[VO(PBH),Cl]Cl Green yellow 10.2 54.4 3.5 15.8 63.1 1.86 1.993 

(9.7) (54.5) (3.4) (15.9) 
lJrG(PBH),Br]Br Green (;:;) :z::, 2.8 

::t 
89.8 1.70 2.002 

(2.9) 
pO(PBH),NO,]NOJ Brown yellow 8.5 49.5 3.2 19.1 58.0 1.82 1.997 

(8.8) (49.6) (3.1) (19.3) 
CVW’BHMCW, Green yellow 10.9 54.4 3.1 19.6 170.0 1.87 1.99 

(10.7) (54.4) (3.1) (19.5) 
CVW’BWJSO, Yellow 9.5 52.0 3.2 15.0 57.4 1.78 1.989 

(9.2) (52.0) (3.2) (15.2) 
CVW’BHWJ Grey 13.8 40.0 2.2 11.5 25.0 1.79 1.9835 

(14.2) (40.2) (2.5) (11.7) 

Table 2. Prominent IR absorption bands of VO’ + complexes with PBH ligand (in cm- ‘)” 

Complex v(V=O) Anion vibrational modes Remarks 

[VO(PBH),Cl]Cl 980 
[VG(PBH),Br]Br 980 

P’WJW,WWNO, 985 1400 Ionic NO; 
1255 1060 750 Unidentate NO; 

CWPBHMCW, 980 2074 Ionic CNS- 

lYW’JW,WSO,) 982 1100 loo0 620 450 Ionic so:- 
CVW’BWSO.aI 985 1060 985 605 Bidentate SOi- 

“In all cases the following important ligand vibrations were observed: V(N-H), 3400-3500; 
v(C=N), 1590-1610; pyridine ring vibration, 1560-1580; N-H out of plane deformation 

790-8OOcm- ‘. 

conductivity values in these solvents,‘g-2’ the 
[VO(PBH),X]X (X = Cl, Br or NOJ and 
[VO(PBH),]SO, are formulated as 1: 1 electrolytes, 
the [VO(PBH),](NCS), as a 1:2 electrolyte and 
[VO(PBH)SO,] as a non-electrolyte. The electronic 
spectra of the complexes in solution exhibit ligand- 
field bands in the 17-19 and 12-13 kK regions 
corresponding to the b, + b, and b, --, c tran- 
sitions.22-24 

The IR spectra were recorded in the MOO- 
2OOcm- l region and in all cases the spectra due to 
the ligand, the polyatomic anions and the v(V=O) 
were observed. The prominent ligand bands are 
either split or shifted due to coordination.25 The 
IR spectra show that the ligand is coordinated in 
a bidentate manner through the unsaturated N 
atom and the N atom of the pyridine ring.26 The 
[VO(PBH),(NO,)](NO,) complex has a strong 
band at 14OOcm- ’ due to the ionic nitrate group 
and bands at 1255, 1060 and 750cm- ’ corres- 
ponding to the vr , v2 and vj vibrations for the nitrate 
group coordinated in a unidentate manner.27*2* The 
thiocyanate complex has a strong absorption band 

at 2074cm- ’ due to the ionic thiocyanate 

group 2g,30 in [VO(PBH),](CNS), which is in agree- 
ment with the conductivity data. The sulphato 
complex [VO(PBH)SO,] has IR bands at 1060, 
605 and 985 cm- ’ corresponding to the bidentate 
coordination31 of SOi- group and the sulphate 
complex [VO(PBH),]SO, exhibits bands at 1000, 
450,llOO and 620 due to the vr , v2, v3, v4 vibrations, 
respectively of the uncoordinated ionic sulphate 
group. 32 The v(V=O) stretching frequency is 
observed in all complexes at 980-985 cm- ’ region 
except for the [VO(PBH),NOJNO, complex 
where it occurs at 998 cm-‘. These values indicate 
that V=O bond in V02+ consists of a combination 
of u-bond and pn-d, donation of electrons from 
the vanadyl oxygen to the vanadium atom.24 

The observed magnetic moments of these com- 
plexes are approximately in agreement with the 
spin-only value of a d’ system,33*34 where the 
orbital contribution to the magnetic moment is 
quenched35 due to the strong axial ligand field 
in oxovanadium(IV) complexes. Antiferromagnetic 
couplings of spin are also not observed at room 
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temperature36 and the complexes do not exhibit 
any dependence on the magnetic field strength 
indicating the absence of ferromagnetic interac- 
tions. The results of magnetic moment studies are 
supported by the measurement of EPR spectra of 
polycrystalline compounds at X-band frequencies 
at room temperature. In all cases the g,, values lie 
in the range 1.983-2.002 close to the free-electron 
spin-only value of 2.0023. Both this result and the 
fact that the anisotropy of the g values is small in 
comparison with that for the magnetically similar 
d9 complexes indicate that the axial component to 
the ligand field is high and the unpaired electron 
lies in an orbital of b, symmetry. In all cases the 
EPR signal appears as unresolved broad line except 
for the [VO(PBH),(NO,)](NO,) complex, which 
shows3’ fairly well resolved hypertme lines due to 
51V (I = 7/2). The anisotropic g values for this 
complex are gll 1.957 and g, 2.017 with a g,, of 
1.997; A,, is 175 G and Al is 60 G. The g,, values 
for [VO(PBH),](CNS), and [VO(PBH),]SO, are 
1.99 and 1.89, respectively, which are very close, 
indicating that the extent of delocalization in both 
cases are almost similar due to identical structural 
and electronic environment around vanadium. In 
both cases the five-coordinate [VO(PBH),]*+ spec- 
ies is present as is clear from both conductance 
and IR results. The other five-coordinate species 
containing the bidentate PBH ligand and the biden- 
tate sulphate group, [VO(PBH)SO,], also has a 
similar g,, value of 1.984. Incorporating a weak 
donor, e.g. Cl, Br or NO,, in the vacant sixth 
position results in an increase of the g,, value 
towards the free-electron value for [VO(PBH),X]X 
(X = Cl, Br or NO,) complexes. 

The mass spectra of the ligand and the complexes 
were investigated and in no case was the complex 
molecular ion nor any fragment of the ligand 
involving the metal ion obtained. In all cases 
peaks corresponding to the ligand molecule and its 
fragmentation products were obtained. The ligand 
molecular peak is obtained at m/z 195, from which 
two successive losses of HCN give peaks at m/z 168 
and 141. Two prominent fragmentation peaks are 
obtained at m/z 90 and 91 corresponding to loss of 
C,H,N, or C,H,N,. Thermal studies of simple 
ligand and the complexes were carried out. The 
PBH ligand gives a sharp endothermic peak at 
221°C where it melts and around 450°C the entire 
ligand is volatilized leaving no residue. For the 
oxovanadium(IV) complexes with this ligand, the 
decomposition takes place in several stages corres- 
ponding to the loss of ligand in varying proportions, 
ultimately giving V,O, as the end product. How- 

ever, in some cases around 800-900°C there is 

considerable volatilization of the residue leaving 

only 3-4% residue, a fact which was substantiated 
by heating the compounds at the same temperature 
in a furnace and estimating the loss on heating. 
Such thermal behaviour was observed earlier for 
copper complexes with imidazoles.3* 
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Ah&act-Reaction of dirhodium(I1) tetracarboxylates [Rh,(O,CR),] with 1,4,8,1 l-tetra- 
azacyclotetradecane (cyclam, L,) under ambient conditions leads to the formation of the 
stable adducts [Rhz(O,CR),(cyclam)]..Under similar conditions reaction of dirhodium(I1) 
tetracarboxylates with the tridentate macrocycles 1,4,7-triazacyclononane (L,), N,N’,iV”- 
trimethyl-1,4,7-triazacyclononane (L4) and 1,4,7-trithiacyclononane (L,) gives adducts of 
3:2 stoichiometry [{Rh,(O,CR),},(L),],. The stoichiometries of these polymeric adducts 
illustrate the exo manner in which the macrocyclic ligands bind to the binuclear metal 
substrates. 

Extensive work on dirhodium(I1) tetracarboxylates 
[Rh,(O,CR),X,J (n = 1,2) has been carried out 
chiefly to study the variations in Rh-Rh and Rh- 
X bond lengths as a function of substituent X 
(X = C, N, 0, P or S donor ligands) and carboxylate 
moiety.’ The dirhodium(I1) tetracarboxylates can 
react therefore either via carboxylate exchange with 
another carboxylate or bridging ligand (e.g. 
CO:-, SO:-), or via adduct formation by replace- 
ment of X. The exchange reaction with the unsatu- 
rated tetradentate macrocycle L (L = 5,7,12,14- 
tetramethyldibenzo [ b, i] [ 1,4,8,11] -tetraaza- 
cyclotetra-2,4,6,9,11,13_hexaene) yields the 
binuclear complex [Rh,L,] containing an unsup- 
ported metal-metal botuk2 the related binuclear 
species [Rh2(OEP),]’ and [Rh,(dmg),(PPh,),14 
have also been synthesized but via monomeric 
precursors, while bi- and polydentate ligands have 
been shown to form adducts linking dirhodium(I1) 
tetracarboxylate units in a polymeric chain, e.g. 
[Rh,(O,CEt),(DDA)] (DDA = durenediamine).’ 

We report here a study on the interactions 
of dirhodium(I1) tetracarboxylates with saturated 
tetra- and tridentate macrocycles L,-L,. These 
ligands incorporate suitable donor arrays for 
adduct formation with the [Rh,(O,CR),] moiety, 

*Author to whom correspondence should he addressed. 
*Deceased. 

and also for potential carboxylate exchange to 
generate new cationic macrocyclic complexes. 

n 

s/ ‘s 
C-J s 

CL51 

RESULTS AND DISCUSSION 

Dirhodium(I1) tetraacetate, -propionate, -but- 
yrate, -pivalate and C’butylbenzoate react as sol- 
utions or slurries in methanol with one equivalent 
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a Bruker WP80 (80 MHz) spectrometer. Electronic 
spectra were obtained on a SP8 400 spectrophoto- 
meter while elemental analyses were carried out at 
the Chemistry Departments of the University of 
Edinburgh and University of St Andrews. L, and 
L, were purchased from Aldrich Chemical Co.; L, 
L, were prepared by the literature procedures.‘-” 

Preparation of [Rh,(O,CR),] 

[Rh,(O,CMe),(MeOH),] was prepared via the 
literature method.’ 1 The corresponding propionate, 
butyrate and pivalate complexes were prepared by 
exchange reaction of the acetate in neat carboxylic 
acid. The solution was refluxed for 1 h and the excess 
acid evaporated in uacuo. The 4-‘butylbenzoate 
derivative was obtained by heating the acetate in 
a melt of4-‘butylbenzoic acid for 4 h. The exchanged 
complex was recovered by dissolving the cooled 
residue in ethanol and collecting the product by 
filtration. The purity of the acetate and 4-‘butyl- 
benzoate was checked by preparation of their 
pyridine adducts. 

Preparation ofcyclam (L,) adducts of[Rh,(O,CR),] 

The dirhodium(I1) tetracarboxylates were reacted 
with a slight molar excess of cyclam (L,) at room 
temperature as slurries (acetate, 4-‘butylbenzoate) 
or solutions (propionate, butyrate and pivalate) in 
methanol. For the solutions, reaction was fast to 
give pink precipitates of [Rh2(0&R)4(L,)],. 
Similar products were obtained for the acetate 
and C’butylbenzoate but a reaction time of 24 h 
was required for completion. The adducts of Lz 
were obtained in a similar manner. 

Preparation of adducts of L,-L, with 

CRWWRLI 

Dirhodium(I1) tetraacetate was reacted with L, 
or L, in aqueous solution, and in acetone-methanol 
for L,. The dirhodium(I1) tetrapropionate and 
tetrabutyrate analogues were reacted with L, or L, 
in acetone-water, and in acetone alone for L,. In 
each case, the adduct precipitates out in almost 
quantitative yield. 
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Abstract-The synthesis and structure elucidation of the dimeric form of molybdenum(IV) 
oxo-complexes with N-alkylphenothiazines as ligands have been studied. These complexes 
were identified by IR and electronic spectra, magnetic susceptibility, DTA, TGA, conducto- 
metric and analytical data. These results permit us to assign the formula 
Mo,O,(L),(H,O)~ (where L = N-alkylphenothiazine). Some interactions of these complexes 
with biologically important compounds like L-cysteine and histidine and potential ligands 
such as l,lO-phenanthroline and 2,2’-bipyridyl have been reported. 

It is well known that molybdenum as a trace element 
plays an important role in metabolic processes.’ 
Complexes of molybdenum(V) and (VI) with cys- 
teine2*3 histidine,’ other amino acids’ and organic 
sulphur compounds6 are of interest as models for 
molybdenum-containing enzymes. These enzymes 
are known to catalyse a number of important 
biological oxo-transfer reactions where valence of 
molybdenum cycles between molybdenum(V1) and 
molybdenum(W) states in their reaction with sub- 
strates and subsequent reactivation.’ 

N-Alkylphenothiaxines (NAP) are versatile anti- 
cholinergic and antihistamine compounds.s Forma- 
tion of complex or cation radical between platinum 
metals and phenothiazines in aqueous media has 
provided a basis for the spectrophotometric deter- 
mination of platinum metalsg-” and complexo- 
metric determination of palladium.r3 Recently the 
possible use of metal-phenothiazine complexes as 
fungicides and a considerable increase in the fungi- 
tidal activity by complexation of phenothiazines 
with copper and dioxygenyl uranium(I1) have 
been reported. r4 In view of the importance of 
phenothiazines as analytical reagents, metal- 
phenothiazine complexes as fungicides and molyb- 
denum(V)-cysteine or histidine complexes as poss- 

*Author to whom correspondence should be addressed. 

ible models for molybdoenzymes, it was considered 
worthwhile to study the molybdenum(W)-NAP 
complexes and their interactions. 

In this paper, we report the synthesis and charac- 
terization of molybdenum(W)-NAP complexes and 
their interactions with biologically important com- 
pounds such as L-cysteine and histidine and poten- 
tial ligands like 1, lo-phenanthroline and 2,2’-bipyri- 
dyl (Fig. 1). 

EXPERIMENTAL 

Materials 

(NH,),Mo,O~~.~H,O, L-cysteine, L-histidine 
hydrochloride monohydrate, l,lO-phenanthroline 
and 2,2’-bipyridyl were BDH Analar grade. 

NAP: CPH, PMH, BPD, PPP, PPC and MTM 
from Bayer A.G., Leverkusen, F.R.G.: MH and 
PDM from Byk Gulden Pharmazeutika, Konstanz, 
F.R.G. were used as received. Dimethyl formamide 
(DMF) and dimethyl sulphoxide (DMSO) were 
BDH Analar products. 

Analytical procedures 

Elemental analysis were performed at Bio- 
organic chemistry division, Bhaba Atomic Research 
Centre, Bombay, India. Molybdenum was deter- 
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1 I ap 1; x 
R2 

Rl 

Chlorpromazine hydrochloride: RI = (CH2)3NMe2, Rz= Cl, and X = HCL 
Promethazine hydrochloride: RI = CH2CHMeNMe2, R2= H, and X = HCL 
Butaperazine dimaleinate: RI = (CH2)3N(CH&NMe, R2= CO(CH2)3Me, and X = dimaleinate 
Propionylpromazine phosphate: RI= (CH2)3NMe2, R2= COCHlMe, and X = phosphate 
Propericiazine: R~=(CH~)~NCSH~OH, R2= CN, and X = - 
Methotrimeprazine: RI = CHzCHMeCHzNMe, RzOMe, and X = - 
Mepazine hydrochloride: RI= CHzCH(CH2)4NMe, RI= H, and X = HCL 
Perazine dimaleinate: RI= (CH2)3N(CH&NMe, R2= H, and X = dimalonate 

Fig. 1. Structure of N-alkylphenothiazines. 

mined by atomic absorption (AAjAE spectrophoto- 
meter model 75 1) after decomposing the complexes 
with a 1: 1 mixture of concentrated sulphuric and 
nitric acids. The analytical data are given in Table 1. 

Methods 

The magnetic susceptibilities were determined 
by the Gouy method at room temperature using 
Hg[Co(SCN),] as calibrant (x, = 16.4c.g.s.u.). 
Molar susceptibilities were corrected for the dia- 
magnetism for the constituent molecules and mag- 
netic moments calculated according to the formula 
p = 2.84 k& * 7’)“.5 BM where & is the corrected 
molar susceptibility.15 

The IR spectra were recorded on a Perkin-Elmer 
spectrophotometer model 781. The samples were 
pressed in KBr pellets. Far IR spectra were obtained 
using a Polytech far-IR spectrophotometer model 
30. The samples were examined as polythene pellets. 
The important IR absorption bands for these com- 
plexes are listed in Table 2. 

The UV-VIS spectra of the complexes in DMF 
were measured in the range 200-8OOnm on a 
Beckman spectrophotometer model DB. The results 
obtained are given in Table 3. The electrical conduc- 
tances of the complexes were measured in DMF 
using Philips PR 9500 conductivity bridge. Thermal 
analysis was carried out on a Stanton Redcraft 
TG 750/770 electrobalance with a heating rate of 
6°C min-’ in air. The X-ray diffraction data was 
obtained using JEOL X-ray diffractometer model 
JDX3P with a monochromatic Fe K, (A = 1,934 A) 
as the source. 

Preparation of the complexes 

(NH,),Mo,O,, -4H,O (2.1 g) dissolved in 2 M 
hydrochloric acid (30 cm3) was added to a solution 

of CPH (3.Og) in water (50cm3) with vigorous 
stirring. There was an immediate formation of the 
solid complex. The suspension was set aside for 2 h, 
filtered, washed several times with water, then with 
ethanol and dried in uacuo over fused CaCl, . Yield 
76%. 

The above procedure was repeated for the prep- 
aration of the complexes with other phenothiazines. 
The yield varied from 67-79%. 

Interaction of molybdenum(IV)-NAP complexes 
with L-cysteine, L-histidine, l,lO-phenanthroline 
and 2,2’-bipyridyl 

Molybdenum(IV)-NAP complex (1.8 g) dis- 
solved in DMF (60cm3) was treated with L-cysteine 
(2.6 g) in 2 M hydrochloric acid (80cm’) or with an 
aqueous solution of histidine (2.75g). The solid 
complexes separated immediately, were filtered, 
washed with ethanol and dried in uacuo over fused 
CaCl,. 

Molybdenum(IV)-NAP complex (1.4 g) dis- 
solved in DMF (50cm3) was added to the DMF 
solution of l,lO-phenanthroline (2.45 g in 90 cm3) 
or with 2,2’-bipyridyl(23.2 g in 80 cm’). The suspen- 
sion was set aside for 1 h, filtered, washed with 
ethanol and dried in uacuo over CaCl,. 

DISCUSSION 

The interaction of (NH,),Mo,O,, .4H,O with 
NAP results in the formation of molybdenum(IV) 
complex. The reduction of molybdenum(V1) to 
molybdenum(IV) may be attributed to the behav- 
iour of phenothiazines which are excellent electron 
donors. l6 The analytica 1 data presented in Table 1 
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correspond with the formula Mo~O~(L)~(H~O)~, 
where L = CP, PM, BP, PP, PPC, MTM, M or P 
(hydrochloride, maleinate, phosphate and malonate 
remain in solution and do not take part in coordi- 
nation). 

The complexes are coloured, non-hygroscopic 
and are stable at room temperature for long periods. 
They do not possess sharp melting points. The 
complexes are insoluble in common organic sol- 
vents but soluble in DMF and DMSO. The molar 
conductance of the complexes in DMF given in 
Table 1 indicate the non-electrolytic nature of the 
complexes and the ion-exchange studies show that 
the complexes are neutral. These are in consistent 
with the stoichiometry assumed for the complexes 
on the basis of analytical data. 

Magnetic properties 

The magnetic susceptibility measurements for 
the dioxo-bridge molybdenum(IV) complexes sug- 
gest the spin-spin interactions through the oxygen 
bridges in the dimeric complexes or by direct metal- 
metal bond comparable to that found in other 
complexes of molybdenum(W) which have been 
reported. ’ 7 

IR spectra 

The selected IR frequencies of the dimeric molyb- 
denum(IV)-NAP complexes are given in Table 2. 
The IR spectra of Mo,O,(L),(H,O), complexes 
contain five bands assignable to the 

\io/O\ I: / 

/ I \o/YO\ 
moiety. The strong bands 

observed at 965945cm-’ are due to terminal 
Mo=O vibrations. The antisymmetric stretching 
mode is not found. However the presence of the 
symmetric stretching mode is quite sufficient to 
designate a cis disposition of the two terminal 
Mo=O in the dimeric complexes.” The antisym- 
metric and symmetric vibrations due to the MO-O 
bridge are found at 680-658 and 452-425 cm- ‘, 
respectively. These values are in good agreement 
with those found in complexes suggested to have 
an MoO,Mo bridge. 17*1g*20 All these complexes 
exhibit strong and broad bands at 3500-3110 cm - ’ 
which are assigned to coordinated water. The 
MO-N bond is confirmed by the presence of the 
medium intensive band at 356-334cm- ‘. 

Bands observed in the 2860-2825 cm- ’ region 
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Table 2. IR absorption maxima (cm-‘) of molybdenum(IV)-NAP complexes 

Complex V&MO--O) v.(Mo-W v,(Mo---W V(M*N) v(H,O) 

Mo,OdCP),(H,O), 952 670 445 340 3120 
3500 

Mo,O,(PM),(H,O), 956 672 448 354 3115 
3450 

Mo@~(BP)z(H@)z 950 658 452 356 3110 
3445 

Mo,O,(PP),(H,% 945 674 428 342 3140 
3452 

Mo,O,(PPC)z(H,O), 965 680 450 334 3118 
3464 

Mo,O,(MTM),(H,O), 962 672 436 340 3225 
3455 

Mo,O,(M)z(H#), 964 678 446 352 3232 
3468 

MozO,(P),(H,O), 948 666 425 348 3230 
3442 

of the NAP IR spectra may be assigned to the 
heterocyclic nitrogen atom attached to an alkyl 
group.‘l In the IR spectra of the corresponding 
complexes, this band is either disappeared or has 
been shifted to higher frequency (Av = 30-40 cm- ‘) 
suggesting the coordination of heterocyclic nitrogen 
atom. 

In NAP, RJNH+ interaction with Cl- gives rise 
to a broad band in the 2500-23OOcm-’ region.22 
A broad band observed at 260&2350cm- ’ region 
in the IR spectra of the ligands corresponds to the 
CHINR2H+ (R = Me, Et or Bu) together with X- 
(X = Cl, PO,, malonate and maleinate). In the 
IR spectra of the corresponding complexes of 
molybdenum(IV), this band has totally disappeared 
indicating that the tertiary nitrogen atom of the 
side chain is the another site of coordination. 

Visible and U V spectra 

All the complexes studied here show a peak or 
shoulder at 6522142 and 530-598nm, which are 
assigned to ‘B, +‘E(Z) and 2B2 + 2B, tran- 
sitions,“*” respectively. The three bands observed 
at 306-320,272-300 and 250-262 nm are attributed 
to intraligand transitions. The electronic spectra of 
the NAP also consist of three bands at the same 
wavelength and differences are not significant. 

TGA and DTA 

TG studies indicate that the decomposition pat- 
tern consists of two steps (Table4). The first step 
consists of the loss of water molecules at 118- 

184°C. The second step involves the decomposition 
of the organic moiety and oxidation until the 
formation of MOO,. In the above two cases, the 
intermediate was revealed by elemental analysis 
and IR data and the end product was identified 
by X-ray diffraction method (Table 5). The DTA 
studies show that the loss of water molecules is 
accompanied by an endothermic process at 
- 140°C and the formation of MOO, at 590-698°C 
by an exothermic process. 

Interactions of molybdenum(IV)-NAP complexes 
with some biologically important and potential 
ligands 

The interactions of molybdenum(IV)-NAP com- 
plexes with biologically important ligands such as 
L-cysteine, L-histidine and potential ligands like 
l,lO-phenanthroline and 2,2’-bipyridyl were carried 
out to find the ease of substitution of the coordi- 
nated ligands. These interactions result in the 
immediate formation of solid complexes by dis- 
placement of the phenothiazine ligands. The molyb- 
denum(W) complexes thus obtained are quite stable 
for long periods. They exhibit low magnetic 
moments in accordance with the dimeric molyb- 
denum(IV)-NAP complexes due either to spin- 
spin interaction or to direct metal-metal bond. 

The analytical and magnetic data are given in 
Table 6, show that there is no significant change in 
the composition or structure of the substituted 
products. 

The IR spectra of all these complexes possess a 
strong band at 970-930 cm- ’ assigned to the 
stretching vibration of the Mo=O group. The 
bridged vibrations of the Mo=O group 8re 
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Table 3. Electronic spectra of molyhdenum(IV)--NAP complexes 

1 - 

Complex (nm) (k& e Transition 

720 13.8 44 *z?, -a *E(z) 
530 18.5 710 *B, + *B, 
310 32.5 16,260 Intraligand 
292 33.8 30,826 Intraligand 
254 40.1 64,815 Intraligand 
742 13.3 56 *B, + *E(Z) 
560 19.5 828 *B, -) *B, 
312 34.2 6280 Intraligand 
284 33.4 28,452 Intraligand 
262 38.4 38,625 Intraligand 
730 14.2 65 *B2 -+ ‘E(Z) 
546 18.3 728 *B2 4 *B, 
308 32.8 15,780 Intraligand 
288 34.9 27,695 Intraligand 
255 38.8 36,585 Intraligand 
690 15.8 286 *B, + *E(Z) 
594 16.7 325 ‘B, 4 *B, 
312 32.2 25,258 Intraligand 
278 32.9 17.354 Intraligand 
255 38.8 60,765 Intraligand 
735 13.5 48 *B, --, *E(Z) 
552 18.8 764 *B, + *B, 
320 31.6 15,064 Intraligand 
285 33.6 32,125 Intraligand 
260 38.1 37,845 Intraligand 
652 15.5 41 *B, 4 *E(Z) 
598 16.6 356 *B, 4 *B, 
310 32.5 16,426 Intraligand 
300 33.2 25,068 Intraligand 
252 39.8 61,144 Intraligand 
728 13.9 58 *B, --**E(Z) 
555 21.5 926 *B, --* *B, 
315 32.5 15,658 Intraligand 
286 33.9 29,152 Intraligand 
256 39.2 52,675 Intraligand 
702 14.4 270 *B, + *E(Z) 
598 16.6 425 *B, -) *B, 
306 32.6 16,356 Intraligand 
272 35.5 29,654 Intraligand 
250 39.7 36,547 Intraligand 

observed at 752-740 and 462-434cm- ‘. The ligand vibrations in the same region (800- 
medium intensive bands at 3224 and 3218ctn-’ in 7OOcm- ‘). The presence of l,lO-phenanthroline is 
the molybdenum(W)-cysteine complex and at 3240 shown by the characteristic bands at 1632, 1420, 
and 3232cm-’ bands in the molybdenum(IV)- 1308, 846 and 732 cm-‘. The weak band at 
histidine complex are assigned to NH2 stretching 788 cm- r and the strong band at 772 cm- ’ indicate 
modes. In these complexes, the COO group exhibits the coordination of 2,2’-bipyridyl in the complex. 
bands at 1654-1588cn-1~‘. For complexes with The medium band at 345 cm-’ in all complexes is 
IJO-phenanthroline and 2,2’-bipyridyl, the assign- attributed to the MO-N bond. The strong and 
ments of bands to metal-oxygen bridge vibra- broad bands at 3465-3218cm-’ are assigned to 
tions23-25 are become uncertain because of the coordinated water. These assignments are consist- 
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Table 4. Thermogravimetric data for molybdenum(IV)-NAP com$exes 

Temperature 
range Weight loss (%) Probable 

Complex (“C) Found (Calc.) phase 

124-182 3.7 (3.9) 
605-693 84.3 (84.5) 
125-184 4.3 (4.2) 
624-693 83.7 (83.3) 
120-182 3.4 (3.2) 
612-689 86.8 (87.0) 
118-179 3.9 (3.6) 
618-692 85.7 (85.5) 
122-181 3.4 (3.5) 
621-690 85.7 (85.9) 
121-183 3.6 (3.9) 
590-694 84.5 (84.3) 
122-178 3.6 (3.9) 
598-688 84.3 (84.2) 
123-182 3.8 (3.7) 
608-698 85.4 (85.2) 

Mo,O,(W, 
MOO, 

Mo,O,(PM), 
MOO, 

Mo,O,(BP), 
MOO, 

Mo,O,(PP), 
MOO, 

Mo,O,(PPC), 
MOO, 

Mo,O,(MTM), 
MOO, 

Mo,O,(M), 
MOO, 

Mo,O,(P), 
MOO, 

Table 5. Powdered X-ray diffraction data of MOO, 

(:, 
III, 
(%) 

3.26 100 
3.80 82.1 
3.46 60.9 
6.94 34.2 
2.65 35.1 
2.31 31.0 
1.85 21.3 
2.70 18.9 
2.27 17.8 
1.74 17.0 

ent with the molybdenum(V) complexes of L-cys- 
teine,’ histidine,* l,10-phenanthroline23*z4 and 2,2’- 
bipyridy123*25 reported earlier. 

In the light of the above discussions, we propose 
the structure given in Fig. 2 for the moly- 
IxIenum(IV)-NAP complexes. 

( “,ii ,O,il JN 
L N/,““\o/M”\N L t t > 

6H, 6H, 

Fig. 2. Structure of molybdenum(IV)-N-alkylphenothi- 
azine complex. 
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Table 6. Analytical and magnetic data of the molybdenum(IV)-substituted complexes 

Found (Calc.) % 

Aff 

Complex C H N MO (BM) 

CMozo,(Cyst)z(Hzo),12 - 13.6(13.5) 3.0(3.4) 5.4(5.2) 36.2 (35.9) 0.23 
CMMWW,W,OM* - 23.7 (23.9) 3.8 (3.6) 13.7(13.9) 32.1(31.9) 0.34 

Mo,OdPhen),(H,O), 44.3 (44.2) 3.0(3.1) 8.3 (8.6) 29.7 (29.4) 0.28 

Mo20,(Bipy)2(H20)Z 40.0 (39.7) 3.2 (3.3) 9.4 (9.3) 31.6(31.7) 0.25 
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Abstract-The preparation and characterization of Ru(II)-arene compounds [(RuCl,(p- 
cym)},(p-L-L)] where p-cym = p-MeC,H,CHMe,; and L-L = diphenylphosphinomethane 
(I), l,l’-bisdiphenylphosphinoferrocene (II), pyrazine (HI) and 4,4’-bipyridine (IV), are 
described. Electrochemical data for these compounds obtained by cyclic voltammetry and 
coulometry are reported. The electrochemical reduction of compounds I or II yields 
ruthenium(O) species. However, compounds HI or IV containing ligands with delocalized 
rr orbitals undergo one-electron reduction. The ESR signal detected during the electrolysis 
of compounds III or IV is consistent with one delocalized electron through the whole 
dinuclear unit. 

The electrochemical oxidation of dinuclear Ru(II)- 
Ru(I1) compounds has been extensively studied.le3 
In some cases two single-electron transfer processes 
are observed and the mixed valence compound 
Ru(II)-Ru(II1) can be isolated.’ The electro- 
chemical reduction which would generate a priori 
Ru(II)-Ru(1) or Ru(I)-Ru(1) species has been stud- 
ied much less. 

We have recently described how the electro- 
chemical reduction of compounds of the type 
{ RuCl,(arene)} 2 generates Ru(1) compounds of only 
limited stability in solution at room temperature.4 
The number of Ru(1) compounds described in the 
literature is very limited and in all the cases where 
a metal-metal bond is present.5 

The electrochemical generation of Ru(1) species 
seems to be possible only if a metal-metal bond 
can be formed. We assumed that by using adequate 
bridging ligands we could stabilize binuclear Ru(I)- 
Ru(1) compounds. So we have prepared and studied 

*Author to whom correspondence should be addressed 

the electrochemical properties of several new dinu- 
clear ruthenium compounds containing phos- 
phorus bridging ligands. Other compounds con- 
taining nitrogen ligands with delocalized IL orbitals 
are also studied. 

EXPERIMENTAL 

All solvents were reagent grade and were 
degassed and dried prior to use by standard pro- 
cedures. All the reactions were carried out under 
argon using the Schlenk technique, although the 
isolated compounds were air-stable. 

Preparation of the compounds 

{RuCl&-cym)Iz9 {RuCM-wdl &ye and 
[{Ru&l,(p-cym),}BPhJ were prepared by litera- 
ture methods.6-* 

(a) [{RuCl,(p-cym)},(pdppm)] (I). A solution of 
dppm (77mg, 0.2mmol) in CH,Cl, (5 cm3) was 
added to a solution of (RuCl,(p-cym)), (122mg 
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0.2 mmol) in CH,Cl, (10cm3). The solvent was 
evaporated under reduced pressure and upon 
addition of hexane a red precipitate was formed. 
The precipitate was filtered, washed with hexane 
and dried in oacuo. Yield 72%. Found: C, 50.3; H, 
4.9%. Calc. for C,,H&I,P2Ru, . CH,Cl,: C, 51.0; 
H, 4.7%. 

(b) C{RuCl,(p-cym)),(~-Fe(C,H,PPh,),)l (II). A 
solution of Fe(C,H,PPh,), (73mg, 0.13mmol) in 
CH,Cl, (3cm’) was added to a solution of 
(RuCl,(g-cym)}, (80mg, 0.13 mmol) in CH,Cl, 
(6 cm3). Hexane was added and the solvent evapor- 
ated under reduced pressure. The red precipitate 
was filtered, washed with hexane and dried in uacuo. 
Yield 87%. Found: C, 56.1; H, 5.1%. Calc. for 
C,,H,,Cl,FeP,Ru,: C, 55.6; H, 4.8%. 

(c) [(RuCl,(p-cym)},(,u-pyz)] (III). A solution of 
pyrazine (16mg, 0.2mmol) in CH,Cl, (3cm3) was 
added to a solution of { RuCl,(p-cym)}, (122 mg, 
0.2 mmol) in CH,Cl, (10cm3). At 10 min the 
solution was cloudy and in 1 h the precipitation of 
an orange-yellow compound was completed. The 
precipitate was filtered, washed with CH& and 
dried in uacuo. Yield 70%. Found: C, 39.8; H, 4.6; 
N, 3.7%. Calc. for C,~H,,CI,N,Ru,: C, 41.0; H, 4.5; 
N, 4.0%. 

(d) [{RuCl,(p-cym)},&-4,4’-bipy)]. (IV). A sol- 
ution of 4,4’-bipyridine (39mg, 0.25 mmol) in 
CH,Cl, (5cm3) was added to a solution of 
{RuCl,(p-cym)}, (153 mg, 0.25mmol) in CH&l, 
(15 cm3). The solution was stirred for 2 h at room 
temperature, during which a yellow precipitate 
was formed. The precipitate was filtered, washed 
with CH,C12 and dried in uacuo. Yield 76%. 
Found: C, 46.3; H, 4.6; N, 3.3%. Calc. for 
C3cH3&14N2Ru2: C46.8; H,4.6; N, 3.6%. 

Instrumental 

IR spectra were recorded on a Pye-Unicam SP- 
2000 spectrometer. NMR spectra were recorded on 
a Brucker AC-200 spectrometer. ESR spectra were 
recorded on a Varian E-12 spectrometer provided 
with a 100 kHz field modulation. The g factor 
was obtained by means of relation g = 0.714484~ 
(MHz)/H(G) where the magnetic field H (in Gauss) 
at the sample was measured using a Gaussmeter 
and the microwave frequency (v) (in MHz) was 
measured with a high precision frequency meter. 

For complicated spectra the hyperfine coupling 
constants were obtained by comparing experimen- 
tal and computer-simulated spectra, assuming a 
Lorentzian line-shape. 

The electrochemical experiments were carried 
out in a three-electrode cell. The working and 
auxiliary electrodes were platinum, the reference 

was a saturated calomel electrode, electrically con- 
nected to the non-aqueous solution by a “salt- 
bridge” containing the non-aqueous solvent and 
the supporting electrolyte. 

Cyclic voltammograms were obtained with a 
programming function generator 305 H.Q. Instru- 
ments which was connected to a 552 Amel poten- 
tiostat and recorded with a Riken-Denshi F35 
x-y recorder. 

The solvents were THF, freshly distilled over 
Na-benzophenone and DMSO dried by elution 
through a column of activated alumina and distilled 
under reduced pressure. The supporting electrolyte 
was BuoNPF, recrystallized from ethanol and dried 
at 80°C in uacuo for 48 h. 

In order to prove the presence of paramagnetic 
binuclear Ru(II)-Ru(1) species, we carried out sim- 
ultaneous ESR and electrochemical experiments. 
The electrolysis is performed by placing a special 
flat cell inside the microwave cavity of the X-band 
spectrometer. We used the Willmad and Glass Co. 
Electrolytic Cell Assembly for ESR studies. 

To obtain ESR spectra with high resolution, we 
prepared dilute solution of the studied compounds 
(1 mM) and used very low microwave power 
(2-5 mW). The solutions were degassed for 30 min 
to avoid the scavenging effect of dissolved oxygen. 
All the electrochemical experiments were carried 
out under an inert atmosphere. 

RESULTS AND DISCUSSION 

Compounds I-IV are prepared by reacting 
{RuCl,(p-cym)}, with a stoichiometric amount of 
the ligand L-L in CH,Cl, at room temperature. 
Compounds III and IV are of limited solubility in 
CH,Cl, or THF and all the spectroscopic and 
electrochemical measurements have been per- 
formed in DMSO. The compounds are non-electro- 
lytes in solution. (The measurements of conductivity 
were carried out in CH,Cl, for compounds I or II 
and in DMSO for compounds III or IV.) 

‘H and 31P NMR spectra support the dinuclear 
stoichiometry [(pcym)RuCl,(~-L-L)RuCl,(pym)] 
proposed for these compounds (Table 1). Compounds 
I and II show singlet signals in the 31P NMR spectra 
at 21.1 and 18.3ppm respectively, indicating that 
both phosphorus nuclei are coordinated. 

The four protons of the pyrazine ligand in 
compound III are equivalent and they appear as a 
sharp resonance at S = 9.03 ppm. Both &H,N 
moieties of the bipy ligand in compound IV give 
two doublets in the ‘H NMR spectrum at 9.1 
and 7.4 ppm (J = 7 Hz). All the proton resonances 
corresponding to the p-cymene ligand are also 
observed for compounds I-IV. 
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Table 2. Electrochemical parameters for the compounds 
E”d 

P 4 

Compound A, A, A; 

C(RuCl,(p-cym)),CC1-dppm)la - 1.64’ 1.40” 
C{RuCl,(p-cym)),~-dppell - 1.58’ - 1.7(Y 1.14* 

C{RuCl,(p-cym)),{~-Fe(C,H,PPh,),}l” - 1.92’ 0.64* 

C{RuCl,(p-cym)J,~-pyz)l* - 1.3w -2.12’ 

C{RuClz(p-cym)},(~-4,4’-bipyllb - 1.28’ - 1.86’ 

C{Ru&l&-cym)~)BPh.J - 0.74 

“Conditions: 0.1 M Bu,NPFs in THF; scan rate lOOmVs_ ‘. 
*Conditions: 0.1 M Bu,NPF, in DMSO, scan rate lOOmVs_ ‘. 
‘Irreversible cathodic &ak. 
*Reversible anodic peak. 

A compound of stoichiometry [RuCl,(p-cym) 
(dppm)] has been previously described? suggesting 
that the phosphine coordinates to the ruthenium 
atom only through one phosphorus atom. We have 
repeated the reported preparative method, obtain- 
ing the same spectroscopic and analytical results 
as for compound I. The bidentate coordination of 
dppm ligand is evident from the analytical data 
and from the integration of the ‘H NMR signals 
which fit better a bimetallic stoichiometry. 

Electrochemical data 

Table 2 summarizes the electrochemical data for 
compounds I-IV as well as for [{RuCl,(p-cym)}, 

Wbpe)l WI and C{Ru,(Cl,(p-cym),}BPh,l WV. 
Compounds containing phosphorus ligands reduce 
at higher potential values. Fe.(C,H,PPh,), behaves 
as a stronger electron donor ligand than dppm or 
dppe and consequently compound II reduces with 
more difficulty than compounds I or V. Only one 
reduction peak is observed for compounds I-IV, 
while compound V shows some splitting in the first 
process. 

Potential-controlled electrolysis on the plateau 
of peak A i gives a consumption of 4 F mol- i for 
compounds I, II and V. This indicates that in A, 
a complicated process yielding Ru(0) species takes 
place. 

According to this, these three compounds do not 
show any clear tendency to stabilize the oxidation 
state (I) as observed for {RuCl,(p-cym)},. They 
behave like other mononuclear compounds such as 
RuCl,(p-cym)PPh,. This compound shows two 
close reduction peaks, A, (- 1.54V) and A, 
(- 1.64 V) each corresponding to one-electron 
transfer processes. 

Compounds I, II and V oxidize reversibly with 
II showing the lowest oxidation potential. 

Another aspect related to the electrochemical 
behaviour of {RuClJp-cym)}, is the fact that the 
first reduction peak A i at - 0.98 V corresponds to 
the simultaneous reduction of both Ru atoms. No 
evidence of an intermediate Ru(II)-Ru(I) species 
has been observed. 

considered 

(R$l,@-cym),) + 

the cationic species 
an interesting compound to 

generate Ru(II)-Ru(1) species. As cationic com- 
pounds usually reduce at lower potentials than 
neutral ones with the same oxidation state, we 
should expect { Ru,Cl,(p-cym),} + to show a separ- 
ate reduction peak corresponding to Ru(II)-Ru(I1) 
+ Ru(II)-Ru(1) process. This compound reduces 
at -0.74V. The exhaustive electrolysis at this 
potential value gives a consumption of 1 Fmol-‘. 
From the resulting solution, {RuCl,(p-cym)}, can 
be isolated in a low yield. This indicates that the 
product of the reduction is not stable and shows a 
chemical evolution, probably such as 
Ru(II)-Ru(1) -. Ru(II)-Ru(I1) + Ru(I)-Ru(1). EPR 
measurements on the reduced solution of 
{Ru,Cl,(p-cym)} + fail to show any evidence of a 
paramagnetic species in solution. 

Another possible way to stabilize mixed valence 
species might be the use of bridging ligands capable 
of delocalizing electron density as pyrazine or 4,4’- 
bipyridine. 

The complexes CWCMP-cym))d~-pyzll and 
[{RuCl,(pqm)}&4,4’-bipy)] show a mono- 
electronic reduction peak at - 1.28 V assignable to 
the Ru(II)-Ru(I1) + Ru(II)-Ru(I) process. This 
reduction peak is in both cases irreversible. A 
second reduction peak is also observed for each 
compound. The potential values for the second 
peak are very similar to the reduction potential 
values of the corresponding ligands pyz and 4,4’- 
bipy. 

The reduced species are fairly stable in solution 
and have been detected by ESR spectroscopy. The 



Electrochemical study of dinuclear Ru(II)-arene complexes 

Fig. 1. EPR spectrum of reduced [{RuCl,(p-cym)},@-pyz)]. 

Fig. 2. EPR spectrum of reduced [{RuCl,(p-cym)},(lr-4,4’-bipy)]. 
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ESR spectra obtained are shown in Figs 1 and 2. 
These spectra are very well resolved and show a 
metal-ligand isotropic superhyperfine interaction. 
The spectrum of the reduced complex 
[(RuCl,(p-cym)},(ppyz)] is composed of two quin- 
tets with the following hyperfine splittings: 
aN = 7.20 G and aH = 2.65 G (pyrazine ring pro- 
tons). Its g factor is 2.0036. 

The spectrum of the reduced complex 
[ { RuCl,(p-cym)},@-4,4’-bipy)] is complicated and 
from its analysis by simulation assuming Lorentzian 
line-shape, three hyperfine coupling constants were 
obtained, whose values (in G) are: 3.50 (Q, 1: 2: 3: 2: l), 
2.35 (Q, 1:4:6:4:1) and 0.45 (Q, 1:4:6:4: 1). The first 
quintet corresponds to the nitrogen splittings and 
we assign the quintets with 2.35 and 0.45G to the 
ortho and meta protons of the bipyridine rings, 
respectively. This assignment is based on the analy- 
sis of the canonical structure of this compound. Its 
g factor is 2.0030. Further studies of these and other 
related ruthenium arene complexes containing 
ligands with delocalized rc orbitals are in progress. 

Acknowledgement-We thank Comision Asesora de 
Investigation Cientifica y T&cnica (CAICYT) for financial 
support under grant no. 3275183. 
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COMMENTS ON THE CLAIMED NOVEL COMPOUND 
CYCLOHEPTATRIENYL THALLIUM(II1) DICHLORIDE 

M. B. MILLIEAN and B. D. JAMES* 

Department of Chemistry, La Trobe University, Bundoora, Victoria 3083, Australia 

(Receioed 1 July 1986; accepted 24 July 1986) 

Abstract-Reaction of pyridinium pentachlorothallate(II1) with cycloheptatriene and 
triethylamine in dichloromethane yielded the pyridine adduct (C,H,N)TlCl,~C,H,N and 
not the novel complex originally claimed. Cycloheptatriene does not interact at all with 
the metal under the experimental conditions. 

Cycloheptriene forms well-known complexes of the 
C,Hq ligand when a hydride has been abstracted 
from the parent hydrocarbon. The ligand formally 
is a sixelectron donor akin to CsH; and CeH,. 
Similarly, a formal seven-electron donor function 
is obtained if a hydrogen atom is abstracted (e.g. 
by using Pt).‘s2 A third ligating function has been 
claimed for cycloheptatriene: namely that of acting 
as C,H; after proton abstraction from the parent. 
This was proposed on the basis of a number of 
reactions reported with various transition metal 
chlorides such as TaCl, and WOCl, in refluxing 
benzene, when hydrogen chloride was evolved.3*4 

An extension of this function to Main Group 
compounds of Sn(IV), Pb(IV) and Tl(II1) was also 
claimed, although only the thallium reaction has 
apparently been published.5 The reaction involved 
the interaction of pyridinium pentachloro- 
thallate(II1) with the hydrocarbon in dichloro- 
methane, using triethylamine as a proton 
tor: 

abstrac- 

(C,H,N)nCls + C,H, + GW,N 

+ C,H,TlCl, + 2C,H,NCl 

+ (C,H,),NHCl. 

On the basis of the reported IR spectral frequencies, 
a n-bonding function for the C, ligand was sug- 
gested. This seemed unusual because cyclic hydro- 
carbon derivatives of Group III metals do not 
generally form well-defined x-bonded complexes in 
the same manner as transition metals. For example, 

*Author to whom correspondena should be addressed. 

the species CsH,MR, (M = Al, Ga or In; R = CH,, 
C,H,) appear to form a series in which the C, ring 
is not bonded in a $ manner.6 Likewise none of 
the rings in tris(cyclopentadieny1) indium can be 
classified as n-bonded in the ‘sandwich’ manner.’ 
While the large Tl(II1) cation probably could 
accommodate a n-bonded planar ring, it seemed 
more likely that the marked stability of di-organo- 
thallium(II1) compounds would tend to force a 
product to that stoichiometry or, alternatively, 
sufficient electron density would be donated to the 
metal to cause its facile reduction to the + I state.s 

Of further interest to us was the reactivity of 
the chlorothallate reagent. Leaving aside for the 
moment the confusion over whether the authors’ 
description of the use of the pentachlorothallate 
really meant that reagent,g it appeared to be a 
possibility that one mole equivalent of the amine 
added to (CsH,N),TlCl, could form a donor- 
acceptor complex as was found with dimethyl- 
sulfoxide.” In addition, unless the product was 
exceptionally stable, it seemed unlikely that cyclo- 
heptatriene @K, - 301i) would be deprotonated 
by the amine under the mild reaction conditions 
reported. In view of the novel nature of the reported 
compound, we have reinvestigated the stated syn- 
thetic procedure, using both (C,H,N),TlCl, and 
(C,H,N)TlCl, as starting materials. 

EXPERIMENTAL 

Pyridinium salts of TlCli- andTlC1; were 
prepared from Tl,O, as described previouslyg*‘* 
and triethylamine and cycloheptatriene of good 
commercial quality were purified according to the 
directions given by Perrin et all3 Reactions were 

479 
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Table 1. Microanalytical results’ 

Sample % c % H % N % Cl Product 

A 23.5 (23.8) 2.3 (2.2) 5.6 (5.5) 27.9 (28.1) (C,H,N)TlCl,-CsHSN 
B 28.3 (29.0) 2.8 (2.8) 6.7 (6.8) 29.1 (28.5) (C,H,N),TQ . C,H,N 
C 18.5 (18.6) 1.9 (1.9) 32.6 (33.0) (CSH,N)JTW, 
D 12.5 (14.1) 1.3 (1.4) 33.9 (33.3) (C,H,N)TlCl, 

“Microanalyses were performed by AMDEL, Melbourne or by Malissa and Reuter, 
Engelskirchen, F.R.G. Values in parentheses are those calculated for the product suggested. 

performed in a N&Bled glovebox and manipu- 
lations were performed using appropriate vacuum 
line procedures when necessary. 

The reaction described by Kumar and Sharmas 
was performed with both possible chlorothallate 
starting materials as described below. 

(i) Using (C,H,N),TK&. Equimolar quantities 
(10 mmol) of pyridinium pentachlorothallate (5.4 g), 
cycloheptatriene (0.92 g) and triethylamine (1.0 g) 
were mixed in CH,Cl, (350cm3) and left to stand 
for $h at 18°C in a glovebox. A slight turbidity 
was observed and was removed by filtration 
through a G4 frit. This operation caused some 
white crystals, m.p. 151”C, to precipitate in the 
filtrate. Once these had been removed, the remain- 
der of the filtrate was concentrated on a vacuum 
line and yielded two more crops of the same 
material, m.p. 151°C. Microanalysis: sample A 
(Table 1). 

triethylamine (0.51 cm3). The mixture was allowed 
to stand for 1 h after which the cloudiness was 
removed using filter aid and the resulting clear 
solution was concentrated on a vacuum line. The 
white solid which separated on concentrating the 
solution had a m.p. 144-145°C. Microanalysis: 
sample B (Table 1). 

(ii) Pyridinium tetrachlorothallate(II1). A similar 
reaction was performed using (CSH,N)TICl, (1.0 g, 
2.3 mmol) and triethylamine (0.35 cm3). The slightly 
cloudy orange solution obtained after N 1 f-h was 
filtered and separated into two portions. One of 
these was evaporated quickly on a vacuum line and 
the oil so obtained was redissolved in CDC13 for a 
13C NMR spectrum. The remainder was concen- 
trated on a hot water bath and also yielded an oil 
from which thallium(I) chloride precipitated over 
some hours. 

(ii) Using (C,H,N)TlCl,. The above procedure 
was repeated with equimolar quantities (2mmol) 
of (C,H,N)TlC14 (1.0 g), triethylamine and cyclo- 
heptatriene. After 1 h, a slightly cloudy orange 
solution was obtained which was filtered to remove 
the very fine suspension. Part of the resulting 
solution was concentrated on a rotary evaporator 
(under a N, bleed), while the remainder was concen- 
trated on a hot-water bath in the air. Both methods 
yielded a brown-orange oil, but operations in air 
result in the oil decomposing faster as evidenced 
by its progressive darkening. 

Reactions with cycloheptatriene 

(i) Pyridinium pentachlorothallate(II1). To a sol- 
ution of (C,H,N),TlCl, (1.92g, 3.5mmol) in 
300cm3, was added cycloheptatriene (0.37 cm3) and 
the mixture allowed to stand for N 1 h after which 
it was concentrated on a vacuum line to yield a 
white solid, m.p. 130°C. Microanalysis: sample C 
(Table 1). 

The oil obtained from the rotary evaporator was 
examined by 13C NMR spectroscopy (JEOL JNM- 
PS-100 PFT instrument operating at 25 MHz; 
N 600 pulses, 2.5 s repetition time; CDCl, solution) 
(Table 2). 

The potential for triethylamine and cyclo- 
heptatriene to react separately with each of the 
chlorothallate reagents was examined as described 
below. 

(ii) Pyridinium tetrachlorothallate(II1). In a similar 
reaction, (C,H,N)TlCl, (1.0 g, 2.3 mmol) was mixed 
with cycloheptatriene (0.25 cm3) in CH,Cl, 
(300 cm3). The very fine white solid which developed 
over N 4 h was removed by filtration and the filtrate 
was concentrated on a vacuum line to yield a 
crystalline material. Microanalysis: sample D 
(Table 1). 

RESULTS 

Reactions with triethylamine 

Microanalytical data obtained on the precipi- 
tated products are given in Table 1, while the 13C 
NMR spectra obtained on the oily products are 
presented in Table 2. Samples A and B appear to 
be chlorothallate-pyridine adducts and their IR 

(i) Pyridinium pentachlorothalZate(II1). To a sol- 
ution of (CSH6N)zTlC15 (2 g, 4mmol) in 200cm3 
CH,Cl, was added an equimolar amount of spectral data are given in Table 3. 
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Table 2. i3CNMR spectra in CDCl, 

Sample 
CheTj;i)shift Peak height 

I%) Assignment 
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(W-W’WQ + GW,N + Cd% 
(orange-brown oil-fresh sample) 

GH,N)~Cl, + GW,N 
(orange-brown oil-fresh sample) 

Triethylamine (distilled) 

Cycloheptatriene (distilled) 

Reference compounds 

29.67 
120.74 
126.50 
130.87 

124.13 
136.93 
144.13 

9.10 
46.78 

124.07 
136.67 
149.25 

9.28 
46.66 

11.71 
46.35 

27.97 (28.8)“ 
120.74 (123.3) 
126.50 (129.8) 
130.92 (134.1) 

(C,H,)M(C,H,)(M = Cr, MO, Ti or Zr)* 80-90 

$-&Ha in Cr(C0)s(q6-C,H,y 23.48 
24.17 
57.61 
58.15 
99.47 

100.22 
101.73 
102.27 

“Values in parentheses are taken from Ref. 17. 
‘Values obtained from Ref. 18. 

13.24 
14.42 
11.75 
17.05 

19.19 

19.72 
30.54 

C7 

PYH+ 

42.94 
85.86 > 

(CzHs),N 

11.75 
17.36 
29.07 

PYH+ 

37.48 
109.50 o/F (C,H,),N 

41.54 
100.82 O/F 

46.24 Cl 
53.90 c2 

One peak, seven 
equiv. C atoms 
c7 
c7 
Cl 
C6 
c3 
c4 
c2 
c5 

DISCUSSION 

It is quite clear from the results obtained here 
that an 85% yield of a red-brown compound with 
formula C,H,TlCl, was not obtained under the 
conditions described by Kumar and Sharma.s From 
the pentachlorothallate(II1) starting material, the 
colorless product obtained analyzed well for the 
adduct (C~H,N)T’lCl, * C,H,N and this formu- 
lation was supported by the IR spectrum which 
displayed vibrations characteristic of coordinated 
pyridiner4 in addition to those of the pyridinium 
ion (Table 3). Evidence for interaction of the metal 
with cycloheptatriene was not forthcoming. Using 
the tetrachlorothallate(II1) instead, an orange oil 
could be isolated, but this was unstable at room 
temperature and decomposed within 5 h. The 13C 
NMR spectrum obtained while the sample was still 

fresh showed that those peaks which were due to 
cycloheptatriene were virtually unchanged from 
those of the pure hydrocarbon (Table 2). Certainly, 
they bore no resemblance to those spectra which 
have heen reported for authentic q7-C7H7 or even 
for @-C7H, complexes, in which considerable shifts 
are observed for the various C resonances. 

In the absence of the amine, cycloheptatriene 
also did not interact with the thallium center. Its 
addition to a solution of (C~H,N),‘IlCl, caused 
(C,H,N),Tl,Cl,, to separate. It appears that the 
hydrocarbon merely changes the properties of the 
solvent, so as to shift the chlorothallate equilibrium 
in favor of the rather stable enneachloride. With 
(C,H,N)TlCl,, somewhat impure starting material 
was the only solid product obtained. 

Any orange colors which were observed appeared 
to arise from oxidation of the amine by 
(C,H,N)TlCl,. Highly colored materials have been 



482 M. B. MILLIKAN and B. D. JAMES 

Table 3. IR spectra of chlorothallate-pyridine adducts (KBr pellets) 

Assignments 
Compound CsH6N+ Ion Coordinated C,H,N 

(C,H,N),TlCl,*C,H,N 3340-2600 w, br; 1635 m; 1446s; 1350~; 1208m; 1152~; 
1607m; 1595m; 1532s; 106Om; 1032m; 1010m; 865 w, 
1488 s; 1385 w; 1365 sh; br; 755m; 698s; 631m; 417m 
1325 w; 1260 sh; 1241 w; 
1198m; 1164m; 105Osh; 
104Osh; 740s; 610s; 
610s; 674s; 389 w 

(C,H,N)TICl,.CSH,N 104Om; 1607 not well resolved, 
560 w,br 

Mn(C,H,N),Cl,’ 1442, 1362, 1223, 1152, 1076, 
1005,691,625,417 

‘From Ref. 4. 

v(TI--cI) 

295 s, 235 s 

260 (sh), 230 s 

recognized from such reactions for many years, but 
these have not been investigated further.s There 
was a small (N 2.5 ppm) downfield shift for the C, 
atom of the amine when the reaction occurred. This 
change in the NMR spectrum was, however, very 
much larger than was observed for any of the 
carbon atoms of the cycloheptatriene. 

It is evident, then, that the major role of the 
amine in the reaction mixture is to remove a proton 
from the pyridinium cation rather than from the 
cycloheptatriene, which thus remains unreacted. 
Free pyridine is thereby released and is able to 
form an adduct with one of the chlorothallate 
species in solution. Such proton transfer behavior 
is quite consistent with the relative acidities of 
the species involved: cycloheptatriene, being an 
exceptionally weak acid, while triethylamine 
(Kb = 5.6 x 10m4) is a stronger base than pyridine 
(K,, = 2.3 x lo-‘).” 

Consequently, we remain unconvinced of the z- 
cycloheptatrienyl thallium(II1) dichloride reported 
by Kumar and Sharma and are left querying 
whether some essential experimental details were 
omitted from their paper. We have had cause 
to complain before about what appeared to be 
unreliable analytical procedures employed by this 
groupg*16 but in this instance in which there appears 
to be no resemblance at all to the product claimed, 
the standard of the work appears to be very 
disappointing. 
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Abstract-According to two early Chinese protochemical procedures, metallic gold and 
silver can be brought into solution by a mixture of nitre and vinegar, together with iron(I1) 
sulphate and various organic additives, respectively. We conclude that for the solubilization 
of gold, iodide formed by reduction of iodate, a common impurity in crude nitrate deposits, 
is required, but that the nitrate has no role other than to introduce the iodate: for the 
solubilization of silver, nitrite formed by reduction of nitrate by organic matter is essential. 
The role of iron(I1) sulphate in the solubilization of gold appears to be the reduction of 
iodate. 

The properties of gold have exerted a unique 
fascination from the earliest times’*’ to the present 
day.‘v3 

Because of its ability to resist corrosion, medieval 
Chinese protochemists considered gold as one of 
the keys to immortality. By its consumption it was 
hoped a man would be able so to refine his body 
so that he would never grow old or die. Moreover, 
Ko Hung, in the Bao-pu zi, a text of ca. ~~300 
indicates that artificial ‘Alchemical Gold’ was 
regarded as superior to natural gold as an ingredient 
of the elixirs of immortality. The challenge was to 
render gold in a form suitable for use as a drug. 

Consequently the two techniques of aurifaction 
(the conversion of other materials into gold; cf. 
aurifiction, involving wilful deceit?) and of solubiliz- 
ation to form potable gold were of the utmost 
importance, and upon them much effort was 
expended. To understand the practical, as well as 
the philosophical, background of the protochemists 

*Author to whom correspondence should be addressed. 

of early medieval China it is important that these 
techniques be subjected to experimental scrutiny. 

One published method for the production of 
potable gold is that described in the protochemical 
manual, the San-shi-liu Shui Fa4 (Thirty-six 
Methods for the Bringing of Solids into Aqueous 
Solutions). Needham et al.’ have published a full 
translation of this text, and have dated it as of 
about the sixth century AD. However, some of the 
procedures described in the San-shi-liu Shui Fa 
probably date from as early as the second century 
BC:' some are described in the Bao-pu zi of Ko- 
Hung, and others come from the San-shi-liu Shui 
Ching (Manual of the Thirty-six Aqueous Solutions) 
which predates Ko Hung. As printing was in use 
in China during the eighth century AD, it is probable 
that the copy of the San-shi-liu Shui Fa which 
survives is an accurate reproduction of the sixth- 
century original. While the San-shi-liu Shui Fa 
is tersely written with precise and unambiguous 
instructions for bringing various minerals into sol- 
ution, many of the procedures appear at first sight 
to be rather startling, for example the solubilization 
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of mercury sulphide or of elemental lead using only 
very dilute acetic acid (vinegar), and potassium 
nitrate (nitre), together with copper sulphate in the 
case of mercury sulphide. 

However, experimental study of the solubiliz- 
ation of mercury sulphide showed6 that in the 
presence of chloride, a common impurity in nat- 
urally occurring nitre, dissolution of HgS proceeds 
readily with formation of HgCl, and sulphate: 
similarly, the solubilization of elemental lead was 
shown’ to be dependent upon the presence of traces 
of nitrite, again a common impurity in nitre exposed 
to organic materials such as the hollow bamboo 
tubes prescribed’ as the reaction vessels. Given the 
presence of only chloride or nitrite, respectively, the 
otherwise wholly insoluble mercury(I1) sulphide 
and metallic lead readily dissolve in dilute acetic 
acid/nitre mixtures, confirming the accuracy at 
least for these two procedures of the observations 
recorded in the San-shi-liu Shui Fa. 

The procedure for the production of tin(IV) 
sulphide (mosaic gold) described in the Bao-pu zi 
of Ko Hung, provides a further example of the 
accuracy of observation and description displayed 
by the early Chinese protochemists: according to 
the essentials of this recipe, mosaic gold (SnS,) is 
produced by heating elemental tin with potassium 
alum, KAl(SO,),. This would require the sulphate 
ion to act as a powerful oxidant, itself being reduced 
to sulphide. Experimental study of Ko Hung’s 
procedure confirms the formation of SnS, from 
alum or, more simply, from aluminium sulphate:’ 

+ 3 Al,(SO& + 4Sn -+ 3 AlzO, + 3Sn0, + SnS,. 

Thermochemical calculations on this, and similar 
processes, indicate* that the principal driving force 
for the reaction is the formation of tin(IV) oxide, 
but that most metal sulphates should be capable 
of oxidising elemental tin to (3Sn0, + SnS,). Simi- 
larly aluminium sulphate should be capable, 
thermodynamically, of oxidising elemental hydro- 
gen to (3H,O + H,S):’ experimental verification of 
this point predates its thermochemical prediction 
by cu. 150 years.” 

The experimental verificatiorP8 of the essential 
correctness of three apparently remarkable recipes 
from the San-shi-liu Shui Fa and the Bao-pu zi 
indicates most strongly that chemical procedures 
given in early Chinese sources, no matter how 
unlikely they may at first appear in the content of 
modern chemical knowledge, ought not to be 
dismissed without experimental investigation.’ ’ 

The solubilization of gold 

The San-shi-lui Shui Fa procedure is as follows:4*5 

(29) Huang-jin shui-an aqueous solution of gold. 
1 lb of gold and 21b of green vitriol (iii fan), 
sealed in a bamboo tube with lacquer and 
placed in vinegar for 50 days will form an 
aqueous solution. 

Green vitriol is the mineral copperas or melanterite, 
iron(I1) sulphate heptahydrate, FeSO, .7H,O (but 
see below). Unlike most of the San-shi-lui Shui Fa 
recipes, this procedure does not explicitly mention 
the addition of nitre, just as one of the recipes for 
dissolution of mercury sulphide does not include 
the addition of any liquid phase, although vinegar 
is clearly required. 5.6 However the commentary 
in the Huang-Di Jiu Ding Shen Dan Jing Jue 
(Explanation of the Yellow Emperor’s Manual of the 
Nine-vessel Magical Elixir)‘* states that ‘all the 
methods depend upon the use of nitre’.’ Needham 
et al. regard the occasional omission of similar 
vinegar or nitre from the directions given in the 
San-Shi-liu Shui Fa as no more than inadvertence, 
or considered unnecessary by the author. 

The recipe as it stands immediately poses prob- 
lems: Needham comments’ that ‘one cannot feel 
that the gold recipe gave the alchemists much 
satisfaction’. Uniquely amongst the metallic 
elements, gold forms no aqua ions which are stable 
in aqueous media, and hence in the absence of 
coordinating ligands gold cannot be oxidized from 
the elemental state at any pH in aqueous solution.i3 
To dissolve metallic gold in aqueous media, both 
an oxidizing agent and a good coordinating ligand 
for a class b (soft) metal ion are required: neither 
alone is sufficient. Both acetate and nitrate are 
extremely poor ligands towards soft cations, and 
hence it seemed probable that any dissolution 
of metallic gold in acetic acid/potassium nitrate 
mixtures would be dependent upon the presence of 
specific impurities, as found for the dissolution in 
such media of mercury(I1) sulphide6 and of metallic 
lead.’ 

We first confirmed that acetic acid/potassium 
nitrate mixtures do not dissolve metallic gold. 
Under our normal experimental conditions (see 
Experimental section) we estimate that dissolution 
of as little as 0.5% of the original charge of 
metallic gold would be accurately and reproducibly 
measurable. In fact in these experiments, no gold 
was detected in solution even after a reaction time 
of 70 days, thus confirming the requirement of an 
impurity if any gold is to be brought into solution 
by such a solution. 

We then surveyed the effects not only of iron 
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salts and potassium alum, a common ingredient in 
the recipes of the San-shi-liu Shui Fa, but also of 
likely impurities in the potassium nitrate. The 
production of potassium nitrate, by extraction from 
soil, remained as a primitive technique from ancient 
times until well into the present century,14 and 
the composition of the end-product varied widely 
depending upon the area of production. While 
samples containing up to 97% KNO, were found14 
in some areas, other samples contained as little 
as 50% (NaNO, + KNO,): with nitrate contents 
averaging N 70-75%) the scope for various active 
impurities to be present is wide. 

Potassium alum, a common ingredient in San- 
shi-liu Shui Fa procedures, was without effect, as 
were the iron(I1) salts, iron(I1) chloride, sulphate, 
and gluconate. The impurities found earlier to be 
important in the solubilization of mercury (II) 
sulphide6 and metallic lead,’ namely chloride and 
nitrite, respectively, were also wholly ineffective, as 
was iodate(V), [IO,]-. Of the plausible impurities, 
only iodide is really effective in promoting the 
solubilization of gold, although bromide has a very 
modest effect. Further investigation showed that 
not only was nitrite wholly ineffective alone, and 
in combinations with iron(I1) salts, with chloride, 
or with potassium alum, but that it completely 
suppressed the solubilizing action of iodide, by 
oxidizing it all to elemental iodine. Iodine was 
shown independently to be entirely ineffective as 
an additive, although a mixture of iodide and 
iodine, i.e. tri-iodide [IJ-, was extremely active. 
These observations all support the view that the 
primary role of the iodide is to act as a complexation 
agent towards gold and that any further additive 
in combination with iodide which destroys this 
capability will suppress the solubilizing action of 
iodide. 

For standard lO-mg charges of gold wire in acetic 
acid/potassium nitrate mixture in the presence of 
added potassium iodide, the extent of dissolution 
increases with time for any non-zero level of iodide 
added, and the rate of dissolution increases with 
KI level, attaining a constant rate around 5% 
added KI. When the potassium nitrate was omitted 
entirely, dissolution still occurred for all non-zero 
levels of added KI, and the general pattern of the 
dependence of the reaction upon KI level was 
unchanged: however, there was a modest, but 
wholly reproducible increase in the rate of dissol- 
ution at any level of added KI. Hence potassium 
nitrate is not an essential requirement for the 
production of the aqueous gold solutions described 
in the San-shi-liu Shui Fa, save only as a possible 
means for the introduction of the crucial impurity, 
iodide. 

Examination of the standard reduction e.m.f.s” 
for the half reactions: 

Au + 21- + [AuI,]- + e- 

e- + H+ + $0, +$HZO 

shows that the oxidation of gold, by atmospheric 
oxygen in the presence of iodide as ligand, is 
thermodynamically feasible at any pH below 8: 
hence in dilute acetic acid media, the sole require- 
ments for the solubihzation of gold as the iodocom- 
plex [AuIJ - are air and iodide ions, and the 
possible sources of iodide in the San-shi-liu Shui Fa 
recipe must now be considered. 

Although iodide is absent from nitrate deposits, 
iodate [IO,]- is a common impurity.‘6-‘* Iodate 
is very readily reduced by iron( in dilute acetic 
acid, to yield iodine, although iodide is absent. The 
standard reduction e.m.f.si5 show that, in isolation, 
iron(I1) cannot reduce iodine to iodide, but that 
such reduction is possible in strongly acid media 
(pH < 1) when coupled to the oxidative complex- 
ation of gold to yield [AuI,] -. Such strongly acidic 
solutions are probably not relevant to the San-shi- 
liu Shui Fa procedure, but organic matter (cf. the 
use of bamboo tubes sealed with lacquer which are 
prescribed’ as reaction vessels in the San-shi-liu 
Shui Fa recipe for the preparation of an aqueous 
solution of gold) will readily reduce iodine to iodide, 
as required for the complexation of gold in soluble 
[AuI,] -. 

Hence the primary role of the potassium nitrate 
in this recipe is to introduce the common impurity, 
iodate, as the primary source of the crucial iodide; 
the role of the iron(I1) sulphate is to effect the 
reduction of iodate to iodine; and the role of the 
lacquer-sealed bamboo tubes is to act not only as 
a reaction vessel (for which purpose alone any 
container would suffice) but, most importantly, as 
the final reductant of iodine to iodide. 

In the published procedure the ingredient lii fun 
was translated’ as green vitriol, FeSO,. 7H,O. 
However, there is the possibility19 of confusion of 
the terms for iron sulphate and&copper sulphate, 
with the possibility therefore that the recipe in the 
San-shi-liu Shui Fa actually calls for blue vitriol 
instead of green vitriol, i.e. for copper sulphate. 
The possible involvement of copper is interesting in 
view of reports z”*zl that metallic gold is somewhat 
soluble in hot HCl solutions of copper chloride, 
although much less soluble at normal temperature. 
However, under similar reaction conditions,“** l 
none of copper sulphate, iron(I1) sulphate or 
iron(II1) sulphate in sulphuric acid effected solution 
unless chloride was added. 
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Substitution of copper sulphate for iron(I1) sul- 
phate has no effect alone on the solubilization of 
gold, but diminishes the effectiveness of iodide: 
although, unlike iron( copper(I1) cannot (cf. Ref. 
15) reduce iodate to iodine, it will however readily 
oxidize iodide to iodine: 

initial rate of silver dissolution, as measured by the 
extent of reaction, after 24 h varied linearly with 
concentration of added nitrite, for nitrite levels 
between zero and 0.4%. 

cu2+ + 21- --+ CuI(s) + 41,. 

If iii fan were interpreted5*lg to mean copper(I1) 
sulphate instead of iron(I1) sulphate, the quantity 
prescribed by the recipe5 would be sufficient to 
prevent any reduction of iodine-containing precur- 
sors to iodide: all would be converted to elemental 
iodine and the wholly insoluble copper(I) iodide, 
and solubilization of gold would be prevented. 
Hence, experiment discounts the possibility that iii 
fan here means copper(I1) sulphate and confirms 
the rendering’ of this term as iron(I1) sulphate. 

The solubilisation of silver 

We have also investigated briefly the solubiliz- 
ation of metallic silver, for which the San-shi-liu 
Shui Fa procedure4*5 is as follows: 

In weakly acidic aqueous media, as here, the 
nitrite anion is protonated to yield either the 
nitrosonium cation, NO+, or its mono-solvate, the 
nitrous acidium ion H2NOl:24*25 the nitrosonium 
cation has an electron affinity 9.27eV26 rather 
greater than that first ionization energy of silver, 
7.57 eV,27 and hence, even when solvation energies 
and the sublimation energy of silver are taken into 
account, the nitrosonium ion is expected to oxidize 
silver metal, with an overall AH* in aqueous 
solution of N 80 kJ mol- ‘. Consistent with this, we 
observed that solutions of nitrosonium tetra- 
fluoroborate in either acetonitrile or sulpholane 
(tetramethylene sulphone) readily oxidized and 
solubilized metallic silver: the nitronium ion also 
readily oxidized metallic silver under these con- 
ditions although at a higher rate. Thus a lOO-mg 
charge of solver was 49% dissolved after 30min 
exposure to 10cm3 of 0.5 molcm-3 NOBF,, but 
81% dissolved after 30 min exposure to 10cm3 of 
0.5 moldm-’ NO,BF,: when the solution was 
0.5moldm-’ in each salt, the silver charge was 
wholly dissolved in 30 min. 

(30) Bai-yin shui-an aqueous solution of silver. 
1 lb of silver, 2 pints of clear wheat sauce, 2 
pints of vinegar, and 1 pint of wine made 
from glutinous millet and the fruits of the 
mu jing shrub; sealed in a bamboo tube with 
lacquer put in vinegar for 30 days will form 
an aqueous solution. 

These observations confirm that, as in the solubi- 
lization of metallic lead,’ the crucial impurity is 
nitrite, without which the standard nitre/acetic acid 
mixture will not effect dissolution. Nitrite is of 
course readily formed from nitrate in the presence 
of organic matter acting as a reducing agent, such 
as the organic components prescribed in the San- 
shi-liu Shui Fa procedure.5 

Glutinous millet (Qi Shu) is Panicum miliaceum, and 
mu jing is Vitex negundo, both medicinal plants.5*22 
As in the gold recipe, no explicit mention is made 
of nitre: as before its omission is inadvertent. For 
the sake of simplicity, we have investigated the 
solubilization of silver only in the context of those 
components of the San-shi-liu Shui Fa procedure 
which are reproducibly accessible: thus we have 
omitted all of the organic components, apart from 
the acetic acid, just as in our previous investigation 
of the solubilization of cinnabar.6 

The mechanistic role of nitrite has not been 
investigated in this work, but it is possible that its 
efficacy depends upon the possibility of a simple 
one-electron redox reaction with silver, to produc- 
ing silver(I) and the volatile by-product nitrogen(I1) 
oxide: 

Ag + NO; + 2H+ + Ag+ + H,O + NO. 

DISCUSSION 

Although silver metal readily dissolves in nitric Each of the four procedures from the San-shi-liu 
acid, Mellor records23 a number of reports in the Shui Fa which has been investigated by contempor- 
older literature that it does so only in the presence ary chemical techniques, namely the solubilization 
of nitrite. Preliminary experiments with mixtures of mercury(I1) sulphide (cinnabar),6 and metallic 
of 60% acetic acid with various concentrations lead,’ gold and silver depends for its effectiveness 
of potassium nitrate showed that no dissolution upon the presence of a highly specific impurity: 
occurred in the absence of added nitrite. For nitrite for metallic lead or silver, chloride for 
standard lOO-mg charges of silver wire in acetic mercury(I1) sulphide, and iodide for gold. We have 
acid-nitre mixtures (see Experimental section) the shown above a plausible source of the iodide in the 
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original5 reaction mixture, while chloride is also2* 
a common impurity in crude nitre: nitrite is readily 
formed from nitrate by the reducing agents, such 
as the organic matter frequently found in San-shi- 
liu Shui Fa procedures. 

While in a number of procedures the additives 
other than nitre and vinegar may appear somewhat 
capricious, for those examples which we have 
investigated, these additives appear to have a chemi- 
cal purpose. Thus in the solubilization of cinnabar,6 
copper sulphate is prescribed5 as an additive, whose 
purpose is to catalyse the oxidation by nitrate of 
the chloride impurity to give elemental chlorine, 
which in turn acts as the primary oxidant of 
mercury(I1) sulphide, yielding mercury(I1) chloride, 
and sulphite. For the solubilization of metallic 
silver, which depends upon the formation of nitrite 
by reduction of nitrate, the original recipe’ pre- 
scribes (see above) the addition of several organic 
components other than bamboo and lacquer, while 
the recipe for gold, whose solubilisation has no 
such requirement for nitrite, prescribes none of 
these. It is therefore interesting that the recipe’ for 
the solubilization of elemental sulphur, which has 
not yet been reinvestigated in modern times, 
requires mulberry dew, presumably as a crucial 
additive. 

Potassium alum was found above to exhibit no 
effect on the solubilization of gold by nitre-vinegar 
mixtures. Use was made of this lack of action 
of alum solutions upon gold in early medieval 
Colombian metallurgy2g*30 in the process of gilding 
of copper objects, and of enriching in gold the 
surface of copper-gold alloys (tumbaga). Upon 
heating the alloy or mixture in air, the gold is 
unaffected but the copper is oxidized to copper(I) 
oxide, Cu,O. Experiment shows that aqueous pot- 
assium alum solutions are sufficiently acidic to 
dissolve the copper(I) oxide, while leaving the 
metallic gold unchanged: repeated application of 
heat, followed by treatment with the acidic alum 
solution therefore leads to a surface layer composed 
almost entirely of metallic gold, even when the 
original alloy is copper-rich. The process relies first 
on the ability of air to oxidize copper but r t gold 
to the metal oxide, and secondly on the solubility of 
copper(I) oxide, but not gold, in aqueous potassium 
alum solution. 

EXPERIMENTAL 

Gold and silver wire, of OSmm diameter, and 
99.9% minimum purity were obtained from Alfa, 
and were used as received. Iodine, of Analar quality, 
was exhaustively washed with distilled water, dried, 
and then subIimed. All other chemicals were of the 

best quality commercially available, and were used 
as received. 

Gold and silver concentrations were measured 
in solution using a Perkin-Elmer model 360 atomic 
absorption spectrophotometer, interfaced to a BBC 
microcomputer for curve analysis and inter- 
polation: multiple sampling (between 5 and 10 
aliquots per solution) was routinely employed. All 
measurements were made on experiments conduc- 
ted in triplicate. 

In a typical experiment, 1Omg of gold wire was 
placed in 10cm3 of aqueous acetic acid (either 30 
or 60% w/v) together with appropriate additives. 
Potassium nitrate, potassium iodide and iron(I1) 
sulphate were at one of the concentrations 0, 0.2, 
0.5, 1, 2, 5%; potassium chloride or bromide were 
at one of 0, 1,2 or 5%; sodium or potassium nitrite 
was at 0, 0.5 or 2%; other additives were generally 
at 0 or 2%. Reaction mixtures were shaken, in air, 
continuously at 21°C and the metal concentrations 
monitored over periods ranging up to 70 days. 
Under these conditions [AuI,] - only is formed: 
[AuI,] - requires 31 large concentrations of free 
iodine for stability. 
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Abstract-The 14N NMR of nitrate ion coordinated to paramagnetic lanthanide cations in 
a series of penta- and hexanitratolanthanate(II1) anions has been recorded in nitrobenzene- 
dichloromethane mixtures for all naturally occuring members of the lanthanide series 
except gadolinium. The nitrate 14N signals show large shifts from their normal values in 
diamagnetic environments. These isotropic shifts are analysed in terms of a mixture of 
Fermi contact and through-space dipolar effects. The nitrogen and carbon isotropic shifts 
from the ammonium cation were shown to be exclusively dipolar in nature. Estimation of 
the approximate relative amounts of contact and dipolar shift in the nitrate isotropic shifts 
was attempted. Mixtures of diamagnetic and paramagnetic complexes show separate nitrate 
14N resonance signals under our operating conditions. A brief discussion of the kinetics 
of exchange of nitrate ion between different lanthanide environments is presented. 

NMR spectra of salts of the type [R,N],,(MX,) 
eontaining paramagnetic metal ions M in moderate 
dielectric solvents are unusual in that the signals of 
probe nuclei on the R4N+ cation are shifted from 
their normal frequencies.’ This is a consequence of 
the formation of ion-pairs or higher aggregates in 
solution. These cation isotropic NMR shifts have 
often been shown, at least for protons, to be due 
to a predominantly axial dipolar shift mechanism. 
It is therefore possible to obtain some measure of 
the structure of the cation in the ion-pair complex. 
In so doing, use is made of the well-known depen- 
dence of the dipolar shift on distances and angles 
(see below). 

Paramagnetic anions of formula Ln(NO,)Z,- 
have been shown to be effective shift reagents for 
R4N+ cations, and we have already presented 
proton NMR isotropic shifts and structural infor- 
mation on several ion-paired systems containing 
these anions.’ This choice of anion has several 
advantages over those derived from the common 
beta-diketonate shift reagents, including low cost 
and insensitivity to moderate amounts of hydroxylic 
solvents. 

*Author to whom correspondence should be addressed. 

X-ray studies on salts containing this type of 
anion show that nitrate acts as a bidentate chelating 
ligand.3 It is often convenient for many purposes, 
in view of the short bite distance of nitrate, to view 
the lo-coordinate Ln(NO,):- ion as a trigonal 
bipyramid. Twelve-coordinate Ln(NO,)z- ions 
also exist, but are less common.4*5 

There are several smaIl details concerning the 
proton isotropic shift patterns in Ln(NO,)i- salts 
which have puzzled us for some time. It is well 
known that in a normally behaved, isostructural 
series of lanthanide complexes of axial symmetry, 
the Tb, Dy and Ho homologues give shifts in 
the same direction, while the Er, Tm and Yb 
homologues give NMR shifts in the opposite direc- 
tion.6 In our system, Er(NO,)~- is distinctly anom- 
alous, causing cation isotropic shifts in the same 
direction as does Ho(NO,)g-. 

In view of this interesting anomaly, we decided 
to learn more about the magnetic properties of the 
Ln(NO,)z- anions in solution, by means of NMR 
spectroscopy. The most convenient probe nucleus 
is the almost 100% abundant 14N of the nitrate 
ion. A great deal of useful information would 
also be available from studies of the rarer and 
considerably less sensitive I’0 nucleus.’ 

In general, the isotropic shift, AT(i), at the ith 
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nucleus in a metal complex M consists of three 
terms, the through-space axial and rhombic dipolar 
shifts A’,(i) and Ax(i), and the through-bond Fermi 
contact shift A:(i). 

RESULTS 

13C Chemical shifts 

A#) = AZ(i) + A:(i) + A:(i). (I) 

Since the nitrate nitrogen is separated from the 
paramagnetic centre by only two bonds, large 
Fermi contact contributions to the isotropic shift 
are expected. Fortunately, recent theoretical devel- 
opments due to Golding and Halton,* Bleaney et 
~l.‘*‘~ and Reilley et al.” now make it possible to 
partition the observed isotropic shift of a nucleus 
into its contact and dipolar parts In this article, we 
apply these approaches in order to elucidate the 
origins of the isotropic shift in both the cationic and 
anionic parts of the homologous series (R,N),_, 
Ln(NO,),, where R is n-butyl or n-propyl, and 
x = 5 or 6. A complete set of “C isotropic shifts 
for the cations has also been recorded, and is used 
to effect a separation of the nitrate isotropic shift 
into contact and dipolar parts. 

Spin-decoupled “C spectra of quatemary cations 
are markedly superior to proton spectra in para- 
magnetic salts, since broadening and signal overlap 
are nearly always absent. The data reported in 
Table 1 therefore represent a major improvement 
in quality over the proton data which we reported 
earlier.’ The carbon isotropic shifts are reported in 
ppm with respect to the corresponding signal of 
the Lu(NO,):- salt. A positive shift represents a 
shift to high field (low frequency). 

As with proton spectra, only one signal for a 
given carbon is observed, even in mixtures of 
paramagnetic and diamagnetic lanthanide salts. 
This is a consequence of fast exchange of cations 
between different ion-pairs. 

14N Chemical shifts 

In addition, we report preliminary results on the 
kinetics of nitrate exchange between paramagnetic 
environments. 

EXPERIMENTAL 

The preparation of all complexes has been pre- 
viously described.’ All solvents used were reagent 
grade, and were dried over molecular sieves before 
use. NMR spectra for solutions of 0.15-0.20 mol 1 - ’ 
concentration were obtained at 5.74MHz (14N) 
and 20.0MHz (r3C) on a Varian FT-80 NMR 
spectrometer, using lO-mm sample tubes and the 
external D,O lock. 13C spectra were obtained in 
the proton-decoupled mode, using pulse parameters 
appropriate for best sensitivity. 14N spectra were 
obtained using a near 90” pulse with minimum 
acquisition time ( - 0.2 s) such that line-shape distor- 
tions were avoided, while the advantages of a short 
TI were retained. 

The spectra of the diamagnetic standards (Bu,N), 
Lu(NO,), and (Bu,N),La(NO,), in acetone con- 
sist of a sharp resonance at high field due to the 
cation, and a broader resonance due to nitrate at 
low field. The data are reported in Table 1. Careful 
measurements have shown that under our exper- 
imental conditions, the chemical shift of nitro- 
benzene is coincident with that of nitrate in diamag- 
netic environments. Isotropic shifts of the nitrate 
resonance are therefore referred to the internal 
standard, nitrobenzene, a positive shift being to 
high field, as in the carbon spectra. The width of 
the nitrobenzene signal introduces a small error 
into our isotropic shifts; we estimate this to be at 
most 2ppm. 

Studies of the pentanitrato complexes in low 
dielectric solvents such as acetone, dichloromethane 
and nitrobenzene show that the nitrate isotropic 
shift is not sensitive to either solvent or concen- 
tration. 

14N Linewidth studies 

The internal reference for the carbon spectra was The width of the nitrate resonance in free tetra- 
TMS, while the chosen internal reference for the propylammonium nitrate is broader in organic 
nitrogen spectra was nitrobenzene. In order to solvents such as acetone than it is in water (width 
provide a solvent suitable for both 14N and 13C at half height = 6 Hz in water). Changes in viscosity 
measurements, so that all reported shifts would be cannot account for this effect. Increased ion associ- 
measured under identical conditions, a mixture of ation in the organic solvents is a more likely 
10% (v/v) TMS, and 10% (v/v) nitrobenzene in explanation. The nitrate resonance also broadens 
dichloromethane was adopted as the standard sol- considerably on formation of the diamagnetic 
vent for isotropic shift work. Kinetic measurements Lu(NO,)$- complex (width at half height = 40 Hz 
were made in acetone, which had been dried for at in acetone). This effect can be due to both an 
least 48 h over molecular sieves. increase in the correlation time associated with a 
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Table 1. Isotropic shit? data for nitratolanthanate salts: [R,NJ,_,Ln(NO,), 

Nitrate Cation 

Ln x ARNOXpb ATM(i4W ARa-Cp* SR; SR; 

(ppm) (Ppm) @pm) 

z 6 5 23 30 - 0.9 -0.3 0.7 0.3 

Pr 6 75 -2.3 -0.2 0.7 0.5 
Prf 5 90 
Nd 6 95 -1.9 -0.4 0.7 0.5 
Nd’ 5 116 
Sm 5 15 +1.4 -0.1 1 1 
Eli 5 -172 -0.4 + 0.7 0.7 0.5 
Tb 5 -388 -6.0 - 4.3 0.6 0.23 
DY 5 -277 - 7.0 -6.6 0.65 0.35 
Ho 5 -140 - 8.4 -7.6 0.66 0.39 
Er 5 -60 -5.5 -3.8 0.66 0.39 
Tm 5 -56 2.3 3.7 0.65 0.35 
Yb 5 -12 1.5 1.7 0.65 0.35 

‘Isotropic shifts in ppm with respect to the corresponding resonances in the 
diamagnetic Lu complex. Upfield shifts are indicated by a positive sign. The 
solvent is 10% (v/v) TMS and 10% nitrobenxene in dichloromethane. Unless 
otherwise indicated, the cation is tetra-n-butylammonium. 

bThe 14N isotropic NMR shift of coordinated nitrate ion. The uncertainty 
is f2ppm. 

‘The 14N isotropic shift of the central tetrabutylammonium nitrogen. The 
cation signal occurs 306.8 ppm to high field of nitrobenxene in the Lu complex. 
The uncertainty is f2ppm. 

*The PC isotropic shift of the a-carbon of the tetrabutylammonium ion. The 
a-signal occurs at 58.9ppm with respect to TMS in the Lu derivative. 

%R, is defined as the ratio of the isotropic shift on the ith carbon with 
respect to the a-carbon, i.e. A# - C)/Ay(a-C). The jb and y-carbon signals are 
at 24.1 and 19.9ppm with respect to TMS in the Lu derivative, respectively. 

IData recorded on tetra-n-propylammonium salts in acetone. 

larger anion, as weII as the induction of a field- 
gradient at the quadrupolar nitrogen nucleus. 

The quadrupolar broadening increases markedly 
on cooling for all salts, a factor which may be 
primarily due to an increase in viscosity. The 
paramagnetic lanthanide ions exert about the same 
broadening effect on the nitrate signal (width at 
half height = 100 + 20Hz) in this solvent mixture. 
The sole exception is the Gd complex, in which the 
resonance signals of all nuclei are unobservably 
broad. 

DISCUSSION 

Isotropic shifts 

We now provide a short synopsis of the modem 
theory used in the analysis of isotropic NMR 
shifts.’ ‘J* It is customary to write the dipolar shift 
expression as the product of metal dependent 
factors DIM and D2u, appropriate to axial and 
rhombic symmetry, respectively, and axial and 
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rhombic geometric factors G,(i) and G,(i), which 
depend only on the metal-nucleus distance, Ri, and 
on angles t?,, r#~r: 

At(i) + AZ(i) = G,(i)DIM + G2(i)DzM (2) 

G,(i) = R;’ (3 COS* 8i - 1) 

and 

G,(i) = R; 3 (sin*8, cos 24,). 

The angles are as defined in Ref. 12. The Fermi 
contact shift is written as the product of the metal- 
dependent effective spin magnetization, (S,),, and, 



492 

the hyperfine coupling constant, A; 
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6 1 

A:(i) = A,(&),. (3) 

It can be shown” that on combining and 

rearranging these equations: 

A%)&%>~ = Ai + KC~m/<SshI (44 

Thus, a plot of A?(i)/(&), vs DIM/(Sz)M should 
result in a straight line of intercept Ai, and slope K, 
where 

K = G,(i) + D,,GJi)/D,,. (4b) 

Straight line behaviour will result in our case only 
if the following conditions are met: 

P 
DIM 

0 

(4 The ion pair complexes must all have the same 
structure on a time average. In addition, the 
coordination polyhedron about the lanthanide 
ion must not vary significantly across the lan- 
thanide series; 
rhombic terms are unimportant, or: 
there is a proportionality between D,, and DZM 
which extends across the lanthanide series: 
the hyperfine coupling constant, Ai, is constant 
across the lanthanide series. 

Fig. 1. A plot of the observed solution isotropic 13C NMR 
shifts at the c+carbon of the cation, A#&), vs Bleaney 
factors DiM for [(C,H,).JUJ,Ln(NO,), complexes. The data 

are taken from Table 1. 

(W 
(4 

(4 

Values of D,, have been given by Bleaney et 
al ‘*lo while values of (S,), are available from 
Gilding and Halton.’ 

Cation isotropic shijts 

Since the cation nuclei are many bonds removed 
from the paramagnetic centre, Fermi contact terms 
would be expected to be very small. This can be 
seen by comparing the a-carbon isotropic shifts in 
Table 1 with the proton data previously reported 
for these systems.5 The isotropic shifts for proton 
and carbon are nearly the same in sign and magni- 
tude, as would be expected for nuclei which occupy 
nearly the same average positions in space. The 
cation nitrogen data show considerable scatter due 
in part to the larger uncertainty; nonetheless, they 
are essentially in agreement with the carbon shifts. 
Thus the predominant mechanism is dipolar for 
Ln(NO&- complexes. This is in strong contrast 
to the behaviour of tetrahalocobaltate(I1) ion pairs, 
in which cation proton and carbon isotropic shifts 
are in opposite directions13 due to the presence of 
sizeable contact contributions in the 13C spectra. 

For systems in which the contact term is absent, 
a plot of A?(i) vs DIM should give a straight line, 
provided the rhombic terms are well-behaved [see 
(c) above], and that the ion-pair complexes are 
isostructural. 

In Fig. 1, we show such a plot for the a-carbon 
isotropic shift data for the [(n-C,H@Jj, 
Ln(NO,), series, for which a straight line may be 
drawn through nearly all of the lathanide 
data. We note that Tb gives a small positive deviation, 
while Ho and Er give significant negative deviations. 

Recently, single crystal ESR d&a have been 
obtained on [(C,H,)4As]2Yb(N03), in a diluent 
host lattice. Three unequal g factors were 
observed,14 showing that in a magnetic sense, the 
trigonal bipyramid model, with its implicit axial 
symmetry, is not an accurate description for this 
type of ion in the solid state. It now appears from 
consideration of Fig. 1 that rhombic terms must also 
be considered to make a significant contribution to 
the cation isotropic shifts in solution. The reason 
why most lanthanides lie on the line is probably 
that DIM and DZM are in the same ratio for these 
complexes; this proportionality breaks down sig- 
nificantly for Ho and Er, however. 

We have been aware for some time that the ratios 
of shifts of cation nuclei, SRI, are independent of 
the metal ion. This is apparent in all of the proton 
studies,‘*’ and can also be seen from Table 1. This 
behaviour is due to the fact that the cationic part 
of this system shows effective axial symmetry. The 
reader may consult Refs 15 and 16 for a further 
discussion of this problem. In short, the ratios of 
the shifts of the ith and jth NMR signal will be 
independent of the metal ion, and will appear 
to be axial-dipolar, even though the magnetic 
properties of the anion are rhombic. 

Nitrate isotropic shifts 

In separating the contact and dipolar parts of 
the isotropic shift, we make use of eqn (4). The 
relevant quantities have been collected in Table 2, 
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Fig 2. A plot of Ar(NO,)/(S,), vs DIM/(SJM for the 
Ln(NO,):- complexes. Here, AF(NO,) is the observed 
solution 14N isotropic shift at the nitrate ion coordinated 
to lanthanide ion M, DIM is the corresponding Bleaney 
factor, and (S,), is the effective spin magnetization. The 

data are taken from Table 2. 

Table 2. Analysis of istropic shift data’ 

02 
Pr 
Nd 
Sm 
Eu 
Tb 

DY 

30.6 - 6.44 - 

30.3 - 3.70 - 

25.8 - 0.94 - 

243 11.1 - 

16.1 -0.37 - 0.07 
12.2 2.70 0.14 
9.7 3.50 0.23 
6.2 1.72 0.34 
3.9 -2.15 0.25 
6.9 - 6.46 - 0.45 

Ho 
Er 
Tm 
Yb 4.7 - 8.50 -0.66 

“Nitrate isotropic shifts taken from Table 1 for penta- 
nitratocomplexes. Values of (S,), were taken from Ref. 
8, while values of D,M were taken from Refs 9, 10. 

*Data for Ce, Pr and Nd are from 
[(C3H,)4Nl,Ln(N0,)5 salts in acetone. All other data 
are from [(C,H,),Nl,Ln(NO,), salts in dichloro- 
methane-nitrobenxene-TMS mixture. 

and a plot of A~(NO,)/(S,), vs D1d(SJM is shown 
in Fig. 2. 

We note the total lack of linearity; the plot 
suggests that all three mechanisms are significant 
contributors to the overall isotropic shift. The 
Sm(NO,)$- ion has a considerably larger nitrate 
shift than expected from the (S,), value quoted 
for this ion by Golding and Halton.’ Although the 
sign of the shift is consistent with theory, the ratio 

A?VJG,)/<Sz>~ = 243 is grossly out of lint 
(Table 2). Interestingly, Eu(NO&- seems well- 
behaved, although it should exhibit similar prob- 
lems.* The derivation of accurate values for (S,), 
for Eu and Sm complexes has been the subject of 
a recent article.” 

Recently, a modification of eqn (4) has been 

Fig 3. A plot of A$N03)/<Sz>, vs A$(a-C)/<S,>u for the 
Ln(NO,)~- complexes. &!i!(N03) is the observed solution 
isotropic 14N NMR shift at coordinated nitrate, A%a-C) is 
the solution r3C isotropic shilt at the cation a-carbon, and 
(S,), is the effective spin magaetisation. The data are 

taken from Table 2. 

suggested by Pinkerton and co-workers.‘8-20 The 
shift of a nucleus which has both contact and 
dipolar terms may be written:* 

A?(i)/<S,>, = Ai + CCh~~)/<Sz>ul (5) 

where Ayu) is the shift at a nucleus which is 
predominantly dipolar in nature. Thus a plot of 
A#/(S,), vs Add)/, will give a straight line 
of intercept A,, assuming the system obeys the 
conditions for good behaviour (see above). The 
slope of this plot, C, is a complicated function of 
D IM, D,, and the geometric factors, and contains 
no readily useful information. 

The value of this method has been amply demon- 
strated for the series of complexes [(C,H,),As] 
Ln(S,PR,),, where R represents a series of alkyl 
and alkoxy substituents. 1*-2o This treatment has 
the advantage that it compensates for deficiencies 
in the theoretical values of D,,. In addition, the 
method appears to be very well adapted to showing 
up subtle changes in solution geometry. 

Choosing the a-carbon shifts as our contact-free 
shifts, we show such a plot in Fig. 3. Data for 
the early lanthanides have been omitted, due to 
variations in stoichiometry; also, the small size of 
the carbon shifts for these systems renders any 
conclusions not very meaningful. Several points 
emerge from this plot: much better linearity is 
obvious for the four ions Eu-Ho than was found 
in Fig. 2. The erbium value now lies closer to the 
Eu-Ho line than before, although the deviation is 
still significant. The Pinkerton method thus at least 

*Our notation is a modification of that used by 
Pinkerton and co-workers, in order to make it compatible 
with that of Shelling et al.” 

-U.3 0 0.5 

A:( a -C)/<S,>M 
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Table 3. Separation of the 14N isotropic shift in nitrate 
ion’ 

Ln #(NO,) 
Eu -172 
Tb -388 
DY -277 
Ho -140 

“Data in ppm. 

A:(NO,) A&(NO,) 

-160 -12 
-477 89 
-428 151 
-339 199 

partially compensates for the presence of rhombic 
shift effects in the Ln(NO,)$- system. 

We may use these four points in an attempt to 
estimate the size of the contact shift. Taking the 
intercept Ai = 16 from the plot, and multiplying by 
the appropriate (S,), value, we obtain the contact 
terms shown in Table 3; application of eqn (1) then 
yields the dipolar term. The reader is cautioned 
that these numbers are order-of-magnitude esti- 
mates only. It appears safe to conclude, however, 
that the contact and dipolar contributions are 
opposite in sign for the ions Tb, Dy and Ho. 

Figures 2 and 3 reveal distinctly anomalous 
behaviour for Tm and Yb data. It has likewise been 
found1s-20 that data for the Ln(S,PR,); cannot be 
fitted to one straight line; rather the early lantha- 
nides Ce-Dy fall on one line, while the heavy 
lanthanides Ho-Yb fall on a line of opposite slope. 
There appears to be a different A, value associated 
with each group of lanthanides. It has been postu- 
lated that a structural change in the coordination 
polyhedron can account for this behaviour, but 
with the retention of axial symmetry. 

It is entirely possible that some of the anomalies 
which we have noted in the Ln(NO,)i- ion-pairs 
are due to structural changes. We suspect that 
breakdown of any of the conditions (a)-(d) could 
also lead to anomalies in our system, but there does 
not appear to be any definitive way to pinpoint the 
precise cause of the breakdown at present. 

Kinetics of nitrate exchange 

There are relatively few kinetic studies which use 
r4N as the probe nucleus, probably because the 
range is somewhat limited by the quadrupolar 
broadening referred to earlier. In the present case, 
we have carried out two kinds of experiments: 
(1) Exchange of nitrate ion between diamagnetic 

Ln(NO&- or LuLn(NO&- and a paramag- 
netic Ln(NO&- complex in acetone. 

(2) Exchange of non-coordinated nitrate, as the 
tetrapropylammonium salt, with paramagnetic 
Ln(N0,): - complexes in acetone. 

The total concentrations of salts were varied, but 

in order to simplify the analysis, and to maximize 
the sensitivity for both peaks, the systems were 
always studied under conditions of equal site popu- 
lations. Thus, in the experiments of type 2, the ratio 
of NO; to paramagnetic LnNO&- was always 
kept as 51. The approximate standard equations 
for two-site line-shape kinetics were used.21 Despite 
the broadness of the resonances, the very large 
shifts permit the same approximations to be used 
as for non-quadrupolar nuclei. Spectral data were 
observed from both the fast and slow exchange 
sides of the coalescence condition, but only the fast 
exchange data were used for kinetic analysis, in 
order to minimize quadrupolar broadening prob- 
lems. 

Our results are as follows: 
(a) Rates of exchange between small diamagnetic 

and paramagnetic centres such as Y and Ho, or Lu 
and Ho do not depend significantly on the metal 
ion. Thus, small differences in ionic radii do not 
show up in the kinetics. The ACT values range from 
+ 14 to + 15 kcal mol- ‘, while the coalescence 
temperature varies from 35 to 60°C. 

(b) Changing the total concentration of such a 
mixture has no effect on the rate of reaction. The 
reaction is thus pseudo-first order in both complex 
species. 

(c) Comparison of data for Y(NO& -- 
Ho(NO,):- exchange with data for Ho(NO&-- 
NO; exchange at the same conditions shows that 
the coalescence temperatures are essentially the same 
within experimental error ( + 2C). We conclude from 
this that the reactions involving heavy lanthanides 
arc not catalysed by nitrate; this implies a dissociative 
mechanism. The following scheme is therefore sug- 
gested: 

slow 
Ho(NO&- + Ho(N0,); + NO; 

SlOH 

Y(N0,): - + Y(N0,); + NO;* 

NO;* + Ho(N0,); + [Ho(N0,),(N0,)*12-. 

The large metal ions Ce, Pr, Nd behave differ- 
ently. Examination of [(C3H,),Nj2Ln(N0& and 
[(C,H,),N],Ln(NO& were carried out in acetone, 
as before. Addition of (CJH,),NNOJ to solutions 
of either series gives only one line at temperatures 
where the heavy lanthanides gave two lines; this 
indicates fast exchange between free and coordi- 
nated nitrate. Further, it can be seen from Table 1 
that the solution isotropic shifts in the 
Ln(NO& are very nearly 5/6 as large as those in 
the Ln(NO&- series (Ln = Ce, Pr, Nd). This 
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observation can be explained by the dissociation 
reaction: 

fart 

WNO& - ,i-, Ln(NO,)g- + NO; 

permitting fast exchange of free and coordinated 
nitrate. 

Conclusions 

The axial symmetry observed in the organic 
ligands in the Ln($PR& complexes 18-20 is not 

observed in the Ln(NO&- complexes. This may 
seem surprising, since the ligands are both bidentate 
chelating, and the approximate structural analogy 
between a tetrahedron in the former cast and a 
trigonal bipyramid in the latter is not without 
some foundation. The reasons for this difference in 
behaviour are unclear; however, we have shown 
that it is inaccurate to describe these pentanitrato- 
anions as trigonal bipyramids in solution. 
solution. 

Lanthanide coordination polyhedra are fluc- 
tional. It is safe to say therefore that each nitrate 
ion in these anionic complexes can experience 
several different magnetic environments over the 
life of the NMR experiment. This averaging takes 
place in such a way that both rhombic and axial 
dipolar terms are generally present in the dipolar 
shift for both the organic cation and the nitrate 
anion. In addition, we have detected a large Fermi 
contact term in the nitrate spectrum. 

We have undertaken a preliminary investigation 
of the kinetics of nitrate exchange in these systems. 
The exchange reaction appears to take place by a 
dissociative mechanism for the heavier lanthanides. 
The exchange rates in the earlier lanthanides are 
generally faster, and there is evidence that 
Ln(NO&- species undergo dissociation in acetone 
solution. 
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Abstract-Partition coefficients of nickel(I1) chelates with thenoyltrifluoroacetone (Htta) 
and dimethyldithiocarbamic acid (Hdmdtc) into various organic solvents were measured 
at 25°C. The effect of solvent on the partitition coefficients was evaluated with the aid of a 
modified equation of the regular solution theory. A great difference in the partition 
coefficients between Ni(tta), and Ni(dmdtc), can be interpreted by a preferential solute 
solvent interaction for the former chelate. The ability of the divalent metal chelates to 
accept additional solvation is an important factor governing the partition coefficient. 

Recently the liquid-liquid partition coefficient (P) 
of organic chemicals has been used as a simple 
measure for the prediction of permeation of these 
compounds into the environment.’ Fundamentally 
the partition coefficient is the key process governing 
the separation efficiency of the compounds of inter- 
est including metal species in chemical separation 
methods such as solvent extraction and liquid chro- 
matography. It is a surprising fact that only a few 
systematic studies on the partition coefficient of 
different kinds of nonelectrolytes, including metal 
complex compounds, have been made.2 

In some pioneering work done in 1964, the 
partition coefficients of /?-diketones and their 
scandium tris-chelates were measured in different 
organic solvent systems and discussed with 
the aid of the regular solution theory,3-5 and 
one of the important conclusions was expressed as 

log &A, = ( vMAj VHA) log PHA + C where Y denotes 
molar volume, and subscripts MA, and HA are 
metal chelate and acidic chelating ligand, respect- 
ively. This relation was confirmed experimentally 
for several types of metal chelates.“” In this orig- 
inal equation, the second term of the right-hand 
side expressed as C is a correction factor depending 
on experimental conditions, and ideally this con- 
stant term can be neglected. If so this equation 

*Author to whom correspondence should be addressed. 

simply shows that the partition coefficient of the 
metal chelate combined with n moles of chelating 
ligands into an organic solvent is always simply 
the nth power of the partition coefficient of the 
chelating ligand into the same organic solvent under 
the assumption that I/MA,/VHA N n.2,4 In other 
words, the partition coefficients of the same type of 
metal chelates MA, into an organic solvent are 
equal to each other and not influenced by thecentral 
metal ion itself. More detailed studies on the par- 
tition coefficient of metal chelates with different cen- 
tral,metal ions have been done previously,7 where 
the partition coefficients of seven acetylacetonate 
chelates with Pt(II), Pd(II), Be(II), VO(IV), Cr(III), 
Al(II1) and Co(II1) were studied, and an apparent 
discrepancy from the original equation was dis- 
cussed in relation to the hydration to chelates. The 
solute-solvent interaction including hydration may 
differ in different combinations of central metal ions 
and acidic chelating ligands. 

In this study, the partition coefficients of nick- 
el(I1) chelates with thenoyltrifluoroacetone (which 
is one of j?-diketones having oxygen donor atoms) 
and with dimethyldithiocarbamic acid (which is one 
of dithiocarbamate family having sulfur donor 
atoms) are determined in the liquid-liquid system 
of different organic solvents and an aqueous per- 
chlorate solution. These B-diketones and dithio- 
carbamates are quite popular chelating agents and 
extensively exploited in the solvent extraction of 
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metal ions. The partition coefficients are also com- 
pared with those for the copper(H) chelates.‘*” 

EXPERIMENTAL 

Reagents and apparatus 

Thenoyltrifluoroacetone (Htta) was obtained 
from Dojindo Laboratories and purified by vacuum 
sublimation. Sodium dimethyldithiocarbamate 
(Nadmdtc * 2H20) was obtained from Tokyo Kasei 
Co., Ltd. and purified by recrystallization from 
acetone-absolute ether. Nickel(I1) thenoyltrifluoro- 
acetonate chelate was synthesized in the usual 
way and recrystallized from 75-99% ethanol. 
Nickel(I1) dimethyldithiocarbamate chelate was 
obtained from Tokyo Kasei Co., Ltd. and puri- 
fied by vacuum sublimation. The results of the 
elemental analysis of each chelate were as follows: 
Ni(tta), - 2H20 (Found: C, 35.9; H, 2.2; S, 11.7%; 
Calc.: C, 35.8; H, 2.2; S, 11.9%); Ni(dmdtc)l 
(Found: C, 24.2; H, 3.9; N, 9.4; Calc.: C, 24.1; H, 
4.0; N, 9.4%). Based on the experimental results 
obtained by thermogravimetry, in which the dehy- 
dration of Ni(tta), * 2H20 and its thermal decompo- 
sition were observed at 123-156°C and 230°C 
respectively, anhydrous Ni(tta), was prepared by 
heating the hydrated chelate at 135-140°C for 2 h. 

Carrier-free 57Ni was produced by 24 MeV a- 
bombardment of iron foil (99.99% purity) with a 
cyclotron of Tohoku University and isolated by 
means of anion exchange chromatography (col- 
umn) : Dowex 1X8, 8 mm x 150 mm) with 10 M 
hydrochloric acid. The effluent was evaporated to 
dryness and dissolved in 0.01 M perchloric acid. 
Then carrier-free 57Ni solution was added to an 
aliquot of a standard solution of nickel(I1) per- 
chlorate prepared from the high purity metal 
(99.99% purity), evaporated to dryness and dis- 
solved in 0.01 M perchloric acid. Other reagents and 
apparatus were the same as those used previously.’ 

Procedures 

An aqueous sodium perchlorate solution (ionic 
strength 0.10) prepared from 0.01 M perchloric acid 
and 0.01 M sodium hydroxide was shaken with 
0.01-0.10 M Htta in an organic solvent to attain 
a preliminary equilibrium. A lo-p1 portion of 
5 x 10P5-5 x lo-’ M nickel(I1) solution labeled with 
57Ni was added to the contents and shaken for 2- 
12 h at 25 +0.5”C. In the case of dimethyl- 
dithiocarbamate, the aqueous perchlorate sol- 
ution (ionic strength 0.10) of pH 7-8 containing 
1 x 1O-4-1 x lo-* M Nadmdtc and 2x 10e7- 
1 x 10e4 M radioactive nickel(I1) was shaken with 

an organic solvent for 15-60 min at 25 f 0.5"C. 
After centrifuging, an aliquot (0.1-3 ml) was very 
carefully taken from each phase. The y-activities of 
both phases were measured with a well-type NaI(T1) 
scintillation counter and the distribution ratio (0) 
of nickel(I1) was calculated. The equilibrium pH 
value was measured with a glass electrode. Attain- 
ment of the partition equilibrium was always 
checked by forward extraction and backward 
extraction. Additionally, the partition coefficients 
of copper(I1) thenoyltrifluoroacetonate chelate into 
isobutylmethyl ketone and diisobutyl ketone were 
measured in the same way as described previously.’ 

RESULTS AND DISCUSSION 

Figure 1 shows typical extraction curves of nick- 
el(I1) thenoyltrifluoroacetonate into benzene, iso- 
butylmethyl ketone, and diisobutyl ketone as well 
as nickel(I1) dimethyldithiocarbamate into heptane. 
The concentration of each chelating anion in the 
aqueous phase [A-] was calculated by using the acid 
dissociation constant and the partition coefficient 
of Htta’ and Hdmdtc.” In principle the partition 
coefficient of metal chelate can be directly deter- 
mined as the limiting value of the distribution ratio 
in the plateau region. However, since the partition 
coefficient of Ni(tta), in ketone solvents was too 
high to be accurately measured by this technique, 
it was determined from the linear section with the 
slope of two of the distribution curves as shown in 
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Fig. 1. Distribution ratio of nickel(I1) us concentration 
of chelating anion in the aqueous phase. Initial con- 
centration of Htta: 0.08-O 11 M; pH 2.CL8.2. Initial con- 
centration of Nadmdtc: 0.002-0.020 M; pH 6.0-8.5. 0 
Htta-benzene; 0 Htta-isobutylmethyl ketone; CD Htta- 

diisobutyl ketone; 0 Nadmdtc-heptane. 
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Table 1. Partition coefficients of Ni(tta)* into benzene 

N(II)I/M [Htta]/M pH log P, 

8.3 x lo-’ 0.10 8.12 1.591 
3.5 x 10-7 0.11 7.92 1.594 
3.5 x 10-7 0.11 8.21 1.550 
8.7 x lo-’ 0.11 7.44 1.439 
8.7 x lo-’ 0.11 7.77 1.522 
8.7 x lo-’ 0.11 7.92 1.530 
8.7 x lo-’ 0.11 8.21 1.512 
1.6 x 10-6 0.11 7.94 1.436 

Fig. 1. The linear section is expressed by D = 
Pi,,j32[A-]2*9 and the overall chelate formation con- 
stant /I2 does not depend on the organic solvent 
itself, hence we can use /I2 determined by analyzing 
the extraction curve in an appropriate solvent sys- 
tem where PM is obtained directly from the plateau 
region. Here from the distribution curve in benzene, 
/I2 for Ni(tta), is obtained as 106.54. The /I2 for 
Ni(tta)z has not been reported yet, but this value 
may be comparable with those for Ni(I1) chelates 
with other fl-diketones; /I2 for trifluoroacetyl- 
acetonate and benzoyltrifluoroacetonate are 
1 06.68 and 1 06.‘j8, respectively. l1 

It has been said that nickel(H) chelates, especially 
with /I-diketone, show a strong tendency to form a 
polymerized species such as [Ni(#I-diketonate)& in 
organic solvent.” The partition coefficients of nick- 
el(I1) chelates into nonpolar solvents were meas- 
ured at different initial concentrations of chelates. 
The results for nickel(I1) chelate with thenoyl- 
trifluoroacetonate are listed in Table 1. A constant 
PM value for each chelate is obtained within 
experimental uncertainty. The same was true for 
nickel(I1) chelates with dimethyldithiocarbamate in 

carbon tetrachloride solvent. These results show 
that both nickel(I1) chelates in the concentration 
range as low as 1O-8-1O-6 M are present as a mono- 
meric species in both organic and aqueous phases. 

The PM values of Ni(tta), and Ni(dmdtc), 
between various organic solvents and 0.10 M 
perchlorate solution are summarized in Table 2 
together with those of the corresponding copper 
(II) chelates.9*‘0 A large solvent effect on the 
partition coefficients of these chelates is clearly 
observed. In the thenoyltrifluoroacetonate system, 
a greater difference in the partition coefficients 
between nickel(I1) and copper(I1) chelates is 
observed, that is, the partition coefficients of 
copper(I1) chelate are larger than those of 
nickel(I1) chelate by a factor of lo4 in most of the 
solvents. In the dimethyldithiocarbamate system, 
the partition coefficient of copper(I1) chelate is 
roughly the same or a little larger than that of 
nickel(I1) chelate. 

Following the regular solution concept the par- 
tition coefficient of a nonelectrolyte, expressed in a 
molar fraction scale, can be formulated as8 

In Pi = j$Cww- Co, + 2(C,, - C&J] (1) 

where V and C are the molar volume and the 
cohesive energy density, respectively, and the sub- 
scripts s, w and o denote solute, water and organic 
solvent, respectively. In this formulation, the par- 
ameter c, involves overall interaction between sol- 
ute and water. If the geometric mean approximation 
is valid for C,,, eqn (1) can be rewritten by the 
solubility parameters 6 as 

Fin P,“+ Co, = 2&a, + C,, - 2C:,. (2) 
s 

Table 2. Partition coefficients (logP,) of nickel(I1) and copper(I1) chelates with thenoyl- 
trifluoroacetonate and dimethyldithiocarbamate at 25°C 

No. Organic solvent Ni(tta), Cu(tta), Ni(dmdtc)* Cu(dmdtc),d 

1 Hexane -1.05+0.10 3.094 1.38kO.02 2.23 
2 Heptane - 1.23kO.14 3.047 1.45kO.03 2.21 
3 Carbon tetrachloride 0.02f0.15 4.570 3.11+0.05 3.71 
4 Isopropylbenzene 0.51+0.02 4.959 3.69kO.03 4.31 
5 Benzene 1.52kO.06 5.489 4.05 f0.08 4.57 
6 Dibutyl ether 2.18f0.17 5.222 2.74kO.03 3.42 
7 Diisobutyl ketone 4.12+0.05” 6.08”b 
8 Isobutylmethyl ketone 5.84* 0.02” 6.67”* 

‘Calculated from PM = D/(B,[A-I*) by knowing &, see the text. 
*Average of two measurements. 
‘Ref. 9. 
dRef. 10. 
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A linear relationship between the left-hand side of 
eqn (2) and 6, can be expected, and the apparent 
solubility parameter of the solute 6,, can be obtained 
from the slope. Figure 2 shows the plots for 
Ni(dmdtc), together with those for Hdmdtc and 
Cu(dmdtc)z reported previously.” The molar vol- 
ume of Ni(dmdtc), was assumed to be the same as 
that of Cu(dmdtc),, i.e. 190 cm3 mol-‘.I0 The plots 
for each solute give a good linear relationship apart 
from the plots in dibutyl ether solvent. The apparent 
solubility parameter of Ni(dmdtc), obtained was 
13.3 callI crnm3j2, slightly larger than that for 
Hdmdtc (6: 12.2) and Cu(dmdtc), (6: 12.7). 

Figure 3 shows the same type of plots for Ni(tta),, 
Cu(tta)2 and Htta, but Htta is a tautomeric mixture 
of keto and enol isomers hence the partition 
coefficient of the enol type of Htta is plotted in Fig. 
3.3*‘3 Here the molar volume of the nickel(I1) chelate 
was assumed to be the same as that of the copper(I1) 
chelate, 304 cm3 mol-‘.9 For each solute, a good 
linear relationship holds for nonpolar solvents, but 
a positive deviation is clearly observed in polar sol- 
vents such as ether and ketone. The apparent solu- 
bility parameter of Ni(tta), is obtained to be 11 .O 
ca1’12 cm-312 from the slope of the straight line drawn 
for nonpolar solvents. This value is the same as 
that of Cu(tta),.’ A similarity between the solubility 
parameter of Ni(tta)2 and that of Cu(tta), suggests 
a similarity in the chemical state of these extractable 
chelates in nonpolar solvents. If Ni(tta)2 is extracted 
as a dihydrate (or monohydrate) species into non- 
polar solvents, its apparent solubility parameter can 

80 - 

1 
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Fig. 2. Evaluation of partition coefficients with eqn (2). 
The numbers correspond to those in Table 2. 0 

Ni(dmdtc),; l Cu(dmdtc),;” A Hdmdtc.” 

I 

7 9 

Fig. 3. Evaluation of partition coefficients with eqn (2). 
The numbers correspond to those in Table 2. 0 Ni(tta),; 

0 Cu(tta),;’ A Htta(enol).’ 

be expected to be larger than that of Cu(tta),, which 
is extracted without appreciable hydration in non- 
polar solvents, due to a contribution of the coor- 
dinated water having a high solubility parameter 
(6: 23.4). Accordingly, it may be speculated that 
Ni(tta), is not extracted as a rigid hydrated state in 
the nonpolar solvents. The plots for polar solvents 
always deviate from the straight line and the extent 
of deviation is greatly different in different solutes. 
The observed deviation may be ascribed to 
additional interaction between the solute and these 
polar solvents. 

Under the assumption that eqn (2) holds for the 
partition coefficients of acidic chelating ligand Pi, 
and also for that of its metal chelate, PO& the fol- 
lowing relation is readily derived 

+ 2 ;oFR,(c;A- c;M). (3) 

The plots of log P& US log PA in thenoyl- 
trifluoroacetonate and dimethyldithiocarbamate 
systems are shown in Fig. 4. The plots for both 
Ni(dmdtc), and Cu(dmdtc), are close to the ideal 
straight line with the slope of two passing through 
the origin. This ideal straight line can be expected 
when the second and third terms on the right-hand 
side of eqn (3) are negligible, and this is ful!?lled at 
& N 8* and c;A N CW,. On the other hand, the 
plots for Ni(tta), and Cu(tta)2, particularly for the 
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Fig. 4. Linear free energy relationship between the 
partition coefficients of acidic chelating ligand and its di- 
valent metal chelate. The numbers correspond to those 
in Table 2. 0 Ni(dmdtc),; l Cu(dmdtc),;” 0 Ni(tta),; 

former chelate, are in a region remarkably lower 
than those of the dimethyldithiocarbamate system. 
By knowing a similarity between the solubility par- 
ameters of the solutes Ni(tta),, Cu(tta), (6: 11 .O)’ 
and Htta(eno1) (6: 10.2),9 it is considered that such 
a lower straight line observed for Ni(tta), is caused 
by a large negative contribution of the third term 
in eqn (3), i.e. CWM > CW,. Additionally, the plots 
for Ni(tta)* in ether and ketone solvents deviate 
remarkably from the straight line drawn for the 
nonpolar solvents. These results suggest that an 
interaction with water in the aqueous phase is the 
dominant factor governing the partition coefficient 
of Ni(tta), and also that an interaction of this che- 
late with polar organic solvents also plays an 
important role. A preferential solvation of water to 
Ni(tta), over Ni(dmdtc),, Cu(dmdtc)l and Cu(tta)* 
is demonstrated by the next experiment. A known 
amount of the anhydrous chelates was left under a 
constant vapor pressure of water, 9.76 mmHg, 
which is maintained by an equilibrium atmosphere 
over 10 mol kg-’ lithium chloride solution at 25°C. 
The result is shown in Fig. 5 where the amount of 
water absorbed into the chelates was determined 
by weight variation. Only the Ni(tta), chelate 
gradually takes up water until an equilibrium 
weight corresponding to Ni(tta), - 2Hz0. 

A characteristic trend of Ni(tta)p in the liquid- 
liquid partition is demonstrated also by a linear free 
energy relationship between the partition coefficient 

2.0 

0 
I,,, I I I I #,I I ‘ij’ 

0 20 40 60 80 100 120 160 

Standing time / h 

Fig. 5. Hydration of the divalent metal chelates under a 
constant vapor pressure of water (9.76 mmHg) at 25°C. 
0 Ni(tta),; l Cu(tta),; 0 Ni(dmdtc),; + Cu(dmdtc),. 

of nickel(I1) chelate, PNi, and that of copper(I1) 
chelate, PC”, with a given chelating ligand. The 
relationship is simply derived from eqn (2) as 

log P$ = p log P& 
CU 

The plots of log PNT us log PC,” are shown in Fig. 6. 

6 

4 

0 

E 
0. 

E 2 

0 

0 

/ 

8 

/ 

0 ’ 
6 /’ 

9’ 

8’. 1 

I’ 2 
-2 1 L I I I I I 

0 2 r, 6 

log P,," 

Fig. 6. Linear free energy relationship between the par- 
tition coefficients of nickel(I1) chelate and copper(I1) che- 
late. The numbers correspond to those in Table 2. 0 
dimethyldithiocarbamate; 0 thenoyltrifluoroacetonate. 
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The plots of two metal chelates with dimethyl- 
dithiocarbamate are close to the straight line with 
the unit slope passing through the origin, and 
this is reasonably understood by considering that 
the second and third terms in eqn (4) are almost 
negligible as discussed above. On the other hand, 
the plots of two metal chelates with thenoyl- 
trifluoroacetonate show a linear correlation with 
the unit slope of nonpolar solvents, but have a large 
negative intercept due to much larger solvation of 
water to Ni(tta), compared to Cu(tta),, 
and it is again clear that the plots for polar organic 
solvents deviate remarkably from the straight line 
due to an appreciable interaction of these polar 
organic solvents with Ni(tta),. A noticeable differ- 
ence in the solute-water and the solute-polar 
organic solvent interaction observed in two nick- 
el(I1) chelates with thenoyltrifluoroacetonate and 
dimethyldithiocarbamate may be ascribed to the 
chemical nature of these chelates. Nickel(I1) chelate 
with thenoyltrifluoroacetonate has a strong tend- 
ency to form a high-spin complex, by readily 
forming an adduct compound with donor mol- 
ecules, such as polar solvents including water, and 
takes an octahedral structure. On the other hand, 
dimethyldithiocarbamate chelate involving sulfur 
donor atoms is a diamagnetic complex with a 
square planar structure, and shows very little 
tendency towards coordination of additional donor 
molecules.‘4 In this connection, the partition co- 
efficient of Ni(dmdtc), into heptane was meas- 
ured in the presence of tributylphosphate (tbp), this 
having a higher coordination ability. The addition 
of tbp in as high a concentration as 0.10 M has little 
influence on the PM (log PM: 1.66 f 0.12). This result 
shows the great difficulty of further coordination of 
such a strong Lewis base as tbp to Ni(dmdtc),. 

In conclusion, the partition coefficient of nick- 
el(I1) chelate with dimethyldithiocarbamate can be 
quantitatively evaluated by the simple equation 

based on the regular solution concept, but the par- 
tition coefficient of nickel(I1) chelate with thenoyl- 
trifluoroacetonate is highly susceptible to water and 
polar organic solvents. A large difference in the 
partition coefficients of two nickel(I1) chelates with 
different chelating ligands but of a similar stoi- 
chiometry MA2 is clearly demonstrated. 
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Abstract-It has been found that the position of the ,&,a, for Ccd ‘Al -P ‘E transition for 
M(CO)5L (M = Cr, MO and W) complexes is determined by the x-acceptor ability of the 
L ligand estimated by the Graham x-parameter. The utility of electronic spectra data in the 
determination of the x-acceptor property of ligands is discussed. 

In general, the transfer of electrons from the metal 
to the ligand (n-back-bonding) in metal carbonyl 
compounds depends on the properties of the metal 
and the ligand. For a constant metal this n-back- 
bonding depends solely of the nature of the ligand 
and several techniques have been used for the inves- 
tigation of this matter: IR,‘+ photoelectron5 and 
i3C NMR spectroscopy.6 Theoretical studies7 also 
have been made for a major understanding of this 
problem. 

Although carbonyl frequencies v(C-0) and 
force constants k, and kz have been largely 
employed in the estimation of the z-acceptor 
capacity of the ligand L in the M(CO)5L system,194*8 
the M-C bond distances obtained from X-ray 
crystallographic studies are actually most used. 9,’ O 
Nevertheless, this technique can be employed only 
for those compounds for which suitable crystals can 
be obtained. As a more simple method of deter- 
mining this property the estimation of the R- 
acceptor ability of L ligand in complexes M(CO&L 
(M = Cr, MO and W) from their W-vis spectra is 
proposed in this paper and its validity and reliability 
discussed. 

RESULTS AND DISCUSSION 

As a measure of the a-acceptor ability of ligand 
we have used the Graham x-parameter” because it 
appears as the best method to estimate this 
property ; in fact this parameter correlates well 
with the M-C trays bond distance in Cr(C0)5L 

*Author to whom correspondence should be addressed. 

complexes.12 Thus the decrease of Cr-CO (tram) 
length bond has been usually discussed on the basis 
of the n-acceptor capacity of the L ligand.” 

The a-acceptor ability expressed by the Graham 
n-parameter was calculated for the M(CO)5L com- 
plexes through the k, (axial) and kz (equatorial) 
Cotton-Kraihanzel force constants obtained from 
the carbonyl v(C--O) stretching frequencies, pre- 
viously reported in the literature.2*3*‘3.‘4 For the com- 
plexes [M(CO),(THF)] (M = Cr, W) no carbonyl 
stretching and W-vis data have been reported. 
Hence they were obtained through irradiation of 
a solution of M(CO), and the ligand in THF as 
solvent.14 Because they are highly unstable they can- 
not be isolated and the IR and visible spectra were 
recorded from freshly prepared solutions of the 
complexes. The complex [Cr(CO),(C,H,SH)] was 
synthesized from the reaction of [Cr(CO),(THF)] 
photochemically generated with C6H5SH and sub- 
sequent purification. l4 The yellow solid obtained is 
highly unstable and the IR and UV-vis spectra were 
rapidly recorded. 

The lowest energy absorption in the complexes 
M(C0)5L have been assigned to the ligand field 
‘A(e4b:) --, ‘~3E(e3b$z~) transition’s~‘7 (see Fig. 1). 
Variations of 1 for this transition as a function of 
the acceptor ability of L expressed by the Graham 
a-parameter are illustrated in Fig. 2 in which &= 
is plotted us ‘II for 16 complexes Cr(CO)5L. For 
Mo(CO)~L and W(CO)5L complexes (Figs 3, 4) 
similar relationships are obtained. Sources for 
the A,,,,, (nm) and vco or kc0 data are : 1, [Cr(CO), 
THF] (this work); 2, [Cr(CO)$PMe,] ;25 
3, [Cr(CO)5HNC5H,o] ;25 4, [Cr(C0)5(0Me 
C6H4SCH2)d ;26 5, WW~)~WO~)21 ;14 6, 
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~ Fig. 1. One-electron energy ordering for Cd” M(CO)gL complexes (a) and effect on n-level at 
increase of z-back-bonding (b). 

[Cr(CO)$(N(CH&,H,),),1 ;I4 7, [Cr(CO),SPhJ ;I3 
8, [Cr(CO),(bte)];26 9, [Cr(CO)$(CHzPh)2];‘3 10, 
[Cr(CO),PhSH] (this work) ; 11, [Cr(CO), 
EtS(CH&SEt] ;26 12, [Cr(CO),S@&&%HJ ;I3 
13, [Cr(CO),PPh,] ;2,25 14, [Cr(CO),i-PrNC] ;6 15, 
[Cr(CO),SCMe,] ;” 16, [Cr(CO)SP(CsH, ,)3] ;25’2 
17, [Cr(C0)5PEt3] ;6 18, [Cr(CO),P(OPh),] ;25*2 
19, [Cr(CO),] ;2 20, [Mo(CO)~HNC~H,,,] ;25,2 21, 
PWCO)W%l ; 28v2 22, [Mo(CO)~H~NC~H,,] ;28,2 
23, [Mo(CO)s(bte)] ;26 24, [Mo(CO)$EtJ ;28.2 25, 
[Mo(CO)$CMe,] ;27 26, [Mo(CO),PPh,] ;’ 27, 
[Mo(CO),] ;” 28, [w(CO),Et,O] ;” 29, [w(CO), 
THF] (this work) ; 30, [w(CO),Py] ;28,2 31, 
lW(CO),H,NC&l ;28J 32, [w(CO),S(N=O)d ;14 
33, w(CO),PhSH] (this work); 34, [(W(CO),), 
(tmdto)] c5 35, [(w(CO),),(2,9 dtd)] ;25 36, jJV(CO), 
SCPhd ;27 37, [w(CO),SCMe,] ;27 38, [w(CO), 
PPh3];25.2 39, [w(CO)&28’2 (bte = CMe3SCH2CH2 
SCMe3 ; 2,9 dtd = MeS(CH,),SMe ; tmdto = BUS 
(CH2)2SBu. 

The points lie within straight lines : 

1. I,,Cr(CO)SL = - 137.7x+407.2 (1) 

2. &,,Mo(CO),L = - 136.0x+ 387.84 (2) 

3. &,W(CO),L = -141.74x+391.75. (3) 

From Figs 334 it is immediately evident that, from 
an increase of x-acceptor capacity of L, a decrease 
of km for the transitions is observed and vice versa. 

This trend can be qualitatively understood if we 
consider the one-electron energy ordering for C4,d6 
M(CO)SL complexes” which is shown in the scheme 
of Fig. 1. 

A better a-acceptor ligand causes a decrease in 
interelectron repulsion by n-back-bonding M + L 

interaction and therefore a stabilization of the IC 
levels. Consequently a A increase and a diminution 

of &lax is obtained. On the contrary, poor II- 
acceptor (or x-donor, rr with negative values) prod- 
uces an increase of the energy of rc level, and hence 
a decrease of A. 

Accordingly a relationship of the type l/n = an 
could be expected rather than equations (l)-(3) but 
better correlations were obtained in these latter 
expressions. When I- ’ is plotted against parameter 
R a smooth curve is obtained, due to the deviation 
of extremes points. This effect is less notorious when 
the data are fitted by linear correlation of I with II. 
Further straightforward expressions are practically 
most useful. 

From Figs 2-4, however, it is observed that some- 
what different values of a give similar values of &, : 
hence for these cases I_,= could be used only roughly 
as a measure of the x-acceptor capacity of ligands. 
From this can be concluded that ,I,, is not able 
to distinguish ligands with only slightly different 
acceptor ability. 

Table 1. ?I values calculated from IR and UV-vis data 
for M(CO)SL, L = 4-vinyl pyridine, and for W(CO), 

(Te=CPh,) 

n(IR) n(UV-vis) 

Cr(C0),(4-VP) -0.07 - 0.05 
Mo(CO),(4-VF? -0.01 -0.06 
W(CO),(4-w -0.09 - 0.086 
W(CO),Cr=CI%) 0.11 0.22 
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Fig. 2. Dependence from the x-acceptor capacity of A,,, 
for Cr(CO),L. 

Data for M(CO)SL, L = carbeneslg and 
thioureas,20,21 fall out of the relationships (l)-(3). 

It is noteworthy that the slopes of the straight 
lines shown in Figs 2-4 are equal. From this it can 
be concluded that the x-acceptor ability measured 
by the relationships 1, 2 and 3 is a property that 

420 

1 

Fig. 3. Dependence from the II acceptor capacity on J._ 
for Mo(CO),L. 
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Fig. 4. Dependence from the s-acceptor capacity on 1, 
for W(CO),L. 

does not depend on the metal (Cr, MO or W) and 
hence J,,,= can be viewed as a sort of ‘spectro- 
chemical series’ for n-bonding neutral ligands. 

As an example of the validity of equations (l)- 
(3) we have estimated the rr parameter from W-vis 
data for M(C0),(4-VP) (4-VP = Cvinyl pyridine ; 
M = Cr, MO and W) reported recently.22 This is 
shown in Table 1 where the values are close that 
those calculated from IR data. For the complex 
w(CO),(Te=CPh2)lZ3 a satisfactory agreement was 
also found. 

These results suggest that in spite of the fact that 
W-vis spectral dam are rarely included in the char- 
acterization of M(CO)SL derivatives,24 electronic 
spectra can afford valuable information about the A- 
acceptor ability of the ligand similar to that obtained 
by IR spectroscopy and other methods. The esti- 
mation of this property using W-4 data is par- 
ticularly useful when the M(CO)SL is not soluble in 
apolar and inert solvents, in such a case it is not 
possible to record the IR spectra in the C-O 
stretching region which precludes the estimation of 
the x-parameter. Then, a diffuse reflectance spectra 
should be utilized for estimation of the x-acceptor 
capacity. 
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Abstract-Organoindium compounds of general formula BuzInX [where X is OBu’, OPh, 
O&Et, 02CPh, 0,CCH(Et)(CH2),CH3 or C5H702 (acetylacetonate)] were synthesized, and 
their thermal decomposition was investigated by means of thermogravimetry. The main 
pyrolysis of the dibutylindium compounds was exothermic and their thermal weight 
loss occurred below ca 400°C. In contrast, metallo-organics such as In(acac), and 
In[O,CCH(Et)(CH,) 3CH J 3 decomposed endothermically in the temperature range between 
190 and 480°C. Chemical liquid pyrolysis of dibutylindium octanoate and propionate in 
p-xylene below 450’32, along with dibutyltin oxide as a dopant, gave highly conductive 
(cu 10m3 R cm) and transparent indium-tin-oxide films. 

The chemistry of organoindium compounds has 
been one of the less studied areas of organometallic 
chemistry, and synthetically and industrially they 
have been almost ignored.’ Recently, studies on 
the organoindiums have increased since MOCVD 
(metal organic chemical vapour deposition, alter- 
natively termed OMCVD) techniques for the pro- 
duction of III/V semiconductor thin films have been 
remarkably developed. * However, MOCVD has 
usually been carried out with indium trialkyls, and 
the use of organoindium compounds other than the 
trialkyls has been limited. 

On the other hand, some recent reports have 
shown that indium-tin-oxide (ITO) films as one 
example of III/VI semiconductors, which are most 
useful as conducting and transparent oxide films 
for displays or solar cell windows,’ could be pre- 

* Author to whom correspondence should be addressed. 

pared by chemical pyrolysis of metallo-organics 
of indium such as chelates,4*5 acylates6 and 
alkoxides. 7-g However, the chemical pyrolytic prep- 
aration of IT0 films by using such metallo-organics 
must usually be carried out with substrate tem- 
peratures greater than about 500°C to obtain highly 
conductive films. 

We expected that the chemical liquid pyrolysis of 
organoindium compounds, because of the lability 
of their In-C bonds” compared with metallo- 
organics, could give highly conductive IT0 films 
even at moderate temperatures. However, the ther- 
mal behaviour of the organoindium derivatives is 
not known in detail. Hence, we investigated the 
thermal decomposition of organoindium com- 
pounds (Bu,InX) [where X is OBu’, OPh, O,CEt, 
OzCPh, 02CCH(Et)(CH2)+2H3 or C5H7O2 [ace- 
tylacetonate (acac)], aiming at establishment of suit- 
able organometallics for the preparation of IT0 
films by means of chemical liquid pyrolysis. 
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strate (Matsunami slide glass No. S-l 11, 76 x 26 
mm) and spread over the surface by tipping. The 
substrate was then heated in air at 100°C for 40 
min, resulting in the formation of a transparent film. 
However, films thus obtained were not conductive. 
The films on the substrate were then baked in a 
quartz tube at 350-500°C for 1 h in air. 

RESULTS AND DISCUSSION 

The results of the thermogravimetric analyses of 
the dibutylindium derivatives along with two metal- 
lo-organics of indium are summarized in Table 2 
and typical thermograms are presented in Fig. 1. 
The thermal weight loss of indium tris(acetyl- 
acetonate) and indium t&(2-ethylhexanoate), 
which are the most popular metallo-organics 
for the preparation of IT0 films,“6 occurred 
sharply at ca 300 and 380°C respectively, along 
with large endothermic DTA peaks. The weight 
loss, however, continued beyond 400°C. The sharp 
and endothermic decomposition indicates that 
bond dissociation between the indium atom and 
ligands is the initial process, and degradation of 
ligands follows later. 

indiums were found to decompose via complex 
multi-steps as can be seen from TG and DTA 
curves. The main thermal decomposition process is 
exothermic, and occurred below 300°C. Thus, it can 
be said that these dibutylindium compounds are 
superior to the metallo-organics for the preparation 
of IT0 films at lower temperatures. Travkin et al. l5 
and Aleksandrov et al. l6 have reported that tri- 
alkylindiums, including tributylindium, decom- 
posed exothermically at temperatures between 200 
and 300°C. 

BuJn(acac) 

Three peaks appeared in the DTA curve. A sharp 
endothermic peak at 83°C means that BuJn(acac) 
melts at this temperature. The exothermic and 
broad DTA peak centered at 260°C seems to 
characterize the thermal decomposition of BuJn 
(acac), in contrast to the other metallo-organics. 
The main thermal weight loss occurred exotherm- 
ically and the presence of one inflection point was 
observed at 260°C based on DTG. At the point 
of inflexion, the weight loss reached 35.5%, which 
corresponds to the loss of two Bu groups. 

The behaviour of dibutylindium derivatives in The main decomposition process ceased at 
thermal decomposition seems apparently opposite 31O”C, after a weight loss of 56.4%. Thus, BuJn 
to that of the metallo-organics. The dibutyl- (acac) was pyrolysed into In203 up to 310°C. The 

Table 2. Results of thermogravimetric analyses of dibutylindium derivatives” 

TG DTA 

Total weight 
Start and end loss (%) 
of weight loss Endothermic Exothermic 

X (“C) Obsd Calc.b (“C) (“C) 

(1) BuJnX 
OBu’ 60 350’ ca 100 55.1 330 280 
OPh 96 431 58.1 56.9 301,383 
acac 101 381 67.9 57.6 83d 261,372 
OCOEt 45 353 53.9 54.1 200,320 
ococ, 115 400 63.1 62.7 231d 366 

(2) Ia 
acac 188 476 70.2 66.3 1904 306 419 
ococ, 189 431 74.5 74.5 242d, 382 

“Conditions of thermal analyses as follows : temperature range rt-650°C, heating 
rate 5°C min- ‘, reference a-alumina, range TG, &- 50 mg, DTA 100 mV, under NF 

b Calculation was done with the hypothesis that the organoindium compounds was 
. 

perfectly converted mto In 2O 3. 
c Volatilized. 
d Melting point. 
’ ZEthylhexanoate. 
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Fig. 1. Thermograms of organoindium compounds: (A) Bu,In(acac), (B) Bu,In(O,CEt), (C) Bu,In 
(OPh), and (D) In(acac),. 

weight loss again started exothermically at 350°C 
and finally ended at 381°C followed by indium 
metal deposition. In general, because of the 
insufficiency of oxygen, organoindium derivatives 
employed here often gave an oxygen-deficient 
indium oxide or indium metal via pyrolysis under 
an inert atmosphere. In the decomposition of 
Bu,In(acac), a trace of carbon contamination 
derived from butyl substituents might catalyse the 
reduction of the resulting indium oxide. However, 

it is important that the temperature for decompo- 
sition into In20, was about 100°C lower than that 
of In(acac) 3. 

Bu,In(O,CEt) and Bu21n[02CCH(Et)(CH,),CH,] 

These acylates did not give indium metal on ther- 
mal decomposition. The main decomposition pro- 
cesses are also exothermic, but the exothermic DTA 
peaks shifted to a higher temperature compared to 
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Bu&(acac). Especially for BuJn(O,CEt), a sig- 
nificant weight loss was observed over a wide range 
of temperature, 45-353°C. Although a clear inflec- 
tion point was present at 274°C in the TG curve, 
where the total weight loss could be read as 23.3%, 
the weight loss could not be correlated with the 
simple liberation of any individual substituent. In 
addition, the controlled degradation experiment of 
BuJn(O&Et) at 250°C for 1 h under N2 gave cu 
30% of butyl propionate. 

Hence, the thermal decomposition of BuJn 
(0,CEt) evidently proceeded via a complex process, 
such as the combination of free-radical elimination 
of the butyl group bonded to central indium atoms 
to give alkanes, hydride transfer to afford alkenes 
as in the thermal decomposition of indium 
trialkyls, ’ $3 ’ ’ and reductive-elimination to form 
butyl propionate. As shown in TG and DTA, dibu- 
tylindium 2-ethylhexanoate, possessing a long car- 
bon chain, behaved rather similarly to Bu,In(acac) 
and no weight loss far below the m.p. was detected. 

106- 

q 105- 
s 
2 
‘5 
.z 104 -1;. ._ 

t 

g 

%OJ 

10* 

200 300 400 500 600 
Temperature,OC 

Bu,In(OR) (R = Bu’ and Ph) 

The thermal behaviour of Bu,In(OBu’) could not 
be investigated in detail because it vaporized above 
330°C. An exothermic peak at 280°C was observed, 
which indicated that the dibutylindium tert-but- 
oxide was partially decomposed. In the case of the 
phenoxide, two exothermic peaks at 301 and 383°C 
were observed. Thus, the decomposition process 
could be divided into two steps. In the former step, 
Bu,In(OPh) lost two butyl groups and, in the latter, 
the Ph group was formally liberated, based on % 
weight loss observation. Thus, Bu,In(OPh) can be 
said to be thermally the most stable of the organo- 
indium compounds employed here. 

Fig. 2. Relation between sheet resistivities of IT0 films 
prepared from BuzIn(02CCH(Et)(CHJ,CH,) with or 
without Bu,SnO and baking temperature ; solvent was 
p-xylene and the dibutylindium octanoate concentration 
was kept at 5 wt % . The Bu ,SnO content varied between 
0 (0) and 2 wt % (C), with respect to the indium com- 

pounds. 

by using dibutylindium acylates or acetylacetonate. 
Volatile Bu,In(OBu’) gave no film and relatively 
stable Bu,In(OPh) afford opaque and highly resis- 
tive films. in contrast, dibutylindium acylates 
yielded highly conductive films : in the lower end of 
the order of 1O-3 Q cm. The temperature depen- 
dency of the IT0 lilm resistivities was further inves- 
tigated using the octanoate, which afforded the 
most conductive IT0 films. The resistivity reached 

Preparation of ITOfirms and their resiktivities 

In this study, we selected Bu&rO as a source of 
tin dopant, because of its high reactivities to active 
hydrogen compounds’7 and towards other organo- 
metallics to give Sri--O-metal bonds on 
heating. ’ 8 Thus, we expected that if indium alkoxide 
or indium hydroxide were formed in the primary 
pyrolysis of organoindium compounds, ’ 9 an 
In-O-Sn linkage or even network could be easily 
afforded by disproportionation with dibutyltin 
oxide. The formation of an In-O-Sn linkage dis- 
perses Sn moieties uniformly over the indium oxide 
layers. Results of the preparation of IT0 films when 
the IT0 solution in p-xylene was heated at 120°C 
for 40 min and baked at 450°C for 1 h are sum- 
marized in Table 3. 

Table 3. Resistivity of IT0 films prepared from di- 
butylindium compounds and dibutyltin oxideab 

Bu,InX 
X 

Film 
thickness 

C-Q 

OBu’ 
OPh 
acac 
O&Et 
02cc7 

- 
2000 
3100 
860 

1400 

“IT0 solution composition : solvent, p-xylene ; 
organoindium compounds, 5 wt % ; Bu,SnO as dopant, 
0.25 wt %. 

b Conditions of IT0 film preparation : lOO”C, 40 min ; 
45O”C, 1 h. 

Clear and transparent IT0 films were obtained ’ 2-Ethylhexanoate. 

Resistivity 
(Q cm) Appearance 

> 102 
> 102 Opaque 

7.1 x 10-l Clear 
3.5 x 10-j Clear 
1.9 x 10-9 Clear 
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a minimum at 450°C and then increased with rise 8. 
in temperature. In chemical pyrolysis, the resistivity 9. 
has been reported generally to decrease with tem- 
perature till 600”C6 An increase in resistivity with 10. 
rising temperature above 450°C resulted from the 
partial reduction of deposited In,03 derived from 
the organoindium compounds into indium metal or 
oxygen-deficient indium oxides. 

In conclusion, the organoindium compounds 1 1, 
containing at least one In-O bond are thermally 
unstable relative to the corresponding metallo- 12. 
organics. Thus, the chemical pyrolysis of the 
organoindium compounds could give highly con- 13. 
ductive IT0 films even, at 4OCL45O”C. 

14. 
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Abstract-The new “strati-his” Schiff base ligands, H,(R,R’-sabzta), and their binuclear 
copper(I1) complexes, Cup(R,R’-sabzta), were prepared and characterized, where H,(R,R’- 
sabzta) denotes 1,2,3,4-tetrakis(R’-salicylideneamino)-2,3-bis(R-phenyl)butane (R = H or 
p-Cl ; R’ = H, 5-Me or 5-Bu’). No substantial differences in the electronic and ESR spectra 
were observed between these binuclear and the corresponding mononuclear copper(I1) 
complexes. In each of those binuclear complexes, only one redox wave was observed at 
nearly the same potential as their corresponding mononuclear complexes. The redox wave 
was tentatively assigned to a total two-electron transfer process, Cu(II)-Cu(II) + Cu(Ik 
Cu(I), involving two one-electron reduction waves. These spectral and electrochemical 
properties of the binuclear complexes could be attributed to the two copper(I1) ions not 
interacting through the intramolecular x-x stacking of the two metal coordination planes. 

“Strati-bis” binuclear complexes in which the two 
metal coordination planes are held in a face-to-face 
manner by flexible or non-flexible linkages have 
been investigated as model systems for the active 
sites of some biological bimetal systems. l-3 It has 
been mainly focused on.bis(porphyrin) metal com- 
plexes, whereas studies on the metal complexes with 
Schiff bases are few in number. 

Previously, Okawa et ~1.“~ reported the syntheses 
and characterization of strati-bis Schiff base 
ligands, 1,2,3,4-tetrakis(R’-salicylideneamino)-2,3- 
dimethylbutane [H,(R’-sata)] and 1,2-bis(R’-salicy- 
lideneamino) - 1,2 - bis(R’ - salicylideneaminomethyl)- 
cyclohexane [H,(R’-sacta)] (R’ are the sub- 
stituents on salicylaldehyde), and their binuclear 
metal complexes. The metal ions in these com- 
plexes are held in the “salen-like” donation site 
[H,(salen) = 1,2-bis(salicylideneamino)ethane] and 
their two [MN,O,] coordination planes can be 
stacked in a face-to-face manner in solution. The 
stacked species of these complexes showed the 
unique properties in contrast with the correspond- 
ing mononuclear complexes. The most striking 
characteristics of the species are the facile reduc- 

*Author to whom correspondence should be addressed. 

tion to the mixed valence [M(II)-M(1) or M(IIIk 
M(II)] complexes and considerable stabilization 
of these reduced species. This can be rationalized 
in terms of the electron delocalization over the 
whole molecule by the n--n stacking of the two 
metal coordination planes. 

In this study, the new strati-bis Schiff base ligands 
which contain the aromatic rings as the substituents 
on the tetraamine moiety, 1,2,3,4_tetrakis(R’-salicy- 
lideneamino)-2,3-diphenylbutane [H,(R’-sabzta)] 
and 1,2,3,4-tetrakis(R’-salicylideneamino-2,3-bis- 
(4chlorophenyl)butane [H,(p-Cl,R’-sabzta)] (R’ are 
the substituents on the salicylaldehyde), and their 
binuclear copper(I1) complexes were prepared 
and characterized. The structures of these ligands 
are given in Fig. 1. Each ligand has also two “salen- 
like” donating sites which are linked to each other 
making a bond between carbon atoms of the ethy- 
lenediamine moieties. It is expected in the present 
complexes that the two metal coordination planes 
would be stacked in a face-to-face manner and the 
two aromatic rings at the tetraamine moiety stacked 
to each other by molecular model considerations. 
The spectroscopic and redox properties of those 
complexes were investigated in connection with the 
effects of the introduced aromatic rings on the n-n 
stacking between the two metal coordination planes. 

513 
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X = Me; H,(R’-sata) 

X = e; H4CR,R’-sabzta) 

Fig. 1. Chemical structures of H,(R’-sata) and H,(R,R’- 
sabzta). 

EXPERIMENTAL 

Synthesis 

1,2-Bis(4-chlorophenyl)ethanedione was pre- 
pared by the method described in the literature.9 
1,2,3,4-Tetraarnino-2,3diphenylbutane and 1,2,3,4- 
tetraamino-2,3-bis(4-chlorophenyl)butane were 
synthesized in nearly the same way as 1,2,3,4- 
tetraamino-2,3-dimethylbutane4 from 1,2-diphen- 
ylethanedione and 1,2-bis(4chlorophenyl)ethane- 
dione, respectively. 5-Methyl- and 5+butylsalicyl- 
aldehyde were prepared by the formylation (Duff’s 
reaction) ’ O of 4-methyl- and 4-t-butylphenol, 
respectively. The binucleating ligands, H,(R,R’- 
sabzta) (R = H or p-Cl ; R’ = H, 5-Me or 5-Bu’), 
were prepared by the condensation of the tetra- 
amine and salicylaldehyde or its derivatives in 
ethanol in a 1 : 4 mole ratio. 

Cuz(sabzta). Copper(I1) acetate monohydrate 
(1.44 mmol) and H,(sabzta) (0.72 mmol) were sus- 
pended in absolute ethanol (20 cm’) and the mixture 
was refluxed for 4 h. A purple crystalline powder 
formed was collected. The product was recrys- 
tallized from a chloroform-ethanol mixture. 
Found: C, 63.1; H, 4.3; N, 6.6%. Calc. for 
C44H34N404C~2 - jH,O : C, 63.2 ; H, 4.5 ; N, 6.7%. 

Cu,(S-Me-sabzta). Copper(I1) acetate monohy- 
. drate (1.92 mmol) and H,(S-Me-sabzta) (0.96 

mmol) were suspended in absolute ethanol (20 cm3) 
and the mixture was refluxed for 4 h. The green 

crystalline powder precipitated was collected and 
washed with a small amount of ethanol, the product 
was dissolved in chloroform and the solution was 
passed through a silica gel column (3 x 15 cm). The 
eluant was concentrated to cu 5 cm3 and allowed to 
stand overnight at room temperature to give Cu2(5- 
Me-sabzta) as a purple crystalline powder. Found : 
C, 65.0; H, 5.0; N, 6.1%. Calc. for C48H42N404- 
Cu,*H20: C, 65.2; H, 5.0; N, 6.3%. 

Cu2(5-Bu’-sabzta). A mixture of copper(I1) acet- 
ate monohydrate (1.92 mmol), H,(S-Bu’-sabzta) 
(0.96 mmol), and triethylamine (3.84 mmol) in 
absolute ethanol (20 cm3) was refluxed for 3 h. 
The purple powder precipitated was collected. The 
purple crystal was obtained by recrystallization of 
the crude product from ethanol-chloroform. 
Found: C, 68.4; H, 7.0; N, 5.0%. Calc. for 
CsOH60N404C~2 * 2CzHSOH : C, 68.2 ; H, 7.0 ; N, 
5.0%. 

Cu,b-Cl-sabzta). This complex was obtained as 
a purple crystalline powder by reacting copper(I1) 
acetate monohydrate (2.06 mmol) and H4(p-Cl- 
sabzta) (1.03 mmol) in absolute ethanol (20 cm’) in 
a way similar to that for Cu,(S-Me-sabzta). Found : 
C, 53.6; H, 3.6; N, 5.4%. Calc. for C44H32N404- 
C12Cu2~CHC13~~HzO: C, 53.7; H, 3.4; N, 5.6%. 

Cu&Cl,S-Me-sabzta). This complex was also 
obtained as a purple crystalline powder by reacting 
copper(I1) acetate monohydrate (2.06 mmol) and 
H,(p-Cl,S-Me-sabzta) (1.03 mmol) in absolute 
ethanol (20 cm3) in a way similar to that for Cu2(5- 
Me-sabzta). Found : C, 61.5 ; H, 4.5 ; N, 5.8%. Calc. 
for C48H40N404C12C~Z: C, 61.7; H, 4.3; N, 6.0%. 

The mononuclear copper(I1) complexes, Cu(R,R’- 
sabzen) (R = H or p-Cl, R’ = H or 5-Me), 
were synthesized by the method described in the 
literature. ’ ’ 

Measurements 

IR spectra were recorded on a JASCO IRA-l 
grating spectrometer on a KBr disk. ‘H NMR spec- 
tra were recorded on a Hitachi-Perkin-Elmer R-24 
spectrometer with tetramethylsilane as the internal 
reference. Electronic spectra were recorded on a 
Hitachi 220 A recording spectrophotometer in di- 
chloromethane. Polarograms were recorded on a 
Yanagimoto voltammetric analyzer Model P-‘lOOO 
in dichloromethane containing 0.1 mol dm- 3 tetra- 
butylammonium perchlorate (TBAP) as the sup- 
porting electrolyte. A three-electrode cell was used 
for measurements, in which the working electrode 
is a dropping mercury electrode or a glassy carbon, 
and the auxiliary electrode a platinum coil. A satu- 
rated calomel electrode (SCE) was used as the ref- 
erence electrode. In practice, instead of the reference 
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electrode an internal standard, the ferrocenefer- 
ricinium(1 +) couple, was utilized. ‘* ESR spectra 
were measured with a JES-FE3X ESR instrument 
in frozen chloroform solutions near liquid-nitrogen 
temperature and at room temperature. 

RESULTS AND DISCUSSION 

The synthesis of new tetraamines, 1,2,3,4-tetra- 
amino-2,3diphenylbutane and 1,2,3,4-tetraamino- 
2,3-bis(4_chlorophenyl)butane, were carried out in 
the way similar to that for 1,2,3,4-tetraamino-2,3- 
dimethylbutane.4,5 In these processes, each diam- 
inodinitrile, l,Zdicyano-1,2-diphenyl-1,2-ethane- 
diamine and 1,2-dicyano- 1,2-bis(4-chlorophenyl)- 
1 ,Zethanediamine, gave two isomers which can be 
attributed to two geometrical isomers (meso- and dl-); 
one is liquid and the other is solid. The presence of 
two products of diaminodinitrile is similar to the 
case of 2,3-dicyano-2,3-butanediamine.4*5 In this 
study, the solid product can be attributed to the dl- 
isomer by comparing with the case of the previous 
reports4v5 which used LiA1H4 reduction. In Fig. 1, 
the structures of the binucleating ligands H,(R’- 
sata) and H,(R,R’-sabzta) of the dl-tetraamines are 
shown. 

i 

I I 
10 20 30 

F(x 1o”cm-‘1 

Fig. 2. Electronic spectra of: (-) Cu,(sabzta), and 
(---) Cu(sabzen) in dichloromethane. 

The IR spectra of these complexes showed strong 
absorption bands at 1625-1628 and 1530-1535 
cm-’ which could be assigned to a stretching 
vibration of the azomethine moiety and a skeletal 
vibration of the aromatic ring of the ligands, 
respectively. The frequencies of these characteristic 
bands are similar to those of the corresponding 
mononuclear copper(I1) complexes, Cu(R,R’- 
sabzen) [R = H orp-Cl, R’ = H or 5-Me, H,(R,R’- 
sabzen) = 1 - (R - phenyl) - 1,2 - bis(R’ - salicylidene 
amino)ethane], and other copper(I1) complexes 
with “salen” type ligands. 

Electronic spectra of the complexes obtained 

were measured in dichloromethane. The results are 
given in Table 1 and the spectrum of Cu,(sabzta) is 
shown as an example in Fig. 2, together with the 
spectrum of Cu(sabzen). The absorption bands 
which can be assigned to a d-d transition of the 
central copper(I1) ion are observed near 17,000 
cm-’ with no substantial change in the frequency 
and the intensity between the binuclear and mono- 
nuclear complexes. This implies that the copper(H) 
ions of the binuclear complexes, as well as the 
mononuclear complexes, have a square planar con- 
figuration involving a [CuN,OJ chromophore as 
already demonstrated for Cu(salen). ’ 3 The bands 
near 27,000 cm- ’ can be assigned to the n-rc* trans- 

Table 1. Electronic spectral data for the complexes 
Table 2. ESR parameters of the complexes 

3,,, (x lo3 cm-‘) (E) 

Complex d-d II-r? 
All 

Complex 9 B” & 91 (G) 

Cuz(sabzta) 
Cu(sabzen) 
Cuz(5-Me-sabzta) 
Cu(S-Me-sabzen) 
Cu,(S-Bu’-sabzta) 
Cu,(p-Cl-sabzta) 
Cu(p-Cl-sabzen) 
Cu,@-Cl,S-Me-sabzta) 
Cu(p-C1,5-Me-sabzen) 

17.6 (422) 27.2 (13,000) Cu*(sabzta) 2.11 91.1 2.18 203 
17.6 (325) 27.1 (11,400) Cu(sabzen) 2.11 84.4 2.17 206 
18.0 (322) 26.3 (12,200) Cuz(5-Me-sabzta) 2.08 91.1 2.17 206 
17.7 (338) 26.3 (10,800) Cu(S-Me-sabzen) 2.11 83.9 2.18 200 
17.7 (457) 26.5 (12,200) Cu,(S-Bu’-sabzta) 2.11 78.8 2.20 199 
17.6 (391) 27.0 (12,000) Cu&-Cl-sabzta) 2.11 88.3 2.17 201 
17.6 (416) 27.0 (12,600) Cu@-Cl-sabzen) 2.11 87.8 2.18 200 
17.6 (431) 26.2 (12,400) Cu&-Cl,S-Me-sabzta) 2.12 89.4 2.17 204 
17.6 (423) 26.5 (11,800) Cu(pCl,S-Me-sabzen) 2.10 90.0 2.17 204 
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Table 3. Polarographic data of the complexes 

E,,z @MB) Slope E,,, (WE) 
Complex (v “s &c-Fcf) (mv) (v “s &+c+) 

C&(sabzta) - 1.72 43 - 1.73 
Cu(sabzen) -1.71 44 - 1.69 
Cuz(S-Me-sabzta) - 1.79 42 -1.81 
Cu(S-Me-sabzen) - 1.82 48 - 1.78 
Ct&-Cl-sabzta) - 1.74 39 - 1.73 
Cu(p-Cl-sabzen) - 1.72 44 -1.71 
Cu&-Cl$Me-sabzta) -1.78 46 - 1.79 
Cu(p-Cl,S-Me-sabzen) - 1.77 46 -1.75 

“E FcFc+ is the oxidation potential of the ferrocen+ferricinium couple. 

ition involving the azomethine n-character. I4 It is 
observed that there is no appreciable difference in 
the frequency between the bands of Cu(salpn) 
[H,(salpn) = 1,2-bis(salicylideneamino)propane] 
(27,250 cm- ‘)’ and Cu(R-sabzen) (27,OO(r27,100 
cn- ‘). This suggests that the substitution of a 
methyl group for aromatic rings at the ethy- 
lenediamine moiety of the ligands does not affect 
the electronic states of the azomethine moiety. Fur- 
thermore, the binuclear copper(I1) complexes also 
showed the rr-X* transition band at essentially the 
same frequency as the mononuclear complexes, 
which implies the absence of appreciable x-a inter- 
action between the two [CuN,Oz] coordination 
planes of these complexes. 

ESR spectra of the complexes obtained were 
measured at room and liquid-nitrogen temperature 
in chloroform solution, and the results are given in 
Table 2. All the spectra have the four-line hyperfine 
structure at both temperatures and a typical axial 
pattern (q,, > gL) at liquid-nitrogen temperature. 
These results suggest that the geometry around the 
copper(I1) ions of the present binuclear complexes 
is almost the same as that of the mononuclear com- 
plexes and the intra- and intermolecular magnetic 
interaction between the copper(I1) ions of the 
binuclear complexes are negligible. 

Redox properties of the complexes obtained were 
examined by DC and differential-pulse polar- 
ography in dichloromethane containing 0.1 mol 
dm- 3 TBAP as a supporting electrolyte. The 
differential-pulse polarograms were recorded by a 
dropping mercury electrode (DME) and a glassy 
carbon electrode (GCE). In Table 3, the half-wave 
potential and the slope of the potential vs log 
(i/id--i) plot are given. The wave observed around 
- 1.7 vs EFc_Fc+ in the mononuclear complexes is 
assigned to a quasi-reversible one-electron transfer 
process, Cu(I1) + Cu(I), on the basis of their poten- 

tials and slopes (44-48 mV). On the other hand, 
only one redox wave was observed in the binuclear 
complexes at essentially the same potential as their 
corresponding mononuclear complexes. These 
redox waves can be also attributed to an apparent 
quasi-reversible one-electron transfer process, judg- 
ing from the results of the standard polarographic 
plot of potential vs log (i/id- 2). The electrochemical 
properties of the present binuclear complexes 
resembled closely those of Cu,(S-Me-sata) and 
Cu,(5-Bu’-sata),4~’ in which the Cu(II)-Cu(I1) 
species are reduced to Cu(I)-Cu(1) species by two 
simultaneous monoelectronic steps at nearly the 
same potential as those of the corresponding 
mononuclear complexes. From the resemblance of 
the electrochemical properties between Cuz(R,R’- 
sabzta) and Cu,(R’-sata), it is concluded that the 
apparent one-electron reduction wave for the for- 
mer complexes can be assigned to a total two-elec- 
tron transfer involving two one-electron reduction 
waves at the same potential. The results indicated 
that the two [CuNzOz] chromophores of the present 
binuclear complexes do not interact each other. 
This can be attributed to the steric hindrance of 
aromatic rings as substituents on the tetraamine 
moiety. 
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(b) 

(a) (c) 

Fig. 1. Polyhedral models of polyanion-group containing ‘M5019) fragment ; Weakley-type 
~(W,O,&J”- polyanion (a), [M’M50,J’- polyanion (b) and [w,,,OJ’- isopolyanion (c). In (a), 
central filled circle shows the X (rare-earth) atom and the geometry around it is square antiprismatic. 
Each of two ‘WsO1i fragments coordinates to X atom as a quadridentate ligand. In (b), a shaded 
octahedron represents a substituting M’ atom (V, MO, W, Nb and so on) and the residual part 
corresponds to the ‘W 50, ; fragment (M = W and MO). In (c), two ‘W 5O1 *’ fragments are linked 

by comer-sharings to D4* symmetry. 

EXPERIMENTAL attached. Solvents were acetonitrile distilled before 
use for tetrabutylammonium (TBA) salt and redis- 

Measurements tilled water for some lacunary species. IR spectra 
were recorded with a JASCO IR-G spec- 

UV absorption spectra were measured by a Hitachi trophotometer. All measurements were made at 
340~spectrophotometer with a computer keyboard room temperature. 

I 

(a) 

(cl 

Fig. 2. Polyhedral models ofpolyanion-group containing ‘XM9034) fragment ; Keggin [a-XM ,2040j’- 
(a), Keggin [j?-XM12040~- (b) and Dawson [c+X~M,~O~$- (c) heteropolyanions. Central filled 
tetrahedra show the heteroatom X. In (a), the residual part other than three shaded octahedra 
corresponds to A-a-‘XM9034( fragment. In (b), upper M 0 3 13 unit rotates 60” with respect to the 
Keggin cc-structure. The residual part other than shaded M3013 unit corresponds to B-p-‘XM9034 
fragment. The notation of CI and j? of the ‘XM90J4 ’ is based on the parent Keggin structure and that 
of A and B is based on the positions of three octahedra removed. In (c), two A-u-‘XM~O~~’ fragments 

are linked by corner-sharings to D,, symmetry. 
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Formula 

Found (%) Calc. (%) 

C H N C H N 

23.0 4.5 1.8 23.2 4.4 1.7 
20.3 3.9 1.5 20.3 3.8 1.5 
28.2 5.4 2.1 28.2 5.3 2.1 
19.8 3.9 1.5 19.8 3.7 1.4 
23.8 4.8 1.8 24.1 4.6 1.8 
15.9 3.0 1.1 16.0 3.0 1.2 
22.7 4.3 1.6 22.6 4.3 1.7 
20.0 3.6 1.4 
20.1 3.6 1.4 > 

20.0 3.8 1.5 

27.5 5.1 1.9 27.6 5.2 2.0 
22.7 4.2 1.6 22.4 4.2 1.6 
19.7 3.7 1.4 
19.9 3.9 1.5 > 

19.8 3.7 1.4 

27.1 5.0 2.0 
27.1 5.0 1.9 > 

27.1 5.1 2.0 

20.1 3.9 1.6 19.9 3.8 1.5 

Preparations 

The TBA salts of polyanions were prepared 
according to procedures previously described ; 
(TW~W~oW,5 (TB&bW,~l (M = W, Moh6 
(TBA)6t@-P2W1@6d,6 VW5Hb-P&o 1 80621,6 

(TBA)Ja-PWIzO,,] (M = W, MO),’ (TBA),[a- 
SiM,2040] (M = W, MO),’ (TBA)&?-SiW1204,-,],7 
(TBANa[B-SiMo I 20401,7 VW&-GeM 1 20401 

(M = W, MO),’ (TBA),[B-GeM 12040] (M = W, 
MO)’ and (TBA)4K[a-BW 12040].7 They were iso- 
lated without any solvation. These compounds were 
identified by elemental analysis of the counterion 
part, shown in Table 1, and by comparison of the 
spectra (Table 2) with the already established IR 
spectra of the polyanion moiety.5~a11 Some 
lacunary species were also prepared according to 
the literature : K7[a-PW, 1039] - 28H20,12 Na3H6 

Table 2. Absorption spectra1 data in acetonitrile solution 

Compound Absorption maximum (cm- ‘) (E : mol- ’ dm3 cm- ‘) 

kf3+- 6 19 

Flo60,91*- 

b-P2W I @& 

b-P2M0180621”- 

b-PW,204013- 

[a-PMo,2040]3- 
[a-SiW ,2040]4- 
LB-SiW, 2040]4- 
[a-SiMo, 204,,]4- 
[B-SiMo 12040]4- 
[a-GeW, 204014- 

[B-GeW1204014- 

[a-GeMo I 2040]4- 
[B-GeMo ,2040]4- 
b-BW1204015- 

FW, 10391’- 
[A-a-PMo,034]9- 
LB-PW903419- 

30,800 (14,000), 38,000 (16,500), 45,700 (50,000) 
31,300 (34OO)sh, 36,200 (14,900), 47,600 (30,000) 
30,800 (6600), 39,100 (13,100), 45,100 (22,000) 
33,200 (32,500), 40,000 (52,000) 
31,400 (21,700), 41,700 (109,OOO)sh 
37,700 (45,700) 
32,300 (22,300) 
37,900 (50,900) 
37,700 (35,200) 
32,900 (19,500), 39,700 (49,300)sh 
32,900 (16,900) 
37,600 (46,900) 
37,200 (29,600) 
33,300 (19,200), 41,000 (61,200)sh 
33,000 (18,500) 
39,100 (45,200) 
40,700 (46,200) 
43,100 (52,600): 48,000 (92,900) 
40,000 (32,400) 

“In water. 
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[A-c~-PMo~O~~]- 13H20” and Na8H[B-j-PW9034]* 
24H20.13 

RESULTS AND DISCUSSION 

1. Group containing ‘M 5O1 8’ fragment 

The position and intensity of absorption maxima 
of this polyanion group are depicted as a bar graph 
in Fig. 3. The fragment ‘M50i8’ itself has not been 
found because of its instability. However, deriva- 
tives are seen as in the ligand of the Weakley-type 
polyanion [x(W,O,,),]“- (X = rare-earth metal 
ion), the w 1 0032]4- isopolyanion resulting from 
corner-sharing between two ‘WsO , *’ fragments and 
also the [M’WSO,&type isopolyanion (M’ = V, 
MO, W, Nb and so on) from edge-sharing between 
‘W50i8’ and ‘M’06’ units. 

For the UV spectrum in the aqueous media of the 
[Ce(IV)(W 5O, &]*- polyanion, we have previously 
assigned two CT bands of the ligand-to-Ce(IV) and 
the intra-ligand by MCD measurement. I4 The 
absorption maxima and intensities are 30,000 cm- ’ 
(E 5600) and 38,000 cm-’ (E 19,000), respectively. 
In this polyanion, the geometry around the central 
Ce(IV) ion is square antiprismatic and two ‘WsO 1 *’ 
ligands contribute independently to the intensity of 
the intra-ligand CT. On the other hand, the UV 
spectrum of ~,,O,,]“- polyanion, formed by the 
corner-sharings between two ‘W501 8’ units, shows 
three CT bands; 30,800 cm-’ (E 14,000), 38,000 
cm-’ (E 16,500) and 45,700 cm-’ (E 50,000). It 
should be noted that the position and intensity of 
the second LECT are very close to those of the 
intra-ligand CT of the Weakley polyanion. This 
indicates that the two half-units of the [w,0032]4- 

110000 

Iv$0321”- 
I 

[Ce%VsC$#+ a) , 
I 

'w60191 2- 

I 

Ivw,0,,13- b’ 
I 

MO,ClJ2- 

, I 

20 30 40 50 

103cm’ 

Fig. 3. Bar graphs of absorption maxima of a polyanion- 
group containing ‘M,O,,’ (M = W and MO) fragment. 
Height shows relative intensity and abscissa shows 
wavenumber. The data of (a) and (b) are reported in Refs 
14 and 15, respectively. Asterisked peak indicates a CT 

band of ligand-to-Ce(IV). 

polyanion contribute independently to the second 
LECT. The first LECT band is a new absorption, 
which could not ‘be seen in the ‘WsO, 8’ unit alone, 
and probably stems from an interaction between 
two identical fragments. When two ‘W50,8’ units 
approach in the manner that four oxygen-legs of 
each unit face each other and finally two sets of 
four legs coalesce into one, a large delocalization of 
charge through the corner-shared oxygens linking 
two units can be expected. This leads to the for- 
mation of stable [w,,O,,]“- polyanion and a new 
lower-energy CT becomes possible. Thus, the first 
LECT is considered to be a transition through such 
oxygens. 

Another way of stabilizing a ‘W 501 *’ fragment 
is found in the formation of a [M’W50i9]“--type 
polyanion by edge-sharings between ‘M’O; and 
‘W50i8’ units. In this polyanion-series, an intra- 

‘W@18’ CT and new inter-CT transitions are 
expected. The absorption band of the former CT 
should appear near 38,000 cm-’ as observed in the 
intraCT of Weakley polyanion and in the second 
LECT of w,,O32]“- isopolyanion. On the other 
hand, the band of the latter CT presumably depends 
strongly upon the electronegativity of M’ atom, if 
it is assumed that the group overlap of edge-sharing 
interaction is unchanged by M’ atom. The optical 
electronegativity x of some M’ atoms has been pre- 
viously estimated by So and Pope ;’ x = 2.7 for 
V(V), 2.5 for Mo(VI), 2.3 for W(V1) and 2.0 for 
Nb(V). In the Figs 4a-c, the HOMO-LUMO inter- 
action models leading to the formation of 
[M’W 501 $- polyanion are depicted. In Fig. 4a at 
least two inter-CT bands are possible in the lower 
energy region than the intra-CT band, while in Figs 
4b and c at least one inter-CT band is expected. In 
the model of Fig. 4b, the inter-CT will shift to the 
higher energy region against the more elec- 
tronegative M’ atom, because the HOMO level of 
‘M’06’ becomes energetically lower. 

The [w,O 1 9]2- polyanion shows the first LECT 
as a weak and broad shoulder band at N 31,300 
cm- ’ (E 3400) and the second LECT as a prominent 
band at 36,200 cm-’ (E 14,900). Moreover, the first 
and second LECT measured in methanol solution 
of w,O, 9] 3- polyanion, which contains the most 
electronegative V(V) atom substituted, are reported 
at 25,600 cm- ’ (E 2580) and 37,500 cm- ’ (E 1 l,OOO), 
respectively. ’ 5 If the second LECT bands can be 
attributed to the intra-‘W,O, 8’ CT transitions, the 
first LECT bands are assigned to the inter-CT ones. 
This feature rules out the transitions based on the 
model of Fig. 4a and is consistent with the tran- 
sitions by the model of Fig. 4c, where the LUMO 
level of ‘M’O: is lying between HOMO and LUMO 
levels of ‘WsOls’. Dabbabi and Boyer ’ 6 have pre- 
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- LUMO 

LUMO 

*HOMO 

“&& “M’O;’ “w5q8” “M’O$’ ,*w5Q8* ,‘M,G’ 

(4 (b) (cl 

Fig. 4. Formation of [M’W50,J--type polyanion and the models of HOMSLUMO interaction 
between ‘WsO,s’ and ‘M’O: fragments. HOMO and LUMO levels of ‘M’O: fragment in (a), only 
th> HOMO level in (b) and only the LUMO level in (c) are situated between HOMO and LUMO 
levels of ‘W 5O, 2 fragment. Wave-like lines represents the HOMO-LUMO interaction leading to the 

formation of polyanion. Degeneracy of HOMO and LUMO levels is out of consideration. 

viously reported an absorption maximum of the 
[NbW50,d3- polyanion, substituted with the less 
electronegative Nb(V) atom, at 36,600 cm- ’ (s 
11,300). However, they have not referred to other 
low energy bands. 

On the other hand, the UV spectrum of the 
[Mo~O,,]~- polyanion shows the first LECT at 
30,800 cm- I (E 6600) and the second one at 39,100 
cm- ’ (E 13,100). They are clearly separated in con- 
trast to those of an isostructural tungsto-analogue. 
Using the model of Fig. 4c, these bands are also 
assigned to the inter- and intraCT transitions, 
respectively. The clear separation implies that (i) 
the LUMO-LUMO gap between ‘Mo50is’ and 
‘MOO: fragments is larger than that between 
‘W 5O1 8’ and ‘WO: and (ii) the HOMO-LUMO gap 
of ‘MoSO, *’ itself is larger than that of ‘W 5O1 8’. 

2. Group containing A-a-‘XM9034’ fragment 

Analogous approaches are also applied to the 
interpretation of the CT spectra of Keggin [a- 

XM12040Y and Dawson [a-P2M,sO~2]“- 
(M = MO or W) polyanions (abbreviated to a-XM , 2 
and a-P2M1 8, respectively, hereafter) in solution. 
Their absorption maxima and intensities are shown 
as bar graphs in Figs 5 and 6. When the A-a-‘PMg’ 
fragment is considered as a common unit in these 
polyanions, the Keggin anion comprises edge- and 
corner-sharings of A-a-‘PMg’ with three ‘M06’ 
units and the Dawson anion corner-shares two A- 
a-‘PM9’ fragments. In the Keggin anion it should 
be noted that three ‘MO; units inserted into the A- 
a-‘XM9’ fragment by edge(corner)-sharings result 
in mutual comer(edge)-sharings. 

The A-a-‘PM,’ fragment actually exists as some 
protonated forms of [PM9034]9- polyanion. As 
shown in Fig. 5, the second LECT position (41,700 
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cm- ‘) of Dawson a-P2MoI s polyanion is situated 
near the first LECT (43,100 cm-‘) of A-a-PMo, 
polyanion which corresponds to the half-unit struc- 
ture of the Dawson anion, and further the intensity 
(E 109,000) of the former LECT is about twice that 
of the latter (E 52,600). Thus, just like the [w,,O,d”- 
polyanion, the LECT of a-P2Mo, 8 (31,400 cm- ’ ; E 
21,700) can be assigned to the CT transition con- 
taining comer-sharing oxygens which link two A- 

o- SiMo,, 

D-SiMo,, 1 

30 40 50 

103CIll_’ 

Fig. 5. Bar graphs of absorption maxima of a polyanion- 
group containing ‘XMo90S4’ (X = P, Si, Ge) fragment. 
Height shows relative intensity and abscissa shows 

wavenumber. 

x 
O-GeMo,, 

T -- 
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“-PW,* 1 x1m 

a-PW 
2 18 

l3-wPW9 

u-PW,, 

a-SiW,, 

O-SiW,, 

a-GeM(, 

f3-&w,2 1 

a-BW 
12 

30 40 50 

103cm’ 

Fig. 6. Bar graphs of absorption maxima of a polyanion- 
group containing ‘XW9034’ (X = P, Si, Ge, B) fragment. 
Height shows relative intensity and abscissa shows 

wavenumber. 

a-‘PMo9’ fragments and the second LECT to the 
intra-CT of the fragment. 

The Keggin a- and jI-molybdopolyanions show 
the first LECT bands, independent of heteroatoms, 
at energetically close positions (N 33,000 cm- ‘) to 
that of Dawson c+molybdopolyanion. Further- 
more, some Keggin polyanions such as cr-SiMo,, 
and cr-GeMo ,2 show explicitly the second LECT 
bands as broad shoulders near the second LECT 
position in the Dawson polyanion. These facts sug- 
gest that the A-cl-‘XMog’ unit becomes a discrete 
chromophore-group and all the first LECT bands 
of four geometrical isomers (A-a, B-a, A-/? and B- 
P) of the ‘XMo,’ fragment are also energetically 
comparable. An equivalent energy appearance of 
the first LECT bands of Keggin and Dawson 
molybdopolyanions indicates that the stabilization 
of the Dawson anion by corner-sharing interaction 
becomes nearly equal to that of the Keggin ones by 
the interactions between ‘XMo9’ and three ‘Mo06’ 
fragments. Moreover, a large LUMO-LUMO gap 
between A-cr-‘XMog’ and ‘Moos’ units can be pro- 
posed. 

On the other hand, the first LECT at 33,200 cm- ’ 
(E 32,500) and the second LECT at 40,000 cm-’ 
(E 52,000) of the Dawson a-P,W i8 polyanion are 
assigned to the CT transition due to the corner- 
sharing oxygens which link two identical fragments 
and the intra-CT transition of the fragment, 
respectively. Although a reference band, i.e. the 
first LECT of the A-u-type tungsto-fragment is not 
provided, it is assumed not to deviate significantly 
from the second LECT of the Dawson tung- 
stopolyanion and further to be close to the LECT 
position of the B-/I isomer of the PW9 polyanion as 
shown in Fig. 6. In contrast to the molyb- 
dopolyanions, all Keggin tungstopolyanions except 
the a-BW, z anion show the first LECT located at 
N 38,000 cm-r, which is lower by N 2000 cm-’ 
than the assumed position of the A-a-‘XW9’ frag- 
ment, and no second LECT. This probably 
accounts for the averaging of the inter- and intra- 
CT due to small LUMG-LUMO gap between 
‘XW9’ and ‘W06’ fragments. 
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THE SYNTHESIS AND STRUCTURE OF 
BIS(ACETYLACETONATO)(2-HYDROXYPHENOLATO)- 

ALUMINIUM: A STABLE DIMER 
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(Received 12 November 1985 ; accepted after revision 29 July 1986) 

Abstract-The dimeric structure of bis(acetylacetonato)(2-hydroxyphenolato)aluminium 
(I) has been elucidated using NMR spectroscopy and vapour phase osmometry. It has been 
shown that in solution the three geometrical isomers of the dimer are in equilibrium with 
monomeric species. At high concentrations even trimeric and/or polymeric species have to 
be considered in the equilibrium. 

The homopolymerization of epoxides is catalysed 
by the combination of tris(acetylacetonato)alu- 
minium (II) and phenols. ‘3’ Catechol @I) has 
proved to be the most effective phenol. We have 
observed by NMR and HPLC the formation of a 
reactive intermediate in the homopolymerization 
of cyclohexene oxide.3 This intermediate proves 
to be the actual catalytic species and is the reaction 
product of II and III. 3 

Although a long history exists on the structure, 
properties, and chemistry of aluminium alkoxides4 
and /I-diketonates,’ knowledge of the reactions of 
II with phenols is limited to monodentate ligands. 6 
Bidentate ligands are only studied in reactions with 
aluminium alkoxides4 and aluminium salts.7 Most 
studies are dealing with the complexation of alu- 
minium alkoxides or mixed alkoxide+diketonates. 
In a recent paper Wengrovius et al. described the 
synthesis of several dimeric complexes of AI(O 
diketonate)z. a These dimers are thermally unstable 
in solution and decompose via ligand dis- 
proportionation. No monomer-dimer equilibrium 
is observed, probably due to the unfavourable 
five-coordinated aluminium in the monomer. We 
have synthesized bis(acetylacetonato)(2-hydroxy- 
phenolato)aluminium (I) from II and IJI as an 
example of A1(OR)(j&diketonate)2, in which the OR 
group is provided with a hydroxy functionality. We 
have studied in detail the dimeric structure of this 
effective catalyst for ring-opening polymerization 
by NMR spectroscopy. 

EXPERIMENTAL 

Preparation of bis(acetylacetonato)(2-hydroxy- 
phenolato)aluminium (I) 

Catechol(5.0 g, 45 mmol) was added to a solution 
of 9.6 g (29 mmol) tris(acetylacetonato)aluminium 
in 500 cm3 of diethylether and the mixture was 
refluxed for 48 h. The product precipitated during 
the reaction and was collected by filtration, thor- 
oughly washed with diethylether and dried at 
reduced pressure, affording 2.4 g (10.2 mmol, 35%) 
spectroscopically pure bis(acetylacetonato)(2- 
hydroxyphenolato)aluminium, m.p. 192-194°C 
(dec.). An analytically pure sample was obtained 
upon crystallization from benzene, m.p. 195°C. 
Found : C, 56.9 ; H, 5.5 ; Al, 8.0. Calc. for 
(C32H380,2A12): C, 57.5; H, 5.7; Al, 8.1%. HPLC 
analysis of the raw reaction mixture showed the 
presence of II, III, acetylacetone, and a product 
with the same retention time as I. 

Measurements 

The ‘H- and ’ 3C-NMR spectra were recorded at 
80 and 20 MHz respectively with a Bruker WP-80- 
SY spectrometer. 27Al-NMR spectra were recorded 
at 52 MHz with a Nicolet NT200. Solid state “C- 
NMR spectra were recorded at 100 MHz with a 
Bruker MSL 400 using CP/MASS and TOSS for 
side band reduction. The two-dimensional NOE 
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Fig. 1. ‘H-NMR spectrum of a freshly prepared sample of I in CDCl, ; the connectivities indicated 
at the bottom are NOE interactions as measured with a mixing time of 1.4 s. 

(NOESY) and COSY spectra were recorded at 250 
MHz with a Bruker AM 250, using mixing times of 
0.9, 1.4, and 1.9 s, respectively. The chemical shifts 
are reported in 6 units (parts per million) relative 
to CHC13 and converted to 6 TMS values using 6 
CHC13 = 7.25 ppm. The vapour phase osmometric 
measurements were performed at the analytical 
department of the university of Groningen using 
0.5% solutions in CHC13 at a temperature of 37°C. 

RESULTS AND DISCUSSION 

The reaction of II and ID in ether at reflux tem- 
perature for 48 h yields I as a white precipitate in 

35% yield. The substitution of a second ace- 
tylacetonate ligand is not observed despite a high 
ratio III over II. The ‘H-NMR spectrum of a freshly 
prepared sample of I in CDCl, is depicted in Fig. 
1. The difference in chemical shift for the methyl 
groups of the acetylacetonate moiety (6 = 2.2-2.0 
vs 6 = 1.3-1.1 ppm) is remarkable. The three res- 
onances at 6 = 8.3, 8.5 and 8.55 ppm indicate the 
presence of three isomers. This is supported by the 
observation that the relative intensities of the three 
isomers are dependent on the history of the sample 
(twice vs not recrystallized). The proximity of pro- 
tons within I is assessed in a two-dimensional 
nuclear Overhauser enhancement (NOE) exper- 

1. ’ - ’ I’ -. . I ” - .I”’ I 
200 150 100 50 0 

pm 

Fig. 2. ’ 3C-NMR spectrum of I in the solid state using CP/MASS. 
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iment. The NOE connectivities are indicated in Fig. 
1. Besides the expected connectivities on the basis of 
adjacent hydrogens in the molecule, the experiment 
indicates a remarkable short distance between the 
acidic phenol hydrogens and the downfield CH3 
greup of the acetylacetonate ligand. A solid state 
13C-NMR spectrum of I shows four resonances for 
both the carbonyl carbons and the methyl carbons 
of the acetylacetonate moiety (Fig. 2). 

The NMR data cannot be explained by a simple 
monomeric structure of bis(acetylacetonato)(2- 
hydroxyphenolato)aluminium. However, the data 
are in complete accordance with a dimeric structure 
of I, in which the catechol ligands are responsible 
for the bridging (see Scheme 1). A CPK model of the 
dimer shows that the two benzene rings are located 
perpendicular to each other and that three geo- 
metrical isomers are possible, in which the four 
acetylacetonate ligands are all orientated longi- 
tudinally, all transversally, or in a combination of 
two longitudinal and two transverse dentations with 
respect to the Al-Al axis, respectively. Furthermore 
and most striking, the two phenolic hydroxyl groups 
are forced to close proximity at the same site 
of the dimer molecule offering a very acid proton 
by hydrogen bonding of these two hydroxyl groups. 
The model also clearly demonstrates that one CH3 
group of each acetylacetonate moiety is located in 
the shielding zone of the benzene ring, while the 
other is situated in the deshielding zone. Models of 
monomer and trimer do not show these (de)shield- 
ing effects. 

We propose that the first step in the reaction of 

OH 

OH - 

11 III 
2 AcAcH 

Scheme 1. 

II and III consists of a ligand exchange equilibrium 
between catechol and acetylacetone. This equi- 
librium has been confirmed by HPLC analysis. 3 The 
primary monomeric product bis(acetylacetonato) 
(2-hydroxyphenolato)aluminium is in equilibrium 
with its dimer I, which separates from the reaction 
mixture. The ratio II over III and their concentra- 
tions determine the yield of I. Dimer I is an amor- 
phous mixture of three isomers and is stable in air. 

Dynamic NMR spectroscopy 

When a sample of I in CDC13 was stored for 
several hours at room temperature the ‘H-NMR 
spectrum (see Fig. 3) deviated from that of a freshly 
prepared sample (Fig. 1). Apparently the dimer par- 
tially dissociates into monomeric species, to which 
the resonances at 6 = 1.94 and 6 = 5.42 ppm can 

*i 

* 

pm 

Fig. 3. ‘H-NMR spectrum of a sample of 1 in CDCla after 2 h storing at room temperature; the 
resonances indicated with * correspond to dimer and with 0 to monomer. 
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Fig. 4. The change in molecular weight in time of a 
solution of I in CHC13 using VP0 (*) and in CDCl, using 

‘H-NMR (0). 

be assigned. The spin-lattice relaxation times for all 
hydrogens of the dimer are shorter than the T1 
values of the corresponding atoms in the monomer. 
The information obtained from “Al-NMR spec- 
troscopy is scarce. The singlet for dimer and mono- 
mer of I are indistinguishable, while the resonance 
is shifted 2 ppm upfield and broadened by a factor 
of 1.5 with respect to the tris(acetylacetonato)- 
aluminium resonance. 

The dissociation of I is confirmed by vapour 
phase osmometry. The changes in molecular weight 
during the dissociation of the dimer I were meas- 
ured using a dilute solution of CHC13 at 37°C (Fig. 
4). At these low concentrations a simple dimer- 
monomer equilibrium was observed in which the 
equilibrium constant is high. The observed decrease 
in molecular weight in time is in full agreement with 
the NMR kinetic measurements in CDCl, under 
the same conditions (Fig. 4). 

The equilibrium constant of the dimer-monomer 
interchange proved to be dependent on concen- 
tration, solvent and temperature. Lowering the 
concentration of I furnishes a higher degree 
of dissociation. Variable temperature ‘H-NMR 
spectroscopy of I in ODCB-d4 were performed to 
study the dynamics of the geometrical isomerization 
in the dimer and of the dimer-monomer equilib- 

rium. The results are presented in Fig. 5. As the 
temperature was raised the resonances due to the 
acidic phenol hydrogens of the three isomers of the 
dimer were shifted upfield and coalesced at 138°C. 
This coalescence corresponds to an isomerization 
of the acetylacetonate ligands. The AG* of isom- 
erization of the three isomers is established at 
21.7kO.7 kcal/mol. This free energy of activation 
is similar to those found for the isomerization of 
the octahedral tris(j?-diketonato) complexes,9 but 
significantly higher than found for the Al(OR)(j?- 
diketonate)* dimers.’ This observation is consistent 
with a normal /3-diketonate octahedral isomer- 
ization, without going through a transition state in 
which one of the catecholate-aluminium bonds is 
broken. Furthermore, no coalescence was observed 
for the intermolecular dimer-monomer inter- 
change. 

At the high concentrations of I, used in this exper- 
iment, no linear correlation was found for the log- 
arithm of the equilibrium constant (K) and the 
reciprocal temperature when K was calculated on 
the basis of a dissociation of the dimer alone (Fig. 
5). Satisfactory fits could only be obtained when 
it was assumed that at high dimer concentrations 
trimeric or even polymeric species were involved. 

The results presented above force us to propose 
that the reaction of II and III furnishes the dimer 
of bis(acetylacetonato)(2-hydroxyphenolato)alu- 
minium (I). The dimer is present in three geo- 
metrical isomers and in solution these isomers are 

b 

2.3 .L .5 6 7 .6 9 3.0 I .2 

lO’/T - IK-‘I 

Fig. 5. (a) The chemical shift of the acid phenolic hydro- 
gens of the dimer as a function of temperature. (b) The 
calculated equilibrium constant as a function of tein- 

perature. 
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in equilibrium with monomeric and polymeric 
species. The unique structure of the dimer, with the 

close proximity of the acidic phenol hydrogens and 3. 
both catechol ligands attached to two aluminium 
atoms, makes I an active catalytic species. Inves- 4. 

tigations concerning the catalytic role of I in the 
ring-opening of epoxides is in progress. 3 
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Abstract-Hydrolysis rate constants of six-, eight-, twelve- and sixteen-membered inorganic 
cyclophosphates at various acid strengths at 40°C were determined. Six-membered cyclo- 
triphosphate was the most rapidly hydrolyzed at almost all acid concentrations, as a result 
of its interaction with hydrogen ion, and strain in the six-membered ring structure. The 
hydrolysis rate of the cyclophosphate which has a stronger affinity with hydrogen ions was 
faster than that of others. Binding of hydrogen ions renders the phosphorus atoms more 
susceptible to nucleophilic attack by water molecules. 

Of the cyclophosphates (M(I),P,03,) classified as a 
condensed phosphate which are produced by the 
condensation reaction of oxoacids of phosphorus 
of oxidation number five, cycle-tri- and cyclo-tetra- 
phosphate have been well known and studied by a 
number of investigators. ’ 

The existence of cyclophosphates with degrees of 
polymerization greater than four in the aqueous 
solution of Graham’s salt was first reported by Van 
Wazer and Karl-Kroupa in 1956.* In 1965, cyclo- 
penta- and cycle-hexaphosphate were prepared by 
Thilo and Schiilke from the fractional precipitation 
of Graham’s salt. 3 The synthesis of cycle-hexa- and 
cycle-octaphosphate from the source material other 
than Graham’s salt were reported by Griffith and 
Buxton,4 and by Schiilke,’ respectively. Cyclo-hep- 
taphosphate was first isolated by the use of an 
anion-exchange dextran gel column by the author 
and Ohashi. 6 

Various properties of these higher-membered 
cyclophosphates have been investigated from vari- 
ous viewpoints.7 These cyclophosphates are very 
interesting electrolytes because of their high nega- 
tive charge on relatively compact molecular struc- 
tures. When using these anions in the aqueous state 
for various purposes, their hydrolysis properties 
must be known clearly. 

The hydrolysis reaction of cycle-tri-, cycle-tetra-, 
cycle-hexa- and cycle-octaphosphate have been 
investigated using automatic anion-exchange chro- 
matography. 8- ’ a The half-life period of the hydroly- 
sis reaction of cycle-triphosphate in 0.1. M HCl 
solution at 40°C is 1.87 h and this phosphate is 

the most unstable. Those of cycle-tetra- and cyclo- 
hexaphosphate are 16.1 and 11.4 h, respectively, 
and these are relatively stable compared with the 
cycle-octaphosphate, with the highest degree of 
polymerization in the cyclophosphate series, for 
which the half-life is 4.53 h. The stability of the 
PUP bonds in the ring structure decreases from 
tetramer to octamer. This decrease is ascribed to 
the increase of the affinity between cyclophosphate 
and hydrogen ion due to the increase of the flexi- 
bility of ring structure. In acidic solutions, the 
degree of interactions with hydrogen ions has been 
considered” as the major factor affecting the 
hydrolysis rate of cyclophosphates. 

This paper reports the hydrolysis rate of cyclo- 
phosphates at various hydrogen ion concentrations. 

Cyclophosphate is abbreviated to P,,,,, where n is 
the degree of polymerization. 

EXPERIMENTAL 

Materials 

As an anion-exchanger, Hitachi Custom Ion No. 
2630 and TSK Gel SAX were used. Inorganic cyclo- 
phosphates were prepared by the methods described 
in our earlier paper.7 

Chromatographic system 

The separation and detection system was as 
described earlier. ’ O 
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Hydrolysis procedure 

The initial concentration of cycle-octaphosphate 
to be hydrolyzed was varied from 9 x lo- 3 to 
5 x lo- 5 M to study the effect of the initial con- 
centration on the hydrolysis rate at 40°C in 0.1 M 
HCl. Then the initial concentration of the cyclo- 
phosphate to be hydrolyzed was adjusted to 
1.25 x lop3 M. Hydrochloric acid was added to 
each solution to control acid strength. The hydroly- 
sis reaction was then performed in a water bath, 
the temperature of which was maintained within 
+ 0.1 “C. At measured time intervals, the hydrolysis 
reaction of sample solutions withdrawn was 
stopped by a rapid neutralization and cooling. The 
sample solutions were stored in a refrigerator 
until taken out for analysis. 

RESULTS AND DISCUSSION 

When cyclophosphate is hydrolyzed, the cor- 
responding linear phosphate with the same degree 
of polymerization is first observed. Subsequently 
the linear phosphate degrades to the lower linear 
phosphates. To determine the hydrolysis rate of the 
parent phosphate, it is necessary to separate the 
phosphate from the hydrolysis products. We have 
successfully applied the automatic anion-exchange 
chromatographic system to the analysis of the 
hydrolysis samples. As mentioned previously,* the 
initial concentration of cyclophosphates affects the 
hydrolysis rate constant. We measured the half-life 
period of the hydrolysis rate of cycle-octaphosphate 
of various initial concentrations in 0.1 M HCl at 
40°C. As shown in Fig. 1, a constant value of half- 
life period was obtained when the initial con- 
centration of cycle-octaphosphate was lower than 
1.25 x lo- 3 M. Then, the initial concentration was 
fixed at 1.25 x 10e3 M and the hydrolysis rate in 
HCl solution of various concentrations was meas- 
ured at 40°C. 

OI 
10-Z 10" lo-' 10-5 

hrnlw 

Fig. 1. Concentration dependence of half-life period of 

The rate of the hydrolysis reaction of cyclo- 
phosphates in 0.1 M HCl solution was first order. 
The basicity of cyclophosphate anion for hydrogen 
ion is relatively weak compared with linear phos- 
phates, however, the interaction with hydrogen ion 
was observed and some dissociation constants of 
cyclophosphoric acids were determined. 7 The first- 
order rate equation can be presented as follows, 

dc 
- Z = ~ol?,O”,,l+WRO:?l 

+ * *. +MH,PnO3nl (1) 

where ki and c are the rate constant of the individual 
protonated species and the total concentration of 
the phosphate, respectively. When the molar frac- 
tion of the protonated species, HiPnO&” is defined 
as Xi for the total concentration, the rate equation 
is represented as 

- 2 = (koXo+kJl + *. . +k&)c. 

Equation (2) is rearranged to 

(2) 

where kobsd is a function of Xi, and varies with 
hydrogen ion concentration. A relation of kobsd and 
-log[H+] is shown in Fig. 2. The apparent rate 
constant kobsd increases with the increase of hydro- 
gen ion concentration. If the value of Xi is known 
accurately, ki can be calculated from the com- 
bination of kObsd and Xi at various hydrogen ion 
concentrations. Because of lack of enough data on 
the acid dissociation constants of H,P,03, accurate 
values of Xi and ki could not be obtained. 

However, the author has tried to predict an 

Fig. 2. Hydrolysis rate constants for cyclophosphates at .__- 

- Log W+l 

cycle-octaphosphate hydrolysis in 0.1 M HCl at 40°C. various acid strengths at 40°C. 
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The large difference between k0 and k, values 
suggest that the hydrolysis rate of cyclophosphates 
are greatly accelerated by the bonding with hydro- 
gen ion. The cycle-triphosphate of the smallest six- 
membered ring in the cyclophosphate series is very 
readily hydrolyzed. This instability is ascribed not 
only to the interaction with hydrogen ion but to the 
strain in the six-membered ring structure. The strain 
has been supposed to be the reason of the non- 
existence of cycle-diphosphate anion containing 
two PO4 tetrahedra. ’ The next-most unstable spec- 
ies is the sixteen-membered cycle-octaphosphate, 
which has the largest ring structure. The phosphate 
has so much flexibility in its ring structure that the 
affinity with the hydrogen ion increases. This is 
suggested as the reason of the increase in kobsd. 
Cycle-tetra- and cycle-hexaphosphate have similar 
stability, however, at lower hydrogen ion con- 
centration cycle-hexaphosphate is much more rap- 
idly hydrolyzed as a result of the increase of proton 
affinity. In neutral aqueous solution, hydrolysis 
rates of these four cyclophosphates are very slow 
even in boiling water. 

- Log W+l 

Fig. 3. Hydrolysis rate constants of cycle-triphosphate 
at various acid strengths at 40°C. 

approximate value of ki for cycle-triphosphate sys- 
tern from the very rough estimation of the acid 
dissociation constants of H3P309. We have already 
obtained the linear relation between pK,, of HP,, 
0:;’ acid and the anion charge, n.’ Using this linear 
relation and taking into account the statistical 
factor, Kal, Ka2 and K,, of H3P309 acid were esti- 
mated as 18.9, 1.6 and 0.1, respectively, at ionic 
strength 0.1. By neglecting the difference in the ionic 
strength, the molar fraction of the individual pro- 
tonated species, Xi at each hydrogen ion con- 
centration was calculated by using these Kai values. 
From the set of kobd and Xi values and by the use 
of successive approximations, a rough value of the 
rate constant of the individual protonated species 
was determined as k,, = 4 x 10-4, kl = 0.5, k2 = 5 
and k3 = 100 h-l. The solid line in Fig. 3 presents 
the k,M value calculated from these constants. 
Coincidence of the calculated and experimental 
value is satisfactory. 
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Abstract-The interaction between Ag+, Ca2+ , Sr2+ and Ba2+ ions and the cyclic polyether 
dibenzo-30-crown-10 (DB30ClO) in methanol, dimethylformamide and dimethylsulfoxide 
solutions has been studied by a visible spectroscopic technique, using murexide as a metal 
ion indicator. The stabilities of the resulting complexes were determined. Strontium ion was 
found to form the most stable complex with the ligand in all three solvents used. There is 
an inverse relationship between the stabilities of the complexes and the Gutmann donicity 
of the solvents. The effect of the solvent on the stability of the alkaline-earth complexes is 
most notable with DB30C10-Ca2+ and the least with DB30ClO-Ba2+. The data obtained 
in this study support the existence of a ‘wrap around’ structure for the above complexes in 
solutions. 

Among the macrocyclic crown ethers first syn- 
thesized by Pedersen, ’ large ligands, such as diben- 
zo-13-crown-10 (DB30ClO), have some inter- 
esting properties. These are very flexible molecules, 
with enough oxygen atoms in the ring to enable 
them to twist around a metal ion of suitable size to 
envelope it completely and form a three-dimen- 
sional ‘wrap around’ complex. 2-5 

Some alkali complexes of large crown ethers (i.e. 
larger than 18-crown-6) have been studied in 
different solvents.s6,‘4 Negative enthalpies and 
entropies of complexation of cesium ion complexes 
of large crowns in different non-aqueous solvents, 
which are definitely solvent dependent, have been 
reported.4’5 It is assumed that the decrease in the 
conformational entropy of the large crown ethers, 
from a rather flexible free molecule to a rigid ‘wrap 
around’ complex, would be the main reason for the 
large negative values of entropy changes. 

Despite the interesting properties of large crowns, 
not much attention has been focused on the study 
of metal ion complexes of these ligands, so that 
the information for understanding their behavior in 
solution is quite sparse. 

*Author to whom correspondence should he addressed. 

It was of interest to us to study the interactions 
of alkaline earth and of silver ions with a large 
crown ether, capable of forming three-dimensional 
complexes with these cations. In this paper, we 
report the study of Ag+, Ca2+, Sr2+ and Ba2+ com- 
plexes with DB30ClO in methanol, dimethyl- 
formamide and dimethylsulfoxide solutions, by 
a previously described visible spectroscopic tech- 
nique, using murexide as a metal ion indicator. 7*a 

EXPERIMENTAL 

DBlOClO was synthesized by a slight modi- 
fication of Pedersen’s method. ’ The product was 
recrystallized from reagent grade acetone and vacu- 
um dried. Methanol (Baker, MeOH), dimethyl- 
formamide (Fisher, DMF) and dimethylsulfoxide 
(Fisher, DMSO) were purified and dried by the 
previously described method.’ Reagent grade 
murexide (Merck), calcium chloride (Merck), stron- 
tium nitrate (Merck), barium chloride (Fluka), and 
silver nitrate (Merck), were dried over P205 under 
vacuum for 72 h. All spectra were obtained with a 
model 34 Beckman W-Vis spectrometer at 
25 f. 1°C. 

The formation constants for the metal ion- 
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murexide complexes were determined from the 
spectra of a series of solutions in which varying 
amounts of the metal ions were added to a fixed 
concentration of murexide in different solvents. The 
formation constants of various DB30ClO com- 
plexes were determined by recording the spectra of 
a series of solutions containing varying amounts of 
the crown ether and fixed concentrations of metal 
ion and murexide. Attainment of eduilibrium was 
checked by the observation of no further change in 
the spectra after several hours. Errors associated 
with the various formation constants were reported 
as + standard deviations. 

RESULTS AND DISCUSSION 

In order to determine the stabilities of metal ion- 
murexide and metal ion-DB30ClO complexes, the 
spectra of a series of solutions of fixed murexide 
concentration and varying concentrations of the 
metal ions and ligand were recorded. In all cases, 
maximum absorption of free and complexed murex- 
ide molecules were separated by 20-55 nm. All spec- 
tra presented satisfactory isobestic points. The devi- 
ations of the spectra from the isobestic points were 
at most + 5%. The spectra of mixtures of murexide, 
strontium ion and DB30ClO in DMSO are shown 

WAVELENGTH (nm) 

Fig. 1. Visible spectra of mixtures of murexide (m, 
2.0 x low5 M), Sr *+ ion, and DB30ClO in DMSO at 
25°C. 1, m+Sr*+ (8.0 x low5 M); 2, m+Sr*+ (6.0 x 1O-5 
M); 3, m+Sr*+ (4.0x 10e5 M); 4, m+Sr*+ (4.0x 10e5 
M)+DB30ClO (8.0 x 10e5 M); 5, m+Sr’+ (4.0x lo-’ 
M)+DB30ClO (1.2 x 10m4 M); 6, m+Sr*+ (2.0x lo-’ 

M); 7, m+Sr*+ (1.0 x 10m5 M); 8, m alone. 

Table 1. Log Kf of different Ag+ and alkaline-earth cation 
complexes with murexide and DB30ClO in various sol- 

vents at 25°C 

Solvent Cation Murexide DB30ClO 

MeOH (DN = 25.7)” Ag+ 3.87kO.07 4.31f0.19 
Ca*+ 6.09kO.09 4.25f0.14 
Sr+ 5.68kO.10 4.74kO.12 
Ba*+ 5.4OkO.11 4.371fro.13 

DMF (DN = 26.6) Ag+ 4.33f0.11 3.42kO.14 
Ca*+ 3.98kO.08 3.28f0.13 
Sr*+ 4.52kO.09 3.86kO.11 
Ba*+ 4.43kO.07 3.51kO.09 

DMSO (DN = 29.8) Ca*+ 4.64+0.06 2.92f0.09 
ST*+ 4.35kO.09 3.61kO.15 
Ba*+ 4.05kO.07 3.4OkO.2 

’ DN = donor number, Ref. 11. 

in Fig, 1. All the calculated formation constants 
for metal ion-murexide and metal ion-DB30ClO 
complexes are presented in Table 1. The relation- 
ships between the stabilities of the DB30ClO com- 
plexes of alkaline-earth ions and their crystal radii lo 
in different solvents are shown in Fig. 2. 

All of our solvents have relatively high dielectric 
constants and at the very low salt concentration we 
used, (10-4-10-5 M), the amount of ion pairing 
with the free cation, and especially with the large 
complex ion, is negligible. Therefore, the nature of 
the anion should not influence the complexation 
reaction. 

As it can be seen, the solvent plays a very fun- 
damental role in the complexation reactions. There 
is an inverse relationship between log Kf of the metal 
ion-DB30ClO complexes and the donor (or sol- 

..,.MA 

4.0 - 

lo9 Kf 

‘.“I DMe 3.0 
DMSO 

I I 
Ca2+‘.’ 1.2 1.3 1.4 

Sr2+ Ba2+ 
Ionic Radius (A ) 

Fig. 2. Stability constants of the alkaline-earth-DB30ClO 
complexes vs ionic radii of the cations in various solvents 

at 25°C. 
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vating) ability of the solvents, as expressed by the 
Gutmann donor number. ’ ’ In fact, the complexation 
takes place by replacement of the inner solvation 
shell of the cation by crown ether oxygen atoms. 
Thus, there is a competition between macrocycle 
and solvent molecules for cations in solution. As a 
result, in solvents with higher solvating power there 
is a drastic decrease in the stabilities of the crown 
complexes. The same solvent effect has already been 
reported for different alkali ion-crown ether com- 
plexes in various solvents.5.‘2.‘3 

It is interesting to note that the solvent effect on 
the stability constants of the alkaline-earth com- 
plexes is most notable with DB30C10-Ca2+ and the 
least with DB30C1&Ba2+ complex. Since the Ba2+ 
ion is rather weakly solvated because of the low 
charge density of the cation, it is not surprising that 
the stability of its complex is less affected by the 
nature of the solvent molecules. On the other hand, 
the charge density of the calcium ion is much greater 
than that of the larger sized strontium and barium 
ions, which results in a much stronger solvent- 
cation interaction for this ion. Thus, the solvent 
effect on the stability of the DB30C10-Ca2+ com- 
plex is more evident. 

Figure 2 shows that the variation of the stability 
of the three alkaline-earth-DB30ClO complexes 
with the size of the cations in all solvents used 
follows the same trend. Strontium ion forms the 
most stable complex with the ligand in all three 
solvents used. The stabilities of the other alkaline- 
earth complexes are about the same within exper- 
imental error. In the study of the complexes of large 
flexible crown ethers that are capable of forming 
of a three-dimensional ‘wrap around’ complex, we 
would expect to see the maximum binding energy 
when fit conditions are optimized. Metal ions with 
smaller or larger radii would fail to achieve the 
maximum stability because of the repulsive forces 
resulting from the effects of oxygen atoms of the 
ring on each ether, and/or steric hindrance inhi- 
biting the ligand from achieving the ‘best fit’ con- 
figuration. Among the alkali ions, potassium has 
been shown to have the best size to fit inside the 
cavity of the twisted DB30ClO ligand, resulting in 
a complete ‘wrap around’ structure both in solid 
state2 and in solution. 3,4 

Results obtained in this study for Ca’+, Sr2+ and 
Ba*+ complexes with DB30ClO make it clear that 
the barium ion is too large to form a complete ‘wrap 
around’ complex. Thus just some, but not all, of 
the oxygen atoms of the ring can bond the cation ; 
consequently a weaker complex results. On the 
other hand, the calcium ion is too small for the 
cavity of the twisted ligand. In this case, the ligand 
can still form the ‘wrap around’ structure, but here 

the oxygen atoms of the ligand have to be in close 
proximity, and the resulting repulsive forces weaken 
the complex. The strontium ion, with ionic size very 
close to that of the potassium ion,” seems to have 
the most suitable size for this ligand and, therefore, 
its resulting ‘wrap around’ complexes are the most 
stable ones in all three solvents. 

The stability of the DB30ClO-K+ complex in 
methanol solution has been reported by Chock, I4 
and is log & = 4.57 f 0.11 which is somewhat less 
stable than DB30Cl(rSr2+ (log Kr = 4.74 f 0.12) 
probably because of the higher charge of Sr2+ 
ion. In contrast, monovalent silver ion, with 
about the same ionic radius as bivalent calcium 
ion,” despite its lower charge, forms a more stable 
complex with DB30ClO in MeOH and DMF solu- 
tions (Table 1). This is because in the case of small 
cations, such as Ag+ and Ca2+ ions, the hydration 
energy of the cations becomes predominant in the 
complexation reactions. Thus, considering the 
competition between the solvent and the ligand 
for the cations, the much larger solvation effect of 
the bivalent cation over the monovalent cation 
results in a more univalent complex. Similar 
results have been reported for dicyclohexyl- 
18-crown-6 complexes with sodium and calcium 
ions.‘5,‘6 
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Abstract-Reaction of Lawesson’s reagent (1) with Pt(C,H,)(PPh,), in benzene gives cis- 

Pt{SzP(S)(C6H,OMe)}(PPh3)2 (2), in 63% yield. (2) was character&d by IR, 31P NMR 
and X-ray crystallography : monoclinic, space group P2,/c with a = 10.489(3), 
b = 18.373(7) and c = 22.591(9) A, /3 = 91.34(3)“. The molecule has square planar platinum 
co-ordination with non-equivalent Pt-S bond lengths [2.369(2), 2.351(2) A] and a folded 
(19.4” dihedral angle) PtS2P ring. The P-S bond lengths are equal. 

The preparation of transition metal complexes con- 
taining alkoxythiophosphate ligands is an impor- 
tant area of research since the zinc compounds in 
particular are useful lubricant additives. ‘2’ Sur- 
prisingly, although a great deal of work has been 
reported3*4 on RPS; complexes there has been only 
one report on the preparation of thiophosphoryl 
compounds. ’ Organoperthiophosphinic acid anhy- 
dride dimers P2R2S4 are readily prepared, syn- 
thetically useful sulphurating agents both in organic 
synthesis6 and, more recently, in the preparation of 
a molybdenum sulphur compound. 7 However, 
their potential as source reagents in the preparation 
of new metal complexes has not been established. 
We wish to report the results of our investigations 
into the cleavage reaction of Lawesson’s reagent 
(1) (R = p-MeQC,H,) with Pt(C,H,)(PPh,),. The 
pKIdUCt Of this I-tXCtiOll, c~-~{s,P(s)(C,H,oMe)} 

(PPhs), (2) was characterized by IR/Raman, 
3’P NMR and X-ray crystallography. 

EXPERIMENTAL 

All chemicals were of reagent grade. K,PtCl, and 
Lawesson’s reagent were purchased from Johnson 
Matthey and Aldrich Chem. Co. respectively and 
were used without further purification. 
Pt(C2H4)(PPh3)2 was prepared as described in the 
literature.* All manipulations were carried out 

* Author to whom correspondence should he addressed. 

under argon. Solvents were dried before use: thf, 
diethyl-ether and benzene were distilled from 
Na/benzophenone ; dichloromethane was distilled 
from calcium hydride. 3’P-j’H] NMR spectra were 
recorded on a JEOL FX9OQ spectrometer and are 
referred to external 85% H3P04. IR spectra were 
obtained as KBr discs using a Perkin-Elmer 683 
spectrometer. Raman spectra were obtained using 
a SPEX Ramalog system (647.1 nm excitation 
Innova 90 laser). Elemental analyses were per- 
formed by the microanalytical department of 
Imperial College and by Pascher, FRG. 

Preparation ofPt(S2P(S)(C6H,OMe)}(PPh3)2 (2) 

Degassed thf (10 cm3) was added to 
Pt(C,H,)(PPh,), (50 mg, 0.07 mmol) and Lawes- 
son’s reagent (30 mg, 0.07 mmol) and the resulting 
yellow solution was stirred for 1 h during which time 
it darkened to orange. The solution was evaporated 
to dryness in vacua The resulting solid was 
extracted with dichloromethane (5 cm’) and to this 
solution was added benzene (2 cm3) and diethyl 
ether (30 cm3). Cooling to - 20°C gave the product 
as pale yellow crystals (40 mg, 63%). 3’P-[1H] 
NMR (thf/CDCl,) 6 = 18.62 ‘5[31P-L95Pt] 3254 
Hz, 6 = 87.75 2J[3’P-‘9sPt] 225 Hz. 13C 6 = 55.9 
(singlet, 1) OMe group, 6 = 112-136 (multiple& 42) 
phenyl rings. Analysis : Found, C, 51.2; H, 3.9. 
Required for the dichloromethane solvate. 
C‘,4H39C120P3PtS3: C, 50.9; H, 3.8%. 
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Crystals suitable for X-ray analysis were 
obtained by addition of chloroform to a thf solution 
of (2). 

RESULTS AND DISCUSSION 

Crystal data 

C43H370P3S3Pt.0.2(X3),* M = 961.14,t mono- 
clinic, a = 10.489(3), b = 18.373(7), c = 22.591(9) 
A, /? = 91.34(3)“, U = 4352(3) A3, space group 
P2 ,/c, 2 = 4, D, = 1.47 g cm- 3.t Yellow, air stable 
prisms, dimensions 0.10 x 0.15 x 0.40 mm, ~(CU- 
&) = 87 cm-‘,? I= 1.54178 8,1;(000) = 1910.t 

Data collection and processing 

Nicolet R3m diffractometer, o-scan method, 
(0 < 50”), graphite monochromated Cu-K, radi- 
ation ; 4342 independent measured reflections, 3945 
observed [IF01 > 3a(JF,l)], corrected for Lorentz and 
polarisation factors ; numerical absorption cor- 
rection (face indexed crystal). 

Reaction of Lawesson’s reagent (1) with (q*- 
ethene)bis(triphenylphosphine) platinum(O) in thf 
proceeds smoothly at room temperature to give (2) 
in good yield [equation (l)]. It is somewhat sur- 
prising that heterolytic cleavage of the P2S2 ring has 
taken place. The absence of any metal complex 
containing P(II1) is good evidence that (1) is not 
readily dissociated in solution. A speculative mech- 
anism for the formation of (2) would involve initial 
coordination of (1) via sulphur followed, by elim- 
ination of an RPS fragment. We do not consider 
it likely that a four-membered P2S2Pt ring is an 
intermediate (although some workers have pro- 
posed this type of species for a titanium complex5) 
since this type of system would not readily 
rearrange to (2). The 3’P NMR of the crude reaction 
mixture contains several bands between 70 and 100 
ppm and these are tentatively assigned to cyclic 
(RPS), species 

Structure analysis and refinement -, Pt&P(S)(GH,OMe)}(PPh& 

The structure was solved by the heavy atom 
method and all the non-hydrogen atoms refined 
anisotropically. The hydrogen atoms were idealised 
(C-H = 0.96 A), assigned isotropic thermal par- 
ameters U(H) = 1.2Ueq(C) and allowed to ride on 
their parent carbons. An unidentified solvent frag- 
ment was located from a AF map and refined iso- 
tropically as three 20% occupancy carbon atoms. 
Refinement was by block-cascade full-matrix least 
squares to R = 0.031 (R = 2: [IFOI-lFJ/E IF& 
R ,,, = 0.034 (6’ = a2(F)+0.00042F2).$ The 
maximum residual electron density in the final AF 
map was 0.6 e %1-3 and the mean and maximum 
shifts/error in the final refinement cycle were 0.004 
and 0.029 respectively. Computations were carried 
out on an Eclipse S140 computer using the 
SHELXTL program system9 and published scat- 
tering factors. lo 

+ i (MeOC6H4PS),. (1) 

* X represents unidentified solvent fragment assigned 
atomic mass of carbon. 

t Includes contribution from unidentified solvent frag- 
ment. 

$ Final values of atomic positional and thermal 
coefficients and lists of FJF, values have been deposited 
as supplementary data with the Editor, from whom cop- 
ies are available on request. Atomic coordinates have 
also been deposited with the Cambridge Crystallographic 
Data Centre. 

Characterisation of (2) was accomplished by IR, 
NMR, microanalysis and X-ray crystallography. 
The vibrational spectra of (2) contain the expected 
bands due to triphenylphosphine and the 
C,H,OMe group. (1) has a band at 694 cm-‘, due 
to v(P=S), in its Raman spectrum and this band is 
observed at 692 cm-’ in (2), consistent with the 
P(V) oxidation state. In the low frequency region 
the v(M-S) vibration in (2) is seen at 369 and 357 
cm-’ in the IR and Raman respectively. The “P 
NMR of (2) (Fig. 1) consists of two singlets with 
platinum satellites. The band due to the PPh, 
groups is seen at 6 = 18.62 with 15[‘g5Pt- 
31P] = 3254 Hz appropriate to a Pt(I1) complex 
with phosphorus trans to sulphur. The thio- 
phosphoryl group gives rise to a resonance at 
6 = 87.75 with 2J[‘g5Pt-31P] = 225 Hz. For com- 
parison, in (1) 6 = 77.9 ppm (thf/CDCl,). The ‘J 
in (2) is intermediate in magnitude between those 
observed for Pt(S2P(OEt)2)2 (3) (445 Hz) and 
Pt(S2P(OEt),),(PPh3) (4) (120, monodentate ligand 
and 336 Hz, bidentate ligands). ’ ’ These values sug- 
gest that there is less n-delocalisation in the PtSzP 
ring of (2) than in (3) or (4) which is reasonable 
since (2) is dianionic whilst the chelate ligands in 
(3) and (4) are monoanionic and, formally, contain 
p=s groups. 

The crystal structure of (2) reveals (Fig. 2, Table 
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I 
100 

I I I 
50 0 -50 

S (ppm) 

Fig. 1. “P_[‘H] NMR of 2. 

1) square planar co-ordination of the platinum by 
two cis-triphenylphosphine groups and a bidentate 
(MeOC,H,)(S)PS:- ligand. The ligand shell of the 
platinum, Pt, S(l), S(2), P(l), P(2), has a maximum 
deviation from planarity of 0.056 8, for S(2). As is 
commonly observed, steric effects force apart the 
phosphine ligands with a P(l)-Pt-P(2) angle of 
101.2(l)” whilst S(l)-Pt-S(2) is contracted to 
81.7(l)“. The Pt-P distances [2.291(2) and 2.293(2) 
A] are normal for a Pt(I1) complex. The X-ray struc- 
ture of Lawesson’s reagent has not been reported, 
though the structures of PhSP$PSPh (5), 
MeSP&PSMe (6) and the related titanium complex 
(7) have been established. ‘,12, ’ 3 Comparison of the 
geometry in the four-membered rings in (2), (4x7) 
reveals some interesting features. In both (5) and 
(6) the structures contain a crystallographic centre 
of symmetry at the centre of the rings and are there- 

nph 

Ph 

Fig. 2. Crystal structure of Pt{S,P(S)C6H,0Me)}(PPh3), 

fore planar. However, in the metal complexes (2) 
(4) and (7) there are varying degrees of distortion 
of the four-membered rings, the rings being folded 
with dihedral angles between the MS2 and PS2 
planes of 19.4”, 10.2” and 12.9” respectively. In (2) 
a consequence of this significant dihedral angle is a 
displacement of P(3) of 0.48 8, from the ML4 plane ; 
this results in pseudo-axial/equatorial dispositions 
of the exocyclic sulphur atom and the MeOC6H4 
group relative to the ML4 plane. In all cases except 
(5) the two ring P-S distances are equivalent. In 
(5) there is a small, but statistically significant, 
difference in the bond lengths [2.108(2) and 2.133(2) 
A]. The P-S bond lengths do vary between the 
different compounds. The shortest values are in (4), 
1.97(2) and 2.00(l) A, whilst (2) and (7) are inter- 
mediate, 2.063(2), 2.065(2) and 2.062(l), 2.060(l) A 
respectively, and the longest distances are in (5) and 
(6), 2.108(2), 2.133(2) and 2.141(6) A respectively. 
The M-S bonds differ in length within (2), (4) and 
(7) though the differences in (4) are probably not 
statistically significant. In (2) the Pt-S distances 
are 2.369(2) and 2.351(2) A and in (7) Ti-S are 
2.490( 1) and 2.464(l) A respectively. In (2) there is 
an accompanying non-equivalence of the 
P( I)-Pt-S( 1) and P(2)-Pt-S(2) angles, 87.4( 1) 
and 89.8(l)’ respectively. There is no ready expla- 
nation for this effect and we note that the “P NMR 
spectrum of (2) shows only one type of PPh3 
environment in solution. The exocyclic P(3)zS(3), 
1.945(3) A, is intermediate in length between the 
values for the equivalent bonds in (5) and (7), 
1.920(2) and 1.970( 1) A respectively. There appears 
to be an inverse correlation between the exo and 

(2) ; phenyl rings omitted for clarity. endo P-S bond lengths. The differences in the ring 
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Table 1. Selected bond distances (A) and angles (deg) for Pt(S,P(S) 
(C,H@Me)}(PPh& (2) 

Pt-S( 1) 
Pt-P( 1) 
S(l)-P(3) 
S(3)-P(3) 
P(l)-C(7) 
P(2)--c(l9) 
P(2)--c(3 1) 

S( l)-Pt-s(2) 
s(2)---Pt-P( 1) 
s(2)--Pt-P(2) 
S(l)-P(3)-S(2) 
S(2>-P(3tiS(3) 
Pt-s(2)-P(3) 
Pt-P( 1)-C(7) 
Pt-P(2Fc( 19) 
Pt-P(2>-c(31) 
S(3)_P(3)-C(37) 

2.369(2) 
2.291(2) 
2.063(2) 
1.945(3) 
1.828(6) 
1.827(7) 
1.835(7) 

81.7(l) 
168.3(l) 
89.8( 1) 
96.8( 1) 

117.9(l) 
89.3(l) 

110.6(2) 
114.4(2) 
112.0(2) 
111.2(3) 

Pt-S(2) 
Pt-P(2) 
S(2)-P(3) 
P(l)--c(l) 
P(l)--c(l3) 
P(2)--C(25) 
P(3)-C(37) 

S( I)-Pt-P( 1) 
S( l)---Pt-P(2) 
P( l)-Pt-P(2) 
S( 1 )-P(3)_S(3) 
Pt-S( 1)-P(3) 
P+-P(lF(1) 
Pt--P(l)-C(13) 
Pt-P(2Fc(25) 
S(2)-P(3)_C(37) 
S(l)-_P(3)-C(37) 

2.351(2) 
2.293(2) 
2.065(2) 
1.829(7) 
1.829(7) 
1.809(7) 
1.828(7) 

87.4( 1) 
171.4(l) 
101.2(l) 
115.4(l) 
88.9( 1) 

112.2(2) 
121.2(2) 
115.8(2) 
106.5(3) 
107.6(2) 

P-S bond lengths between (2), (4) and (5) may be 5. 
indicative of differences in the extent of x-delocal- 
isation in the various compounds and the effect on 6. 
the phosphorus NMR of the metal complexes was 
mentioned above. 7. 

8. 
Acknowlet&ementsP.T.W. is grateful to the SERC and 
Esso Chemicals for a CASE studentship, 9. 
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CRYSTAL STRUCTURES OF [Co(P(OPh),},(HgX)], X = Cl, Br ; 
NON-LINEARITY OF Co-Hg-X ARISING FROM 
INTRAMOLECULAR PHOSPHORUS-MERCURY 
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Abstract-Single crystal X-ray diffraction studies have been carried out on the compounds 
[Co(P(OPh),},(HgX)], X = Cl, Br. Crystals of the bromide, (l), are monoclinic, C2, 
a = 22.391(4), b = 13.643(3), c = 22.851(6) A, jI = 101.37(2)“, Z = 4. The structure was 
refined on 4388 reflections to R = 0.059. Crystals of the chloride (2), are monoclinic, C2, 
a = 22.300(5), b = 13.632(3), c = 22.743(4) A, B = 100.98(2)“, Z = 4. The structure was 
refined on 4124 reflections to R = 0.061. In each case the molecule adopts a distorted 
trigonal bipyramidal geometry with a non-linear P(l)-&-Hg axis, with corresponding 
short intramolecular Hg-P contacts. The Co-Hg-X (X = Cl, Br) chain is also sig- 
nificantly bent. Raman spectral data for the compounds, and for the iodide analogue, are 
also reported. 

Many compounds are known which contain a mer- 
cury atom bonded to a transition metal atom. X- 
Ray structural studies on complexes of the type 
L,MHgX, where X is a halogen atom, have shown 
that when the mercury is bonded to only one tran- 
sition metal, M, the M-Hg-X unit is essentially 
linear, though deviations of up to N 20” from this 
linearity have been reported. l-6 

These distortions of the M-Hg-X group have 
arisen because of intermolecular interactions 
between the Hg atom in one molecule and one or 
more halogen atoms from neighbouring molecules. 
-In (q5-C5H5)Mo(CO)3HgCl, for example, each Hg 
atom interacts with the chlorine atoms of two neigh- 
bouring molecules at distances Hg . . . Cl of 3.079(3) 
and 3.078(4) A resulting in a 160” bond angle for 
Mo-Hg-C1.6 We report here the structures of 
the compounds [Co{P(OPh),),(HgX)], X = Cl, Br, 
,described by Anderson and co-workers,7 and some 
Raman spectral data for the complexes and for their 
iodo-analogue. 

* Authors to whom correspondence should be addressed. 

EXPERIMENTAL 

Samples of [Co{P(OPh)3},(HgX)], X = Cl, Br, I, 
were prepared by the method of Anderson et aL7 
and crystallized from acetone/water. 

The Raman spectra were obtained on the solid 
samples using a Spex Ramalog V instrument with a 
Coherent model 52 Krypton ion laser. The exciting 
lines used were 568.2 nm for the chloride complex 
and 647.1 nm for the bromide and iodide. Data 
were collected using a Spex Datamate computer 
controller. 

X-Ray studies 

Crystal data. (1) C72H60012P.$&oHg, mono- 
clinic, a = 22.391(4), b = 13.643(3), c = 22.851(6) 
A, j? = 101.37(2)“, U = 6844 A3, space group C2, 
Z = 4, M = 1580.6, D, = 1.53 g cm-3, ECU- 
K, = 84 cm-‘. 

(2) C72H60012P4ClCoHg*C1.5, monoclinic, 
u = 22.300(5), b = 13.632(3), c = 22.743(4) A, 
fl = 100.98(2)“, U = 6787 As, space group C2, 
Z = 4, A4 = 1554.2, DC = 1.52 g cme3, ,uCu- 
& = 81 cm-‘. 
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Measurements. Refined unit cell parameters were 
obtained by centring in (1) 11, and in (2) 18 reflec- 
tions on a Nicolet R3m diffractometer. Using the 
omega scan measuring routine, in (1) 48 17, and 
in (2) 4813 independent reflections (0 < 58”) were 
measured with Cu-K, radiation (graphite mono- 
chromator). Of these in (1) 4388 and in (2) 4124 
had ]FO] > 3a(]F,]) and were considered observed. 
Lorentz and polarisation corrections were applied. 
In (1) a numerical absorption correction (face in- 
dexed crystal) was applied. In (2) an empirical 
absorption correction based on 324 azimuthal 
measurements was applied. 

Structure analysis. The structure of (1) was solved 
by the heavy atom method, which gave the position 
of the mercury atom. All other non-hydrogen atoms 
were located from subsequent AF maps. Because of 
the large number of atoms in the structure, the 
geometries of the phenyl rings were idealised, 
C-C = 1.395, C-H = 0.96 A, and the groups 
refined as rigid bodies. The ring carbon atoms were 
assigned individual isotropic thermal parameters 
which were allowed to refine. The hydrogen atoms 
were given constrained isotropic thermal par- 
ameters U(H) = 1.2U(C). The remaining atoms 
were refined anisotropically.* 

Structure (2), being isostructural with (l), was 
solved by refining the coordinates of (l), omitting 
the bromine atom, using the data for (2) and allow- 
ing the halogen to come up in a AF map. This also 
revealed the presence of three partial atoms of an 
unidentified solvent fragment. These were refined 
isotropically, as carbons each with a site occupancy 
of 0.5. The remaining refinement procedure was as 
for (1). 

The polarities of the structures were in both cases 
determined by R-factor tests. Refinement in both 
cases was by block-cascade full-matrix least- 
squares to for (1) R = 0.059, R, = 0.064 
[w- ’ = a2(F)+0.00266F2], and (2) R = 0.061, 
R, = 0.062 [w-’ = 02(F)+0.00154F2]. Com- 
putations were carried out on an Eclipse S 140 com- 
puter using the SHELXTL program system.’ Scat- 
tering factors were taken from the International 
Tables for X-Ray Crystallography. 9 

Final atomic coordinates, thermal parameters 
and structure factors have been deposited with the 
Editor as supplementary data. Atomic coordinates 
have also been deposited with the Cambridge 
Crystallographic Data Centre. 

* Allowing anisotropic thermal values for the ring car- 
bon atoms increased significantly the number of variable 
parameters but did not produce any improvement in the 
R values. Final refinement was therefore carried out using 
isotropic values. 

RESULTS AND DISCUSSION 

Tables 1 and 2 give selected bond lengths and 
angles for (1) and (2). Figure 1 shows a perspective 
view of (1). 

In view of the very close correspondence between 
the geometries of the two structures we shall quote 
average numerical values in the following 
discussion. The cobalt has distorted trigonal bipy- 
ramidal geometry (Fig. 2) with all four Co-P bonds 
the same length, within statistical significance. The 
cobalt atom is displaced 0.21 8, (in both structures) 
towards P( 1) relative to the P(4)-P(7)-P(10) 
plane. The P(l)---Co-Hg axis is bent with a 
P(l)-Co-Hg angle of 172.8( 1)“. This bending of 
the Co-Hg bond relative to the axis of the bipyra- 
mid takes place in the direction of the 
Co-P(4)-P(10) plane, with resulting short con- 
tacts between the mercury atom and P(4) [3.035(5) 
A] and P(10) [2.949(7) A]. The Hg-Co bond is 
inclined by 68” to the Co-P(4)-P(l0) plane. The 
Hg-P(7) distance is significantly longer (3.36 A). 
There are notable departures from trigonal 
geometry for the three equatorial phosphorus 
atoms, the angles at cobalt being: P(4)P(7) 
109.4(3)“, P(7)P(lO) 118.4(3)“, and P(4)P(lO) 
129.2(3)“. 

The Co-Hg bond [2.484(3) A] is towards the 
lower end of the range (2.43-2.71 A) found for the 
nine reported structures containing Co-Hg bonds, 
and consistent for essentially two-coordinate mer- 
cury. lW” The Co-Hg-X (X = Cl, Br) unit is sig- 
nificantly bent [172.8(2)“]. 

There are no major differences in the P-O bond 
distances in these structures and they are all in 
accord with expected values. 

The coordination geometry about the cobalt 
atom can be thought of either in terms of a dis- 
tortion from an idealised trigonal bipyramidal 
geometry, as observedI in Hg{Co[P(OCH,),],},, 

Table 1. Selected comparative bond lengths (A) for (1) 
and (2) 

Atoms 
(1) 

X = Br 
(2) 

x = Cl 

Co-Hg 2.485(2) 2.481(2) 
co-P( 1) 2.116(4) 2.107(4) 
co-P(4) 2.131(5) 2.130(6) 
co-P(7) 2.122(5) 2.129(5) 
co-P( 10) 2.098(5) 2.109(6) 
Hg-X 2.505(2) 2.385(6) 

Hg-P(4) 3.029(3) 3.040(3) 
Hg-P(l0) 2.947(5) 2.950(5) 
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Table 2. Selected comparative bond angles (deg) for (1) 

and (2) 

(1) (2) 
Atoms X = Br x = Cl 

P(l)-Co-P(4) 
P(l)--co-P(7) 
P(l)--Co-P(10) 
P(4)-Co-P(7) 
P(4)--&--P( 10) 
P(7)-&-P( 10) 
P(l)--Co-Hg 
P(4)-Ce-H8 
P(7)-Co-H8 
P( lo)--Co-Hg 
Co-Hg-X 

98.3(2) 98.3(2) 
93.7(2) 93.3(2) 
95.0(2) 95.0(2) 

109.5(2) 109.3(2) 
129.4(2) 128.9(2) 
118.0(2) 118.8(2) 
172.6( 1) 173.0(l) 
81.6(l) 82.1(l) 
93.2(l) 93.1(l) 
79.5( 1) 79.5( 1) 

163.1(l) 163.8(l) 

’ P(4) 

Fig. 2. Perspective view normal to the P(4)-P(7eP( 10) 
plane of the nucleus of the structure of (1). 

or a distortion from tetrahedral geometry resulting 
from the insertion of the Hg-Br unit. In the latter 
case this insertion could take place either along 
the three-fold direction of the COP, tetrahedron or 
along one of the two-fold axes. On balance, we 
favour the distorted tetrahedral geometry because 
of the observed equivalence in the lengths of the 

four Co-P bonds. Also the preferred geometry 
for a CoL, complex of Co( - I) is tetrahedral. I9 In 
trigonal pyramidal geometry one would expect the 
Co-P(l) bond to be longer than the other three, 
though this could be influenced by the trans-dis- 
position of the mercury atom. 

Neither of these arguments, however, resolves the 

Fig. 1. Molecular structure of [Co{P(OPh),),HgBr]. 
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question as to whether the interactions between the 
mercury atom and P(4) and P( 10) are repulsive or 
attractive. Both of these Hg-P distances are sig- 
nificantly shorter than the sum of the van der Waals’ 
radii of the component atoms, and both P(4) and 
P(10) have larger angles at the cobalt atom, with 
respect to P(l), than does P(7). On the other hand, 
the angle formed by P(4) and P(10) at cobalt 
[129.2(3)“] is significantly larger than the other two 
equatorial angles. Further evidence for interactions 
between P(4), P( 10) and the mercury is provided by 
the significant bending of the Co-Hg-X chain. 
Steric factors due to the phenyl rings appear to play 
no significant part in causing this bending, as 
the effect is the same regardless of the size of the 
halogen atom (Fig. 3). 

Raman spectra 

The bands observed in the Raman spectra of 
[Co(P(OPh)3}.,(HgX)] below 400 cm- I are listed in 
Table 3. In each case, the dominant feature is a 
strong, halogen dependent band at 278 err-’ 
(X=C1),198cm-1(X=Br)and160cm-1(X=I) 
which is readily assigned as v(Hg-X). [In using 
this designation we recognize that the actual mode 
concerned is not pure v(Hg-X) but will have at 
least some v(Co-Hg) character, particularly in the 
case of the iodide.] The values for v(Hg-Br) and 
v(Hg-I) are close to those reported” for 
Ph-Hg-Br (199 cm- ’ IR; 193 cm-’ Raman) 
and Ph-Hg-I (160 cm- ’ IR ; 156 cm- ’ Raman), 
but v(Hg-Cl) is higher in Ph-Hg-Cl(330 cn- ’ 
IR ; 316 cm-’ Raman). Values of v(Hg-Cl) in the 

Fig. 3. Space filling representation of (1) viewed along 
the Br-Hg axis. 

Table 3. Low frequency (< 400 err- ‘) Raman bands 
(cm- ‘) for the complexes Cop(OPh),]dHgX), X = Cl, 

Br, I 

x = Cl Br I Assignment“ 

278s - 
210br m 215br m 

198s 
129m 128m 

- 

201br m 
160s 
109m 

v(Hg--C1) 
v(Co-P) 

v(Hg-X) 
v(Co-Hg) 

“Designations represent likely major contribution as 
there will be significant mixing, particularly when X = Br 
and I. 

range 252-219 cm-’ are, however, commonly 
found for other M-Hg-Cl species.*’ 

Bearing in mind the masses of the phosphite 
ligands bonded to cobalt, the v(Co-Hg) bands in 
[Co{P(OPh),),(HgX)] would be expected to be at 
quite low frequencies. Even when Hg is bonded to 
first row transition metal ions linked to relatively 
light ligands, such as CO, the modes approximating 
to v(Hg-M) are below 200 cm- ‘. *’ The large mass 
of the Co[P(OPh),], unit would be expected to lower 
v(Co-Hg) even further. It seems probable that the 
medium intensity bands at 129 cm- ’ (X = Cl), 128 
cm-’ (X = Br) and 109 cm-’ (X = I) in the Raman 
spectra of [Co{P(OPh)3},(HgX)] are due to modes 
with significant v(Co-Hg) character. On the basis 
of literature assignments of v(M-P) for other phos- 
phite complexes of low-valent M atoms,** the 
broad, medium intensity bands in the 200-215 cm- ’ 
region are assigned to v(Co-P). 
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Abstract-Variable temperature ‘H NMR studies on the ionic compounds [PtMe, 
{MeE(CH2),E’(CH2),EMe)l+X- (n = 3, E = E’ = S: n = 2, E = Se or S; E’ = 0, S, Se: 
n = 2, E = S, E’ = SS : X = I, BPh, or BF,) have shown that pyramidal inversion takes 
place only at the terminal chalcogen atoms. High-temperature studies on these complexes 
and [PtMe3((H2NCH2CH2)2E’}]+BF; (E’ = 0 or SS) show that only those with E’ = 0 
undergo ligand scrambling processes. Computer simulation of the static and dynamic 
spectra gives accurate energy barriers for both fluxional processes. 

Earlier studies’ on the fluxional behaviour of un- 
charged complexes of trimethylplatinum(IV) 
halides with bidentate thioethers and selenoethers 
[(PtMe,X)MeE(CH,),E’Me] (n = 2 and 3, 
E=E’=S and Se: n=2, E=S, E’=Se; 
X = Cl-, Br-, I-) have shown that pyramidal 
inversion at E and E’ takes place in an uncorrelated 
manner, and that the inversion energy barriers are 
higher at Se than at S, and higher in the five- com- 
pared to the six-membered rings. We now consider 
the effect of introducing a third potential inverting 
centre into the system using tridentate ligands of 
the general type MeE(CH,),E’(CH,),EMe, which 
should form charged complexes. The effect of ring 
size has been examined with the ligands having 
n = 2 and 3, and E = E’ = S. Ligands having E = S 
or Se allow us to test the relative rates of inversion 
of these atoms, and whether the expected inversion 
at the terminal chalcogens is uncorrelated here also. 
Molecular models indicate that inversion at the cen- 
tral atom E’ is likely to be disfavoured on steric 
grounds, but this possibility has been explored using 
ligands with E’ = 0, S and Se. Additionally, ligands 
with E’ = 0 and SS may be used to test respectively 
the effect of a significantly weaker donor to Pt(IV) 
than N, S or Se,’ and the possibility of a 1,2-metal- 
lotropic shift between the SS atoms. Two ligands 
with no possibility of inversion at the terminal 
donor atoms [(H,NCH,CH,),E’] (E’ = 0 or SS) 
are included for comparison. The tridentate ligands 
allow us to explore the effect of a third donor atom 

* Author to whom correspondence should be addressed. 

on any high temperature ligand scrambling pro- 
cesses comparable to those reported for complexes 
of the bidentate ligands. Characterisation of these 
complexes is reported in an earlier paper. 3 

EXPERIMENTAL 

The compounds were prepared and characterised 
as described. 3 The ‘H NMR spectra were recorded 
at 100 MHz on a JEOL PS/PFT- 100 equipped with 
standard accessories for variable temperature work. 
Temperature measurements were made using a cop- 
per-constantan thermocouple. The 400 MHz spec- 
tra were run on a Bruker WH-400 spectrometer. 

Band shape analyses were carried out using a 
modified version of the DNMR programme of 
Kleier and Binsch.4 Computer simulated spectra 
were fitted visually, and energy parameters derived 
from standard Arrhenius and Eyring plots are 
based on least-square fitting. The errors quoted for 
the free energies of activation AG * are based on the 
numerical difference between the standard devi- 
ations of AH * and TAS* (where T = 298.15 K) 
following-the practice of Binsch and Kessler.5 

RESULTS AND DISCUSSION 

In considering the ‘H DNMR behaviour of the 
compounds shown in Fig. 1, it is convenient to 
distinguish the low temperature pyramidal inver- 
sion processes from the ligand scrambling which is 
a feature of the spectra at higher temperatures. 

549 
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Me x- 

Me X- 

Me 

Fig. 1. Structures of the cationic complexes [PtMe,{MeE(CH2),,E’(CHz)“EMe}]+ (n = 3 ; E = E’ = S : 
n=2;E=SorSe,E’=O,S,Se:n=2;E=S,E’=SS)and[PtMe,(NH,CH2CH2)2E]+(E=O 

or SS). 

Low-temperature studies 

In the majority of the compounds the tridentate The temperature variations observed in the spec- 
ligand is symmetrical with three potential inverting trum of [PtMe3((MeSCH&H2)2S}]+ (III) are typi- 
centres (compounds I-VII). For compound VIII cal of complexes (I-VII). The S atoms are centres of 
(E’ = SS) which lacks a plane of symmetry more chirality, so that in the absence of sulphur inversion 
complicated behaviour is found, while compounds four diastereoisomers are possible, a degenerate 
IX and X with chalcogen atoms present only in the pair of dl-isomers and two distinct meso-isomers 
middle of the ligand show no spectral changes in (Fig. 3). Inversion at the central S atom would 
this temperature range. ‘H NMR data at the fast give another set of four diastereoisomers. There is, 
and slow inversion limits are recorded in Table 1, however, no experimental evidence for the presence 
with assignments as indicated in Fig. 2. The coup- of more than one set of diastereoisomers, and mol- 
ling constants are in the expected ranges found for ecular models show that such a central S atom 

complexes with the analogous bidentate ligands, ’ 
and will not be discussed further. 

d 

Me 
a I c’ 

Complex 

I 

II-VII 

VIII 

E - E’ - S; Y - 2 - (CH*)3 

E - s or se; B’ - 0, s or Se; 

Y - 2 - (CH*)2 

E - E' -S; Y - (Cl&; 

S - sml*)2 

Fig. 2. Environmental assignment of isomers for complexes I-VIII. 
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Me 

dl-1 

35.9% 
Me ~ k-l 

kl 

Me Me 

Fig. 3. Diastereoisomers of [PtMe,(MeSCH,CH,),S]+ showing isomer abundance. 

inversion would lead to a highly strained con- 
formation. With the supporting evidence that there 
are also no changes attributable to central chal- 
cogen atom inversion in the spectra of compounds 
IX and X, it is reasonable to conclude that this 
process is energetically inaccessible, and the prob- 
lem is simplified to one involving four inter- 
convertible diastereoisomers. 

At low temperatures (-54.6”(Z), the S-Me 

region of the spectrum of III contains only three 
signals (plus “‘Pt satellites) (Fig. 4), assignable to 
the two &isomers and one of the meso isomers. 
This assignment is confirmed by the presence of five 
signals in the Pt-Me region, a set of three in the 
rate 1 : 1 : 1 from the asymmetric &isomers, and 
two signals ratio 2: 1 from the one meso-isomer 
(Fig. 5). No signals from the second meso-isomer 
could be detected, possibly due to coincidental over- 

12 6 

Fig. 4. Experimental and computer synthesised variable temperature ‘H NMR spectra of 
[PtMe,(MeSCH,CH&3]+1- in the S-Me region. 
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Fig. 5. Experimental and computer synthesised variable temperature ‘H NMR spectra of 
[PtMeS(MeSCH2CH2),S]+I- in the Pt-Me region. 

lap of the signals, but much more probably to a very 
low abundance for this isomer. Molecular models 
of meso- show severe steric interaction between the 
two S-Me groups, and our analysis below assumes 
an assignment of the signals to the meso-l form and 
the dl-pair (see below). Signal area determinations 
gave the relative isomer populations shown in 
Fig. 3. 

On warming the sample, the three SMe signals 
coalesced as a result of S-inversion, until at 16.8”C 
a single averaged peak (with lg5Pt satellites) was 
observed (Fig. 4). At the same time the PtMe signals 
coalesced to two, with intensity ratio 2 : 1 (Fig. 5). 
Both regions showed complete retention of coup- 
ling to “‘Pt at all temperatures, proving that a non- 
dissociative fluxional process was responsible for 
the changes. Computer simulation of the spectra 
was performed assuming that the isomers were 
interconverted by pyramidal inversion at the sul- 
phur atoms (Fig. 3). Since the two dl-isomers are 
identical, it necessarily follows that k, = k2 (= k), 
and k3 = k, (= k”). As no meso- isomer was 
evident, the initial assumption was made that 
k3 = k4 = 0, thus reducing the spin problem to one 
involving three isomers (Fig. 6, spin system 1). 

However, while it was possible to obtain good 
agreement between simulated and experimental 
spectra in both the S-Me and Pt-Me regions, 
the k values necessary for the former were 5-10% 
higher than for the latter. Compromise values 
could be found which gave reasonable agreement in 
both regions, but the need to consider an alternative 
spin system was clear. Since the signal to noise ratio 
and peak width at the low temperature limit would 
allow for up to 4% of the meso- isomer, the initial 
assumption was revised, and allowance made for 
the presence of very small amounts of meso-2, so that 
rate constant k3 and k4 now have equal but non- 
zero values, and spin-system 2 (Fig. 6) applies. A 
simplification of this system is possible by com- 
bining the effects of k3 and k4 in the form of one 
rate constant k’ which represents the overall rate of 
interconversion of the two dl-isomers via a short- 
lived meso- intermediate (spin system 3). This 
implies a practically simultaneous inversion at both 
sulphur atoms. Simulations based on spin system 3 
gave excellent agreement with the observed spectra 
in both S-Me and Pt-Me regions throughout the 
temperature range studied. The simulated spectra 
using spin system 1 (left of figures) and spin system 
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AX kBX 
k + 

lb 
C cx 

SPIN-SYSTEM 1 

k k 
A=6 

\\I1 

AX=Bx 

k’ 
k + k 

C 

SPIN-SYSIEM 3 

k k k 
A-B 

Kll 

Ax=BX AM m BM 

k’ 
k + 

\I1 k’ 
k + k 

C Cx 

+ m<Tk 

CMX 

SPIN-SSTEM 4 

Fig. 6. Spin systems on which the computer synthesised spectra are based. A, B, C and D refer to 
the proton environments in the dl-1, meso-1, dl-2 and meso- isomers in Fig. 2 respectively. X denotes 

the “‘Pt nucleus and M the “Se nucleus. 

3 are compared with the experimental spectra in 
Figs 4 and 5 (note the incompatibility of the spectra 
at - 14.2”C using the former system). Spin-system 
3 was also used for compounds I, II and IV-VII, 
since inclusion of the spin-active selenium nuclei 
in the computations (spin system 4) had negligible 
effect on the overall line shape. 

For the symmetrical compound I [PtMe3 
((&leSCH2CH2CH&S}]+ good agreement was 
obtained only when k’ was put equal to zero. In this 
complex the two six-membered rings undergo rapid 
ring reversal even at - 56S”C, and molecular 
models show that this process increases the steric 
interaction in the meso- isomer such that it is inac- 
cessible as an intermediate for the dl-dl inter- 
conversion. This is supported by the observation 
that the d/-isomers are only 12.3% abundant com- 
pared to c. 35% for the corresponding five-mem- 
bered ring systems (Table 2). The low-temperature 
spectrum of I in the S-Me region could not be 
assigned owing to signal overlap and the relatively 
low abundance of the dl-invertomers, and energy 
barriers were obtained from the P&-Me region only. 
The spectra of V proved impossible to simulate, as 
selenium inversion takes place in the same tem- 
perature range as Pt-Me scrambling (vide infru). 

The spectral changes shown by the unsym- 
metrical ion VIII are more complex, as four pairs 
of dl-isomers are possible (Fig. 7), each of which 
has a non-superimposable mirror image (though as 
the respective mirror images give identical NMR 
spectra, only one set of conformers needs to be 
considered). At - 67.1”C (the slow inversion limit), 

the S-Me region of the 400 MHz spectrum shows 
six signals assignable to dl-1, dl-2 and dl-3. The 
remaining undetected isomer is analogous to the 
meso- isomer in I-VII, and its absence may be 
explained by the same reasoning. The assignment 
is confirmed by the presence of either signals in the 
Pt-Me region (the ninth methyl signal overlaps). 
The spectra at 100 MHz were not so clearly 
resolved, but it was possible to use the data from 
400 MHz spectra to simulate them. Figure 7 illus- 
trates how the conformers are related by the rate 
constants kl-k5, but similar reasoning to that used 
for I-VII shows that only k,, k2 and k3 are needed 

Table 2. Relative isomer abundance for the thio- and 
selenoether complexes at the slow inversion limits 

Complex 
Relative percentage abundance” 
dl-1 meso- 1 dl-2 

I 12.3 75.4 12.3 
II 39.0 22.0 39.0 
III 35.9 28.2 35.9 
Iv 33.5 33.0 33.5 
VI .36.5 27.0 36.5 
VII 36.0 28.0 36.0 
VIII 48.8 33.5b 17.7’ 

“Isomers refer to Fig. 3 (for I-VII) and to Fig. 7 
(for VIII): the mesa-2 isomers (dl-4 for VIII) were not 
detected. 

b dl-2 for VIII. 
’ dl-3 for VIII. 
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Fig. 7. Diastereoisomers of lIYMe3(MeSCHzCH2S)J+ showing isomer abundance. 

for successful simulation. Comparison of data 
obtained with compounds I and III (containing six- 
and five-membered rings respectively) shows it is 
reasonable to assume that k3 > k, > k2 at all tem- 
peratures. 

On warming compound VIII, spectral changes 
occur in two distinct stages (Figs 8 and 9). From 
- 67 to - 27°C signals (spectra a-g) from dl-1 stay 

sharp, so simulations were done assuming 
k, = k, = 0.01 s-l. By the onset of the second stage 
collapse (-27 to + 33°C) (spectra g-m), a linear 
correlation between log, ,, k3 and l/T had already 
been established, thus enabling values of k3 to be 
estimated by extrapolation. Manipulation of the 
three rate constants gave excellent agreement 
between experimental and simulated spectra 
throughout the two ranges. The k values determined 
are given in Table 3, and the energy barriers to 
inversion in Table 4. 

As found for the bidentate analogues,’ the inver- 
sion rates for this series of compounds are extremely 
fast compared to those found for sulphoxides,6 
selenoxides, 7 thiosulphinates’ and sulphonium 
ions.’ As expected, the free energies of activation at 
the selenium atoms are c. 15 kJ mol- ’ higher than 
those for sulphur inversion, presumably due to 
increased s-character of the lone pair on the chal- 
cogen atom. The energy barriers to inversion at 
E (Fig. 1) were found to depend on the central 
chalcogen E’ in the order Se - S > 0, which is 
related to the length of the Pt-E bond reflected in 
the *J(Pt-Me) coupling constants. The markedly 
weaker Pt-0 bond clearly makes the transition 

state more accessible,” and predominates over the 
competing effect of decreasing the chal- 
cogen--carbon bond length and decreasing electron 
density at platinum. 

Comparison of complexes I, III and VIII reveals 
a decrease of c. 9 kJ mol- ’ in inversion energy 
barriers as the heterocyclic ring changes from five 
to six members, consistent with results obtained 
elsewhere.‘*‘0-12 In complex VIII the inversion 
energy barriers for the five- and the six-membered 

Table 3. Rate constants and temperatures for the variable 
temperature ‘H NMR spectra of complex VIII in Figs 8 

and 9 

Rate constants” k (s- ‘) 
Temperature 

Spectrum (“C) k, kz k, 

: -57.1 -67.1 0.01 0.01 0.01 0.01 0.7 2.8 
ZYI -47.3 - 52.7 0.01 0.01 0.01 0.01 11.2 5.2 

e -42.1 0.4 0.2 20.0 
f -31.9 1.2 0.7 60.0 
f -20.6 -27.3 2.4 5.6 2.4 1.2 202.0 102.0 

i -7.0 24.0 8.0 732.0 
: + -0.7 12.9 145.0 40.0 45.0 15.0 3840.0 1270.0 

1 +22.5 370.0 160.0 7889.0 
m + 33.0 800.0 250.0 8000.0 

D For assignments of the rate processes see Fig. 7. 
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Fig. 8. Experimental and computer synthesised variable temperature ‘H NMR spectra of [PtMe, 
(MeSCH,CH,S),J+BF; showing the effects of sulphur inversion on the !&Me signals. 

Table 4. Energy parameters for the pyramidal inversion processes 

Complex” Mechanismb E. (kJ mol- ‘) log,, A AH’ (kJ mol-‘) AG* (kJ mol-‘) AS* (J mol-’ K-‘) 

I 

II 

IIIa 

IV 

VI 

VII 

VIII 

k 
k 
k 
k 
k 
k 
k 
k 
k 
k 
k 
k 

k, 
kz 
k3 

49.0 +0.44 12.35f0.10 
- - 

61.Ok1.18 13.94f0.24 
64.0+ 1.52 14.20f0.30 
53.7f0.35 12.22kO.07 
53.5 +0.30 11.90f0.06 
61.1+ 1.70 13.7020.34 
59.0+ 1.57 13.04kO.31 
66.0+ 1.15 12.00&-0.20 
66.0+ 1.15 11.70+0.20 
70.0 f 0.67 12.57kO.10 
74.0& 1.84 12.92kO.29 
60.0 + 0.66 13.15kO.13 
56.0 + 1.30 11.9lkO.26 
52.6kO.17 13.19*0.04 

44.0+0.44 
- 

59.0+1.19 
62.0+ 1.52 
51.4kO.36 
51.3k0.32 
59.0f 1.70 
57.0 &- 1.57 
63.Ok1.17 
63.0+ 1.17 
67.OkO.69 
71.0f 1.86 
58.OkO.65 
54.0 + 1.29 
50.6f0.17 

48.4f0.13 

54.7kO.19 
55.9 f 0.24 
56.9+0&l 
58.7+0.04 
56.0 f 0.23 
58.0 f0.22 
71.OkO.l 
72.7kO.l 
71.2f0.07 
73.4kO.19 
58.OkO.09 
60.8kO.17 
50.3 +0.04 

-15k1.94 
- 

15f4.6 
2Ok5.9 

-18k1.30 
-24+ 1.20 

lOk6.50 
-2k6.01 

-25k3.6 
-3lk3.6 
-13k2.07 

-7k5.60 
Ok2.47 

-24k4.90 
1 + 0.69 

’ Complexes assigned as in Fig. 2. 
bk and k’ as shown in Fig. 6 (spin system 3). k,, k, and k, as shown in Fig. 7. 
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Fig. 9. Experimental and computer synthesised variable temperature ‘H NMR spectra of [PtMe, 
(MeSCH2CH&]+BF; showing the effects of sulphur inversion of the Pt-Me signals. 

rings are both higher than those found for the five- 
membered rings in II-IV and the six-membered 
rings in I. These observations are not unexpected 
on steric grounds, and reflect trends that have been 
observed for the incorporation of different numbers 
of sulphur atoms into six-membered rings. l3 

High-temperature studies 

The behaviour of the compounds at high tem- 
peratures falls into one of three categories depend- 

ing on the Pt-ligand bonding modes. For complexes 
I, III, IV, VI and VII the spectral changes associated 
with III are typical. With iodide as counter ion 
(IIIa), at c. 75°C (Fig. lOA), an additional set of 
lines (plus 19’Pt satellites) appears in the Pt-Me 
region and a new singlet at c. 6 2.2 (Table 5). A 
Pt-Me signal with ‘J = 69.3 Hz shows that a neu- 
tral iodide-coordinated complex’ has been formed 
by displacement of a terminally coordinated sul- 
phur atom. The ligand clearly prefers to form a five- 
membered ring rather than the eight-membered 
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ring that would result if the central sulphur atom the coupling constants that showed the onset of 
were displaced. Furthermore *J values for P&-Me ligand dissociation. 
groups tram to sulphur increase by c. 4 Hz when the Complexes VIII and X have the metal coor- 
uncharged complex is formed, showing a decreased dinated to the central disulphide group. Similar sys- 
Pt-S bond strength. The analogous complex with terns are known to undergo 1,2 shifts at high tem- 
BPh; as counter ion (III) was non-fluxional when peratures, I4 and the same process here would give a 
heated in DMSO-d6 up to 135°C (Fig. 1OC). The highly fluxional pseudo-seven-coordinated system. 
other members of this group were also non- The spectrum of a solution of VIII in DMSO-d, 
fluxional at high temperatures, though there was showed three Pt-Me signals (plus lv5Pt satellites) 
slight evidence of peak broadening and changes in at room temperature. On warming, spectral collapse 

Solvent 

ml3 

+125.5 d6-DMSO 

(* = HMDO reference) 

d6-DMSO 

CBD,ND,/C,D, 

Fig. 10. High temperature ‘H NMR spectra (Pt-Me region) for representative complexes. 
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Fig. 11. Experimental and computer synthesised ‘H NMR spectra of [PtMe,(MeSCH,CH&OI+ 
BF; showing the effects of scrambling of the Pt-Me signals. 
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occurred until at 155°C only one broad Pt-Me 
signal (plus satellites) was apparent. This effect is 
illustrated with a mixture of HI and VIII at 125°C 
(Fig. 10B) which clearly shows that while the disul- 
phide complex undergoes methyl scrambling (one 
broad peak), the sulphide complex remains rigid and 
exhibits two sharp signals. A second high tem- 
perature run on VIII using a different solvent 
(C6D,N02/CsD6; 2 : 1 by volume) showed that the 
fluxional behaviour of VIII was solvent dependent. 
In this solvent three broadened lines are present at 
120°C (Fig. IOD) whereas in DMSO the signals had 
coalesced at this temperature (Fig. 10B). Further 
heating showed spectral changes comparable to 
those observed in DMSO, but at 150°C decompo- 
sition of the complex occurred. By comparison the 
‘H NMR spectrum of X in DMSO shows three 
signals (plus 195Pt satellites) at room temperature 
which stay sharp on warming to 130°C with very 
little change in chemical shifts or coupling constants 
(Fig. 10E). Evidently X is non-fluxional in the tem- 
perature range studied. 

Finally, complexes II, V and IX undergo fluxional 
changes resulting from the centrally coordinated 
oxygen atom. The inherent weakness of the Pt-0 
bondls-‘* favours dissociation leading to a ste- 
reochemically non-rigid five-coordinate inter- 
mediate. Coalescence of the Pt-Me signals was 
observed for each of these complexes with complete 
retention of coupling to “‘Pt. The spectral changes 
observed for II are reproduced in Fig. 11. Similar 
changes were recorded for IX, but for V inversion at 
Se occurs over the same temperature range as methyl 
scrambling. For II and IX, computer simu- 
lation gave excellent agreement between exper- 
imental and simulated spectra when a single rate 
constant was used (A P B + AXeBX ; A = PtMe 
fran.r to N, S or Se, B = PtMe tram to 0, X = ‘95Pt). 
Simulated spectra for II are reproduced alongside the 
experimental spectra in Fig. 11 and the rate constants 
measured for II and IX are given in Table 6. 

This study shows that ligand scrambling via a 120” 
pseudo-rotation of the tridentate ligand does not 
occur for this type of complex, in contrast to the 
bidentate analogues, for which a ‘pancake flip’ 
movement of the bidentate ligands has been well 
established elsewhere. I9 One explanation may be 
that the tridentate ligands are more strongly bound, 
the increase in Pt-ligand bond strength shown by 
the decrease in Pt-Me coupling of c. 4 Hz being 
enough to inhibit ligand scrambling processes. 
Spectral changes associated with the disulphide 
complexes show that here the fluxional process is 
solvent dependent, which points to a dissociative 
mechanism. However, this work does show that 
the rate of dissociation is also dependent on the 
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presence of both terminal chalcogen and disulphide 7. 
coordination. Complexes with a coordinated oxy- 8. 
gen atom undergo high-temperature ligand scram- 
bling that is fully reversible and purely intra- 9. 
molecular. The energy parameters are slightly 1. 
affected by the nature of the terminal bonding and ’ 
therefore a value for AG * of around 75 kJ mol- ’ 
can be expected for ligand scrambling and selenium 

1 1 
’ 

inversion in complex V. 12. 

1. 

2. 

3. 

4. 

5. 

6. 
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Abstract-The extraction of Pb(II) from 1 .O mol dn- 3 NaCl with trilaurylamine (TLA) and 
trilaurylammonium, tri-n-octylammonium and tri-n-hexylammonium chlorides (TLAHCl, 
TOAHCl and THAHCl) dissolved in benzene has been studied at 298 K. The extraction of 
Pb(I1) by TLA and TLAHCl can be explained by the formation of the species (TLAH- 
Cl)(PbCl,) and (TLAHCl),(PbCl,) in the organic phase. The use of TOAHCl and THAHCl 
as extractants leads to the formation of the same kind of species in the organic phase 
indicating that the length of the alkylic chain of the amine does not influence the metal 
extraction. Conditional equilibrium constants for the extracted species are given. 

The extraction of lead from chloride solutions by 
long-chain tertiary amines has been scarcely 
studied. l-4 Furthermore, information about lead 
extraction by other amine and quaternary 
ammonium salts is also rather scarce510 if com- 
pared with the larger number of studies performed 
with inner and outer transition metal ions. 

The lack of information about the extraction 
behaviour of Pb(I1) in these systems together with 
its great environmental importance made us initiate 
a study on the extraction of this metal from aqueous 
1 .O mol dm- 3 NaCl solutions by trilaurylamine 
(TLA) dissolved in benzene. 

This work is part of a systematic study on the 
extraction of metal chlorides by long-chain tertiary 
alkylamines and presents a detailed description of 
the factors affecting the extraction such as the aque- 
ous pH (in the extraction by TLA alone), the 
ammonium salt concentration [extraction by tri- 
laurylammonium chloride (TLAHCl)] and the 
length of the amine chain [extraction by tri-n-octyl- 
ammonium and tri-n-hexylammonium chlorides 
(TOAHCl and THAHCI)]. The effect of the ionic 
strength in the extraction of Pb(I1) by TLAHCl will 

*Author to whom correspondence should be addressed. 

be discussed in a subsequent publication. The data 
in the present study have been treated by graphical 
and numerical methods in order to ascertain the 
composition of the species extracted as well as the 
extraction constants. 

EXPERIMENTAL 

Reagents 

Lead chloride, PbC12- Hz0 (Merck, p.a.), was 
purified by recrystallization before use and analysed 
trimetrically according to standard methods. ’ ’ 
Sodium chloride (Merck, p.a.) was recrystallized as 
described elsewhere. 1 ’ TLA, benzene and mer- 
captosuccinic acid (Merck, p.a.) were used as sup- 
plied. TLAHCl, TOAHCl and THAHCl were pre- 
pared from TLA (Merck, p.a.), TOA (Eastman 
Kodak, p.a.), and THA (Eastman Kodak, p.a.), as 
described in Ref. 13. Distilled deionised water was 
used throughout the work. All other chemicals were 
of analytical-grade quality. 

Experimental procedure 

Equal volumes (10 cm3) of organic solutions con- 
taining TLA or the ammonium salts in benzene 
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ranging from 0.005 to 0.100 mol dm- 3 were shaken 
with aqueous solutions of Pb(I1) in 1.0 mol dmp3 
NaCl using special stoppered tubes on a continuous 
rotating rack. The total concentration of Pb(I1) was 
varied from 0.2 to 0.8 mmol dmW3. The free hydro- 
gen ion concentration was varied from 1 O- ’ to 1 O- ’ 
mol dm- 3 when using TLA, and kept around lo- ’ 
mol dmp3 when the ammonium salts were used as 
extractants. Preliminary experiments showed that 
extraction equilibrium was attained within 2 min 
although a shaking time of 15 min was always used. 

After centrifugation, aliquots of the aqueous 
phases were taken for analysis. The metal con- 
centration was measured spectrophotometrically 
using mercaptosuccinic acid in Na2B,0rNaOH 
buffer at pH = 10.5. I4 By measuring the con- 
centration of Pb(I1) in the organic phase after its 
stripping with NaOH, the mass balance for lead 
could be checked. 

RESULTS AND GRAPHICAL 
DATA TREATMENT 

Extraction by the amine 

The extraction of Pb(I1) by TLA dissolved in 
benzene can be described by : 

jPb’+ +nCl- +qH+ +pTLA,,, 

s TLA,H,Pb& erg, ( 1) 

for which the stroichiometric equilibrium constant 
is given by : 

[TLApHqPI>,CLlo, 
Bun = pb*+]j[Cl-]n[H+]“~LAlp’ (2) 

The stoichiometric distribution coefficient of 
Pb(I1) is given by : 

D = CPb,o&Pb,aq 

= ;~~~&,rJCl-l’[Pbz+~- ‘[H+]‘[TLAIP (3) 

/I&,, being a conditional formation constant defined 
by: 

Bitin = BptinGi. (4) 

The side-reaction coefficient apb remained con- 
stant since the chloride concentration was kept con- 
stant and the contribution of metal hydroxo- 
complexes can be considered negligible in the pH 
range studied. 

The experimental results, log D = f(pH) at sev- 
eral total concentrations of TLA are given in Fig. 
1. Additional experiments carried out at several 
total Pb(I1) concentrations indicated absence of 
polynuclear lead species in the organic phase. 

L 

1:0 310 510 ; 

Fig. 1. Plot of 1ogD vs pH data for the different total 
concentration of TLA. The solid lines have been drawn 

using the proposed extraction constants. 

On the other hand, a preliminary analysis of the 
data in Fig. 1 made by plotting 1ogD = F (log 
[TLA],,& at selected tixed pH values gave rise to 
curves of increasing slope indicating the extraction 
of more than one lead species. Hence, assuming as 
simplest hypothesis the formation of two species 
with stoichiometries TLA,H,PbCl, and 
TLA,H,PbCl,, the distribution coefficient can be 
expressed, according to eqn (3), by : 

D = &q,[C1-l”[TLA~[H+]q 

+/3:&l-l”[TLA]I[H+ls (5) 

where /liqn and /3iS,,, are the respective conditional 
extraction constants. 

Equation (5) can be rearranged to : 

D 

8;mK-lm[‘=Al’[H+l 

= 1+ ~[C~-~..[TLA~-~]H+]~-~. (6) 
rDn 

The experimental functions (log D - log [TLA],,S 
= f(log pLA],& obtained for different integer 
values of r, at constant selected pH values, were 
compared with : 

log Y = log(1 +.V) = f(logX), (7) 

where Y and X are normalized variables defined by : 

D 

’ = jI;,[Cl-]“‘pLA]TH+]S ’ 

_y = !j!qcl-y-“IHIlq-s v&-r) 

> W4o,, (9) 
rsm 

and i =p-r. 
Free TLA concentrations were calculated from 

the mass balance for the reagent by neglecting the 
contribution from the lead species due to the high 
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Cr,,/Cr, ratio used in the experiments : 

%A = WAI, + PI ,[TL4&1-I[H+l 

+2822~LAl~~~~~-12[H+12, (10) 

where /I,, and /322 were taken from Ref. 13. 
The best agreement between experimental and 

theoretical functions, for which the position of best 
fit is shown in Fig. 2, was found for i = 2 and r = 1. 
Therefore, the value of the stoichiometric coefficient 
p equals 3. 

In order to determine the stoichiometric 
coefficients s and 4, as well as the extraction 
constants, the differences between experimental and 
theoretical functions delined by : 

A Y = (log D - log [TLA],,& -log Y 

=log/!&,[Cl-I”-spH, (11) 

AX = log [TLA], - log X 

1 
= - --logp[Cl-j”-_i PpH (12) 

P--’ rsnl P-r 

were plotted as a function of pH as shown in Fig. 
3. Straight lines of slope values - 1 and 1, respect- 
ively, were observed from which the values s = 1 
and q = 3 can be deduced from eqns (11) and (12). 

From the intercepts on both axes in Fig. 3, values 
of the extraction constants for the species (TLAH- 
Cl)(PbCl,) and (TLAHCl),(PbC13 were obtained. 
The number of chloride ions in the extracted species 
has been deduced from the electroneutrality con- 
dition in the organic phase. Values of the constants 
are collected in Table 1. 

Extraction with the ammonium salts 

The extraction of Pb(I1) from chloride medium 
with TLAHCl, TOAHCl and THAHCl, generically 

-2. 

-4. 

I! 

0 

0 I 
2.0 

PH 

4.0 

Fig. 3. Differences on both axes in Fig. 2 as a func 
of pH. 

represented by R,NHCl, can be described by : 

J’b2+ +2jCl- +zR3NHC1,, 

on 

e (R3NHCl)J’b,Cl2jccg* (13) 

Since Pb(I1) is only present in tracer amounts, 
polynuclear complexes of lead in the organic phase 
need not to be considered. This assumption is sup- 
ported by the fact that the curves log D vs log 
CR,NHCI coincide for different Pb(II) concentrations 
(cf. Fig. 4). 

Taking into account the mass balance equation 
for the metal, with k:, being the conditional extrac- 
tion constant for reaction (13), the distribution 
coefficient of Pb(I1) can be expressed by : 

D = 1 k:2[C1-]2[R3NHC1]Z,,g. 
I 

(14) 

In order to deduce values of the stoichio- 
metric coefficient z, the functions log D = f(log 
[R,NHCl],,& have been obtained using the aggre- 
gation constants for TLAHCl, TOAHCl and 
THAHCl given in Refs 13, 15 and 16, respectively. 
The contribution of the lead species to the mass 
balance equations for the ammonium salts has been 

IogD-log[TLAl 

0 
log Ml 

-5:o -3:o -1:c 

Fig. 2. Comparison between the experimental functions log D - log lTLA] = f(log [TLA]) and the 
theoretical log Y = log (1 +X2) = f(log A’) in the best-fit position. 
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Table 1. Values of the conditional extraction constants obtained by the graphical 
and numerical data treatments 

TLA TLAHCl 

Log B;,S Log B;3S Log k; z Log k;* 

Graphical 
LETAGROP 

5.15 16.15 1.49 4.91 
5.19+0.03 16.11+0.07 1.54kO.03 4.82kO.10 

TOAHCl 

Log k’, 2 Log k;, 

THAHCl 

Log k; 2 Log k;, 

Graphical 1.55 5.23 1.50 5.36 
LETAGROP 1.54+0.05 5.29kO.10 1.52kO.06 5.48 + 0.07 

considered as negligible since lead is present in and z = z, eqn (14) can be transformed into : 
tracer amounts. The plots are presented in Fig. 5. 
It can be appreciated that similar curves, with a Dk;2[Cl-]2[R3NHCl]G~ 
lower limiting slope value close to 1.0 and higher 
ones when increasing the concentration of the 

= 1 +k:,(k;,)-‘[R,NHCl]&‘. (15) 

extractants, are obtained for the three systems stud- In a similar way to the treatment carried out with 
ied. Therefore, assuming the formation in the the results of the Pb(II)-TLA system, the exper- 
organic phase of two metallic species with z = 1 imental functions (log D-log [R,NHCl],& = 

IogD 
O- 

*@ 

- 0.5- 

0 
0 

fP 

-LO- 0 
log [TLAHCI :I 

0 8 0 

a0 
- 0.5 1 $P 

I 

- ‘.‘I 0 , ’ log [TYHCC , 

I 

Fig. 4. Plot of log D vs log CRXNHCI data at different total 

O- 
Cpb mmd~dm~3 

cl 030 
-0.p 0 0.u 0 

0 0.70 

O0 

8 

-1.0 
0 log [THAHCI 

-2:6 -2:2 -I:8 

Pb(I1) concentrations. Continuous lines have been drawn Fig. 5. LogD as a function of the free ammonium salts 
using the proposed extraction constants. concentrations at the different Pb(I1) concentrations. 
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f(log kNHCUor& were compared with the 
theoretical curves defined by eqn (7), with : 

Y = Dk;,[C1-]2[R3NHCl]& (16) 

X = (k:2/k’1 2)1’(‘- ‘)[R3NHC1],,, (17) 

i= r-l_ (18) 

The best fit in the three systems was obtained 
from i = 2, as shown in Fig. 6 where the theoretical 
curves have been drawn with i = 2, indicating z = 3. 
From the differences on both axes, values of the 
conditional constants for the extraction of the 
species (R,NHCl)(PbCl,) and (R3NHC1)#bC12) 
collected in Table 1 were deduced. 

Numerical treatment 

The version DISTR” of the general minimizing 
program LETAGROP for the treatment of dis- 
tribution data was used for the refinement of the 
graphically obtained equilibrium constants. The 
function to be minimized is the error squares sum, 
U, defined by : 

with QXp being the experimentally measured dis- 
tribution coefficient, D,,, the corresponding quan- 
tity calculated by the program and Np the number 

Table 2. Values of Umin and a(logD) for the different combination of complexes 
tried in the extraction of Pb(I1) by TLA, TLAHCl, TOAHCl and THAHCl 

Species (v,q) ki, e(log D) Rejected 

TLA 

TLAHCl 

TOAHCl 

THAHCl 

(3,1,1), (4,2,2) 0.475 0.072 

(3,1,1), (5,3,3) 0.384 0.065 
(3,1,1), (6,434) 0.439 0.070 

(3,~ l), (4,2,2), (5,3,3) 0.384 0.067 
(3,1,1), (5,3,3), (6,434) 0.384 0.065 

Species (1 ,z) 

(172) 
(Ll), (192) 
(Ll), (173) 
(Ll), (134) 
(Ll), (1,5) 
(Ll), (1,2), (133) 
(Ll), (1,2), (194) 
(l,l), (1,3), (194) 
(l,l), (1,3), (115) 

(132) 
(193) 
(Ll), (172) 
(l,l), (193) 
(l,l), (1,4) 
(l,l), (175) 
(l,l), (1,2)> (133) 
(l,l), (1,2), (194) 
(l,l), (1,3), (134) 
(Ll), (1,3), (195) 

(132) 
(193) 
(l,l), (192) 
(Ll), (123) 
(l,l), (1,4) 
(Ll), (195) 
(l,l), (1,2), (1,3) 
(Ll), (1,2), (194) 
(Ll), (1,3), (134) 
(Ll), (1,3), (135) 

1.439 0.223 
0.037 0.040 
0.022 0.029 
0.023 0.030 
0.031 0.036 
0.022 0.029 (132) 
0.022 0.031 
0.021 0.030 
0.022 0.030 

0.520 0.166 
2.93 1 0.393 
0.021 0.037 
0.014 0.030 
0.017 0.033 
0.024 0.040 
0.014 0.030 (172) 
0.013 0.031 
0.014 0.03 1 
0.014 0.031 

0.165 0.093 
0.172 0.301 
0.028 0.042 
0.016 0.032 
0.024 0.039 
0.042 0.051 
0.017 0.033 
0.017 0.034 
0.016 0.032 (174) 
0.016 0.032 (135) 
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2.0 
tog D -log FLAW] 

I 

Fig. 6. Comparison between the experimental functions 
log D -log [R,NHCl] = f(log [R,NHCl]) and the theor- 
etical log Y = log (1 +X2) = f(logx) in the best-fit pos- 

itions. 

of experimental points. Together with the Umin 
values, the standard deviation a(log D) is also given 
for each set of complexes. 

From Table 2 it can seen that the graphically 
obtained model gives the lowest values for Umin 
and a(logD) for the three systems studied. Models 
containing more than two metallic extracted species 
did not improve the fit to the experimental data. 
The conditional equilibrium constants obtained by 
numerical treatment are given in Table 1. With the 
proposed extraction constant values the theoretical 

1ogD = f(pH)c,,, and 1ogD = f(log CR,NHC&,, 
functions have been plotted together with the exper- 
imental points in Figs 1 and 4, respectively. 

Conclusions 

The extraction of Pb(I1) from chloride medium 
by TLA and TLAHCl dissolved in benzene can be 
explained by the formation of (TLAHCl)(PbCl,) 
and (TLAHCl),(PbCl,). Taking into account the 
values of the conditional extraction constants col- 
lected in Table 1 for the extraction of PbCtI) by 
TLA and TLAHCl, the value of the equilibrium 
extraction constant /?I, for the reaction : 

TLA,,+H+ +Cl- _ -% TLAHCI,, (20) 

can be obtained combining the reactions : 

Pb*++3Cl-+TL&,+H+ 

+ (TLAHCl)(PbCl&, (21) 

Fig. 7. Distribution diagram of Pb(I1) species in the sys- 
tem Pb(II)-Cl-/TLAHCl-benzene at pH = 2.00. 

Pb*+ +2Cl- +TLAHCl ore 

+ (TLAHCl)(PbCl,),,, (22) 

and 

Pb2+ + 5Cl- + 3TLA 0% + H+ 

+ (TLAHC1)3(PbCl&,,, (23) 

Pb*+ +2Cl- + 3TLAHCl 0% 

z$ (TLAHC1)3(PbC12),,. (24) 

The values of log /?I, = 3.65 and log j?, , = 3.76 
obtained in this way agree acceptably with that 
obtained by two phase titrations, log/?, , = 
3.78 f0.06. ’ 3 This supports the validity of the 
model proposed. 

The same model applies to TOAHCl and 
THAHCI. This supports the hypothesis that the 
length of the alkyl chain does not influence the 
composition of the metal species formed. Similar 
conclusions were drawn by Aguilar18 in the extrac- 
tion of Zn(I1) by the three amines. 

As an example of the predominance of the met- 
allic, species in the systems studied, Fig. 7 shows 
the distribution diagram of Pb(II) as a function of 
c TLAHCI. It can be appreciated that (TLAH- 
Cl)(PbCl,) is predominant at low values of the 
reagent concentration whereas when increasing this 
concentration the metallic ion is mainly extracted 
as (TLAHCl),(PbCl,). 
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Abstract-‘H and 13C NMR spectra of palladium and platinum aminopolycarboxylate 
complexes have been studied. The spectra of [M(Y-HJCl,], [M(Y-Hz)] and (Y-H,)[MCl,] 
compounds (M = Pd or Pt ; Y = EDTA, PDTA or CDTA) dissolved in DMSO-ds are 
discussed. Proton spectra are less complicated than those recorded in D20 solution because 
of faster nitrogen inversion. Carbon spectra clearly demonstrate bidentate and tetradentate 
behaviour of these ligands. 

Palladium and platinum complexes of amino- 
polycarboxylates have been extensively studied in 
recent years. l-6 Most of these complexes can be 
classified into two types : dichlorocomplexes with 
bidentate aminopolycarboxylate and complexes 
where the ligand acts as tetradentate (Fig. 1). IR 
spectroscopy is very useful for distinguishing both 
types of compounds. Thus, dichlorocomplexes 
show a single band at ca 1700 cm- ‘, which cor- 
responds to vc&COOH), whereas complexes with 
tetradentate aminopolycarboxylates show two 
bands at cu 1700 and 1600 cm-‘, the first one cor- 
responding to the stretching of carbonyls in COOH 
groups and the second one to those in carboxylate 
groups. 7 I 

Although IR spectra of D20 solutions of these 
compounds can be obtained,“” they are very com- 
plicated and a complete assignment is not possible 
because of many overlapping bands. For this 
reason, it is impossible in many cases to determine 
if the spectrum corresponds to a single compound 
or to a mixture. In this sense, NMR spectroscopy 
provides an easily available technique that can be 
advantageously used for studying the nature of 
complexes in solution. Proton spectra have been 
used so far for this purpose. “-I4 D20 has been 
commonly used as solvent, with AB patterns being 
frequently observed for CH*(ac) protons (Fig. 1). 

*Author to whom correspondence should be addressed. 

The actual pattern of these signals for an octahedral 
complex depends on the rates of inversion of the 
nitrogen atoms and on the labilities of metal-nitro- 
gen and metal-oxygen bonds. Intramolecular 
scrambling processes also affect the pattern of 
CH,(ac) signals. ’ ‘9 ’ 2, ’ 5* ’ 6 This results in extremely 
complicated spectra, specially for complexes of 
asymmetric aminopolycarboxylates.12~‘7~18 More- 
over, new complications appear due to acid- and 
base-catalyzed deuteration processes, that occur 
with different rates for the several types of CH,(ac) 
protons. ’ 7-20 In square-planar complexes, intra- 
molecular scrambling processes are less compli- 
cated, but inversion of nitrogen atoms may be slow 
on the NMR time scale, giving rise to AB patterns. 
Other authors’ 1,22 have observed complicated spec- 
tra with overlapping quartets for Pd-EDTA and 
Pt-EDTA complexes in D20 because of the exist- 
ence of more than one complex in solution. 

13C NMR spectra have been less used for study- 
ing the nature of aminopolycarboxylate com- 
plexes.23-25 However, when they are recorded with 
proton decoupling, they are less complicated than 
proton spectra and may be used for obtaining com- 
plementary information. 

In this paper, we report ‘H and 13C NMR spectra 
of DMSO-d, solutions of Pd(I1) and Pt(1) com- 
plexes with EDTA, PDTA and CDTA. These com- 
pounds illustrate both bidentate and tetradentate 
behaviour of aminopolycarboxylates. (Y-H,)wCl,] 
salts have been also obtained and included in 
the study. 
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Hooc-H2C~N\CH_cH/ ‘CH2-cooH Hooc--H2c~N\C”_c/ ‘Cl-l*-Coo” 
I I I I 
‘% R2 Rl R2 

(a) V4 
R, = R2 = H (EDTA) 

R, = CH3; R2 = H (PDTA) 

R, = R2 =&Ho (CDTA) 

Fig. 1. Aminopolycarboxylate complexes of Pd(I1) and Pt(I1): (a) dichloro complexes, and (b) 
complexes with tetradentate aminopolycarboxylate. 

EXPERIMENTAL 

All compounds were synthesized as described in 
another paper. 26 Samples for obtaining NMR spec- 
tra were prepared by dissolving 50-100 mg of com- 
pound in 0.5 cm3 of DMSO-d6. Solutions were 
placed in 5-mm tubes and TMS was added as inter- 
nal reference. 

NMR spectra were recorded at the probe tem- 
perature (40°C) with a Varian FT-80A spec- 
trometer. 

RESULTS AND DISCUSSION 

EDTA complexes 

The shifts of the signals in the ‘H and ’ 3C spectra 
of EDTA complexes are shown in Table 1. Proton 
spectra of (EDTA-H,)[PtClJ and [Pd(EDTA- 
H,)Cld * 5H20 are similar to that of free EDTA 
except for the displacement to lower field of both 
signals. However, in the spectrum of [Pt(EDTA- 
H,)ClJ * 5H20 a quartet appears for CH,(ac) pro- 

Table 1. NMR spectra of EDTA complexes (all chemical shifts are reported in 
ppm and referenced to TMS)“’ 

Compound 

(a) ‘H spectra 

CH *(ac) CH *(en) 

EDTA-H4 3.45 2.78 
[Pd(EDTA-H,)ClJ - 5H,O 3.79 3.14 
(EDTA-H,)ptCl,] 3.90 3.25 
[Pt(EDTA-HJCl,J*5H,O 4.24’ 3.41 
pd(EDTA-H 2)] - 5H *O 3.74, 3.93 3.23, 3.08 

Compound 

(b) 13C spectra 

CH ,(ac) CH,(en) COOH 

EDTA-H, 54.62 51.38 172.15 
[Pd(EDTA-HdCld * 5H20 54.38 50.94 170.50 
(EDTA-H.#‘tCl,] 54.33 50.81 169.78 
p(EDTA-H,)Cld - 5Hz0 57.77 55.00 168.95 
[Pd(EDTA-H,)] - 5H,O 54.38, 56.70 52.97 170.21, 169.06 

a Abbreviations used : ac = acetate arm, en = ethylenediamine backbone. 
’ AB quartet with 6,-a, = 0.49 ppm and JAB = 17.7 Hz. 
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tons, in a similar way to that observed for palladium 
complexes in DrO solution.” Thus, interchange of 
metal-nitrogen bonds is slower for the platinum 
complex than for its palladium analogue. The 
absence of AB splitting in the spectrum of (EDTA- 
H,)[PtCl,] shows that protonation of nitrogen 
atoms does not cause inversion of these atoms to 
be slow on the NMR time scale. 

Carbon spectra of these compounds also show 
two signals for CHr(ac) groups, with one more for 
the carbons of free carboxylic groups. All of these 
signals are little displaced from their positions in 
free EDTA. There is a single exception, which cor- 
responds to both types of CHr in the spectrum of 
[Pt(EDTA-H,)Cld * 5HrO. These signals are dis- 
placed more than 3 ppm to lower field with respect 
to the other compounds. This behaviour also 
resembles that of analogous complexes in DrO sol- 
ution.2’25 

Tetradentate coordination of EDTA results in 
more complicated spectra. From symmetry con- 
siderations, two AB quartets and one A2B2 mul- 
tiplet must appear for CHr(ac) and CH,(en) 
protons, respectively. However, the proton spec- 
trum of pd(EDTA-HJ] * 5H20 shows two singlets 
for every type of CH2 groups. In the case of 
CH,(en), both signals appear near their positions 
in the spectra of dichlorocomplexes, and they must 
correspond to a degenerate A2B2 pattern. In the 
case of CH,(ac), both singlets result from collapse 
of AB quartets, and one of them is displaced to 
lower field because of palladium-carboxylate coor- 
dination. This collapse of AB patterns has been 
previously observed by many workers for several 

aminopolycarboxylate complexes.“2’~27~28 The 
carbon spectrum shows two signals for both car- 
bony1 and methylene carbons of acetate groups, 
and one more for CH2(en). This spectrum is also 
consistent with tetradentate coordination of EDTA 
and it suggests that there is not interconversion 
between coordinated and free acetate arms. 

PDTA complexes 

Proton spectrum of PDTA in D20 shows two 
AB quartets for CH,(ac) [Fig. 2(a)]. This pattern is 
due to the asymmetry caused by the methyl group 
and to the slow inversion of nitrogen atoms. 11-14 
However, when the spectrum is recorded in DMSO- 
d6 solution, two singlets at 3.50 and 3.43 ppm are 
observed for these protons [Fig. 2(b)]. So, it is con- 
cluded that inversion is faster in DMSO-d6 than in 
D20, what results in simpler spectra. In palladium 
and platinum complexes (Table 2), these signals 
are displaced to lower field, as in the case of the 
EDTA analogue complexes. A displacement is also 
observed for the doublets of CH,(en) and CH3, 
although no significant changes of the coupling con- 
stants are detected. The spectra of [Pt(PDTA- 
H4)Clr] *2H20 is similar to that of the analogous 
EDTA complex with AB quartets appearing for 
CH2(ac) protons. 

The methyl group appears at 12.93 ppm in the 
carbon spectrum of free PDTA and it causes the 
splitting of the CH,(ac) and COOH signals (Table 
2). It is interesting to note that [Pt(PDTA- 
H4)Clrj - 2H20 does not show a behaviour similar 
to the EDTA dichlorocomplex, i.e. the signals of 

(a) 04 

L L 
I I I I 1 I I I I 

3 2 1 4 3 2 1 
6 (wm) 6 (ppm) 

Fig. 2. ‘H NMR spectrum of PDTA : (a) D,O solution, and (b) DMSO-d6 solution. 
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Table 2. NMR spectra of PDTA complexes (all chemical shifts are reported in ppm and referenced to 
TMS) 

Compound 

(a) ‘H spectra& 

CH &4 CH,(en) CH, 

PDTA-H, 
[Pd(PDTA-H.,)ClJ 
(PDTA-H,)[RCl,] 
[Pt(PDTA-H.,)ClJ-2H,O 

Compound 

3.50, 3.43 2.70 (6.7) 0.93 (5.8) 
3.91, 3.74 3.03 (6.4) 1.11 (5.7) 
3.91, 3.76 3.04 (6.4) 1.11 (5.9) 

3.99” 1.10 (6.0) 

(b) “C spectra 

CH ,(ac) CH,(en) CH, CH COOH 

PDTA-H, 54.35, 52.43 59.11 12.93 57.93 172.30, 171.86 
[Pd(PDTA-H,)ClJ 54.11, 51.78 57.78 10.67 54.37 170.83, 169.24 
(PDTA-H,)ptCl,] 54.13, 51.81 57.80 10.68 54.39 170.85, 169.27 
[Pt(PDTA-H.,)ClJ-2H20 54.38, 52.39 56.39 12.69 55.53 171.94, 171.69 

’ CH proton gives a multiplet superimposed to other signals. 
b Coupling constants values (Hz) included in parentheses. 
‘Corresponds to the most intense of signals appearing between 3.50 and 4.76 ppm. 

CHr(ac) are only slightly displaced. The spectra of 
complexes with tetradentate PDTA are even more 
complicated and difficult to interpret. In the case of 
[Pd(PDTA-H J] * 4Hr0, a mixture of complexes 
seems to be formed in DMSO-d, solution. More- 
over, the spectra of pt(PDTA-H,)] * 3HrO change 
with time and they are practically coincident with 
those of free PDTA when the equilibrium state is 
attached (2 days after preparation of the sample). 
These results can be interpreted in terms of partial 
or total substitution of PDTA by DMSO, and it 

indicates that caution must be taken when inter- 
preting spectra of similar compounds. It is, 
however, surprising that this reaction only occurs 
for complexes with tetradentate PDTA and not for 
dichlorocomplexes. 

CD TA complexes 

Dichlorocomplexes of Pd(I1) and Pt(I1) with 
CDTA could not be isolated in the solid state, 
although they are formed in aqueous solution.26 

Table 3. NMR spectra of CDTA complexes (all chemical shifts are reported in ppm and referenced to 
TMS) 

Compound 

CDTA-H, 
(CDTA-HJ[PdCl,] - 2Hz0 
(CDTA-H#‘tCl,].2H,O 

Compound 

CDTA-H, 
(CDTA-H,)[PdCld - 2H20 
(CDTA-H#‘tCl,] -2Hz0 
Fd(CDTA-H 2)] - H,O 

(a) ‘H spectra 

CH &c) CH(en) CH&% CH,(& CHz(B, r).x 

3.53 2.95 2.00 1.66 1.17 
3.75 3.16 2.07 1.67 1.24 
3.80 3.20 2.07 1.72 1.29 

(b) “C spectra 

CH &e) CH(en) CH0) CH& COOH 

52.12 62.01 25.25 24.31 171.21 
51.69 62.22 24.06 23.68 170.18 
52.00 62.37 24.03 23.61 169.99 

64.81, 59.19 78.47 26.59 24.01 178.83, 176.35 
58.83, 55.92 70.38 25.74 23.65 168.31, 167.84 
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(CDTA-H,)[MClJ salts (M = Pd or Pt) give NMR 
spectra similar to free CDTA (Table 3). It is impor- 
tant to note that AB patterns are not observed in 
the proton spectra because of fast inversion of 
nitrogen atoms. The singlet of CH,(ac) protons is 
displaced from 3.53 ppm in CDTA to 3.75 and 
3.80 ppm in the salts. 

The signals of protons in the cyclohexane ring are 
very broad because of multiple couplings between 
many types of symmetrically different atoms. The 
assignment included in Table 3 has been performed 
by integration of the signals and comparing their 
positions with literature data.2g*30 This part of the 
spectrum is similar to that of CDTA in D20 except 
for the appearance of a single signal for CH,(j& 

and CHl(&. 
Carbon spectra of CDTA and (CDTA-HJ 

NCl,] salts are also very similar, with a single 
signal for COOH, CH,(ac) and CH(en). The 
CH(en) signal appears at lower field than in EDTA 
and PDTA, showing that substitution in the ethy- 
lenediamine backbone leads to a displacement of 
the signal to higher 6 values. The signals of carbon 
atoms in /3- and y-positions of cyclohexane ring are 
easily recognized in the spectra. 

The spectra of [Pd(CDTA-H,)] *H20 are much 
more complicated. Coordination of carboxylate 
groups results again in the nonequivalence of 
atoms. The assignment of signals in the proton spec- 
trum is difficult because it consists of a mountain 
of broad resonances. Despite its complexity, the 
carbon spectrum reveals clearly the tetradentate 
character of the ligand, with a signal appearing 
for every carbon atom. Coordinated carboxylate 
carbons appear at 178.83 and 176.35 ppm, and free 
carboxylic carbons at 168.31 and 167.84 ppm. The 
assignment of CH,(ac) and CH(en) resonances has 
been performed with the aid of the APT spectrum. 

The use of DMSO-d6 as solvent for obtaining 
NMR spectra of aminopolycarboxylates results in 
higher rates of nitrogen inversion, what causes 
CH,(ac) protons to appear as singlets in proton 
spectra. This is clearly seen in the spectra of free 
PDTA and CDTA, where singlets appear for those 
protons, in contrast to the spectra recorded in D20 
solutions, where AB patterns are observed. Pro- 
tonation of nitrogen atoms does not cause impor- 
tant differences in the rate of nitrogen inversion, 
as shown by the maintenance of the singlets in 
the spectra of (PDTA-H,)[PtCl,] and (CDTA- 
H,)[MClJ salts. When aminopolycarboxylates 
coordinate to Pd(I1) ion, fast exchange of Pd-N 
bonds also results in the appearance of singlets for 
acetate protons. However, the spectra of platinum 
dichlorocomplexes show AB quartets for these pro- 
tons because of slow interchange of Pt-N bonds. 

In any case, proton spectra recorded in DMSO-d, 
solutions are easier to interpret than those obtained 
in D20. 

An interesting observation is that either pro- 
tonation of nitrogen atoms or coordination to a 
metal ion in a bidentate way results in similar dis- 
placements to lower field of the signals of CH,(ac) 
and CH2(en), as shown in Table 4. This result may 
be important for characterization of analogous 
complexes. 

When carboxylate groups are also coordinated, 
a further displacement of the signal of coordinated 
acetate CH2 is observed, although those of CH,(en) 
and uncoordinated acetate CH2 are still equally 
displaced. However, carboxylate coordination 
causes complicated proton spectra due to the non- 
equivalence of different types of CH,(ac) and 
CH,(en) groups. In this sense, 13C NMR speo 
troscopy can be more useful for studying coor- 
dination of aminopolycarboxylates to d8 ions. The 
spectra of free ligands are very simple, with one 
signal for every type of different carbon atoms. 
Substitution results in a displacement to higher 6 
values of the resonances of carbon atoms in the 
ethylenediamine backbone of the molecule. 

When these ligands are protonated or coor- 
dinated to a metal ion in a bidentate way, the 
appearance of the spectra is maintained, with small 
displacements of the signals. However, for those 
complexes where exchange of metal-nitrogen bonds 
is slow, an important displacement of CH2(ac) sig- 
nal to higher 6 values is observed. The same effect is 
observed when the ligand is linked in a tetradentate 
way. In this latter case, more resonances appear 
in the spectra because of the nonequivalence of 
coordinated and uncoordinated acetate arms. 

Another interesting observation is the absence 
of “‘Pt-‘H or ‘g5Pt-‘3C coupling (rg5Pt: I = l/2, 
34% abundance) in the spectra of the platinum 
chlorocomplexes. In these cases, the rate of Pt-N 

Table 4. A,-.,, = &(complex) -&+(ligand) 

Compound 

[Pd(EDTA-H3ClJ - 5H20 
(EDTA-H&PtCl.,] 
[Pt(EDTA-HJClJ * 5H,O 
pd(PDTA-H,)Cld 
(PDTA-W[PtCLl 
(CDTA-H,)[PdCl,]*2H,O 
(CDTA-H,#tCl,] - 2Hz0 

AcH2(ac) &,(en) 

+ 0.34 +0.36 
+0.45 +0.47 
+0.79” +0.63 
+0.36’ +0.33 
+0.37b +0.34 
+0.22 +0.21 
+0.27 +0.25 

a Considering the center of the quartet. 
‘Considering the media of both signals. 
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interchange is slow and so, the absence of 195Pt 
side bands can not be explained in terms of a rapid 
interchange causing the ‘95Pt nucleus to loose its 
magnetic character. There are some previous 
reports’of platinum complexes where the absence 
of 19’Pt side bands can not be related to ligand 
exchange, and the results have been interpreted as 
a consequence of a dominant chemical shift ani- 
sotropy relaxation mechanism.31~32 The absence of 
195Pt side bands can not be used as an evidence 
of lack of metal coordination because of the AB 
patterns and of the magnitude of the displacements 
observed for those complexes where Pt-N inter- 
change is slow. 

Although the species studied in this paper have 
been previously characterized in solid state, 1-6,26,3 3 
some doubt can appear about their nature in solu- 
tion because of the simplicity of the spectra. This 
result differs greatly from those previously reported 
for Pd-EDTA and Pt-EDTA systems in D20 solu- 
tion.2’,22 In both cases complicated spectra reveal 
the existence of several species in solution and so 
spectra obtained in D20 can not be used for char- 
acterization purposes. In the case of DMSO-d, solu- 
tions, spectra are more simple with a number of 
signals equivalent to the expected for the proposed 
structures from symmetry considerations. Reaction 
of platinum complexes with DMSO must be ruled 
out except in the case of [Pt(PDTA-H,)] * 3H20, 
where the equilibrium spectra are identical to those 
of free PDTA. In the other cases there is a dis- 
placement of the signals from their positions in 
the spectra of free ligand. These displacements are 
consequence of protonation or metal coordination, 
as revealed by the spectra of complexes with tet- 
radentate aminopolycarboxylates, where the dis- 
placements of the signals of uncoordinated acetate 
arms are similar to those observed for bidentate 
complexes. 

1. 

2. 

3. 

4. 

5. 
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POTASSIUM-39 NUCLEAR MAGNETIC RESONANCE STUDY 
OF THE COMPLEXATION OF POTASSIUM 
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Abstract-A 2 : 1 potassium : dibenzo-30-crown-10 complex is formed in nitromethane sol- 
ution. Taking into account the ion-pairing equilibrium of KSCN in that solvent, an equi- 
librium constant for the 2 : 1 complex formation (& = 52 f 5) has been calculated. The 
characteristic K-39 relaxation rate and chemical shift of the 2 : 1 complex are compatible 
with an open structure of the crown, in which the two potassium cations are exposed to the 
solvent molecules and the thiocyanate counteranion. 

Large crown ethers are known to wrap around 
alkali metal cations in both solid state and solution. 
The wrapping of dibenzo-30-crown-10 (DB30ClO) 
around the potassium cation has been shown by the 
X-ray crystal structures of the potassium iodide 
DB30ClO’ and of the potassium thiocyanate 
DB30C 10 complexes. * The main difference between 
the X-ray structures of the uncomplexed and the 
potassium complexed DB30ClO consists in the con- 
version of four anti C-O conformations of the 
uncomplexed crown into four gauche C-O con- 
formations in the complex. ’ 

In solution, evidence has been given by H-l and 
C-13 NMR that the K+-DB30ClO complex has the 
same configuration as in the crystal, with complete 
desolvation of the cation upon complexation. 3*4 The 
Na+-DB30ClO complex displays a different con- 
figuration3 and complexes with other stoichio- 
metries (2: 1 and 3 : 2) are formed as we11.4*5 
Dibenzo-24-crown-8 (DB24C8) wraps around the 
sodium cation, expelling the solvent molecules from 
the first solvation shell.6 With tetraphenylborate as 
the counteranion, (n + 1) : n Na+ : DB24C8 aggre- 
gates are formed to a small extent.7’8 Wrapping of 
ligands around the alkali metal cations is also 
observed in the case of acyclic polyethers. 9*10 

*Author to whom correspondence should be addressed. 

K-39 is a quadrupolar nucleus (I = 3/2) whose 
receptivity is only 2.69 compared to C-13. This 
explains why potassium has been much less used 
than sodium for direct metal cation NMR studies. ’ ’ 
Shih and Popov have published a K-39 NMR study 
of potassium salts in non-aqueous solvents. ’ 2 Kin- 
etics studies of the complexation of the potassium 
cation with dibenzo-18-crown-613 and 18-crown- 
6i4 have been carried out in various solvents. 
Neurohr et al. I ’ studied the complexation of K+ 
with several ionophores using K-39 NMR and the 
K- anion has been observed both in solution and 
in crystalline potassides.‘6,‘7 

We report here a K-39 NMR study of the com- 
plexation of K+ by DB30ClO in nitromethane. We 
show that a 2 : 1 K+ : DB30ClO complex coexists 
with the 1 : 1 complex in nitromethane solutions. 
Taking into account the ion-pairing equilibrium of 
KSCN in that solvent, we calculate an equilibrium 
constant for the 2: 1 complex formation and the 
characteristic values of the relaxation rate and 
chemical shift of the 2 : 1 complex. 

EXPERIMENTAL 

After recrystallization from ethylacetate, dibenzo- 
30-crown-10 (Parish Chem.) was vacuum-dried 
at 60°C for several hours. Potassium thiocyanate 
(Aldrich, 98% + ) was dried under vacuum at 60°C 
for at least three hours prior to use. Nitromethane 

577 



578 H. D. H. STOVER et al. 

(Baker) was dried under reflux over calcium hydride, 
fractionally distilled, and stored over 4 A molecular 
sieves, under argon. 

Measurements of K-39 chemical shifts and band- 
widths at half-height were made at 21°C on a Varian 
XL-300 NMR spectrometer operating at 13.997 
MHz. The K-39 chemical shifts are expressed relative 
to 0.1 M KC1 in Hz0 (10% DzO v/v). Bandwidths at 
half-height were measured graphically. We checked 
that all the bands obtained had a Lorentzian shape. 
A line broadening of up to 5 Hz was used. The 90” 
pulse length was 90 ,us. The transverse relaxation 
rates were derived from the linewidths. The longi- 
tudinal relaxation times were measured using a 180”- 
r-90” pulse sequence, and T1 was calculated using a 
three-parameters non-linear regression. 

Procedures for the non-linear regression analysis 
of the chemical shifts and of the linewidths data were 
described previously. 5,7 

RESULTS 

Figure 1 shows the K-39 NMR chemical shifts of 
KSCN solution in nitromethane as a function of p, 
the ratio /DB30ClO]/[KSCN]. Contrary to what we 
have observed in other non-aqueous solvents (pyri- 
dine, acetone, a&or&rile), *’ the chemical shift vari- 
ation in the range 0 < p < 1 is not linear, which 
indicates either the step-wise formation of two or 
more complexes5,7 or ionic association, or a com- 

bination of both. The observed curvature depends 
upon the total concentration of potassium thio- 
cyanate, being more pronounced at higher con- 
centrations. For p 3 1.0, the chemical shift values 
are constant (6 = 13.0 ppm), regardless of the total 
KSCN concentration. This is indicative of the for- 
mation of a stable 1: 1 K+ : DB30ClO complex 
(log& > 5).4 The “wrapped around” structure is 
confirmed by the similarity of the observed K-39 
chemical shifts of the 1: 1 complex in various non- 
aqueous solvents. Is 

In order to test for the influence of ion pairing 
phenomena upon the observed chemical shift vari- 
ation, we have carried out a concentration study. 
Figure 2 shows the K-39 chemical shift depend- 
ence upon the KSCN concentration (10e3 M to 
7 x lo- ’ M) in nitromethane. The observed curva- 
ture can be accounted for by a simple ion-pairing 
model [eqn (l)], 

(K+),+(SCN-),&(K> SCN), (1) 

where (K’)s and (SCN), stand for the solvated pot- 
assium cation and the solvated thiocyanate anion 
respectively. (K, SCN), refers to an ion pair. Equation 
(1) leads to eqns 2 and 3 describing the observed 

-17.01 I 
0 0.5 1.0 1.5 

P 

Fig. 1. K-39 chemical shifts as a function of the ratio 
[DB30ClO]/[KSCN] for different total KSCN con- 
centrations. 0 : [KSCN] = 0.025 M ; A: [KSCN] = 
0.050 M ; 0 : [KSCN] = 0.070 M. The data points are 
experimental and the curves were calculated following 
the results of the regression analysis displayed in Table 1. 

-7:05 0.02 0.04 0.05 

[KSCN] (Ml 

Fig. 2. K-39 chemical shifts as a function of the total 
KSCN concentration in nitromethane. The data points 
are experimental and the curve was calculated from the 
results of the non-linear regression analysis on eqns (2) 
and (3). Kp = 24; 6, = -9.7 ppm and 6, = - 19.8 ppm; 

RMS of the fit is equal to 0.3 ppm. 
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chemical shift as a function of the KSCN concen- 
tration, 

&bs-BP [(K’)sl -----= 
&-6, IKSCNI, 

(2) 

where LIobs, 8r and 6r are, respectively, the observed 
K-39 chemical shift and the characteristic chemical 
shifts for the solvated and ion-paired potassium 
cation, [(K’)J is a function of the ion-pairing equi- 
librium constant KP and of the total KSCN con- 
centration, [KSCN]r. This is shown in eqn (3). 

K 

P 
= [KSWIT - W+M 

KK+)sl* . 
(3) 

In Fig. 2, the data points are experimental and the 
curve is calculated following the results obtained 
from a non-linear regression analysis on the three 
parameters, BP, 8r and Kp from eqns (2) and (3). 

Figure 3 shows the K-39 linewidths dependence 
upon the KSCN concentration. The data points are 
experimental and the curve is calculated following 
a two-parameters [(v,,,), and (v,,,),] non-linear 
regression analysis. The agreement between the two 
sets of independent measurements is good, and this 
militates in favour of the simple model of ion- 
pairing [eqn (l)]. In Fig. 1, the data points are 
experimental and the curves have been calculated 
following the eqns (1) (4) and (5) and the results 
given in Table 1. 

W+),+(C),- -%K+,C), (4) 

(K+),+(K+, CL- & (K+, C, K+),. (5) 

(C),, (K+,(Z), and (K+,C,K+), stand for the sol- 
vated crown, the solvated 1: 1 K+ : DB30ClO com- 
plex and the solvated 2 : 1 K+ : DB30ClO complex, 
respectively. A two-parameters non-linear re- 
gression has been carried out simultaneously on 
the three curves of Fig. 1, corresponding to different 

0’ I I I 1 
0.02 0.04 0.05 0.08 

CKSCNI (MI 

Fig. 3. K-39 linewidths of half-height as a function of the 
total KSCN concentration in nitromethane. The data 
points are experimental and the curve was calculated 
from the results of the non-linear regression analysis on 
eqns (2) and (3) applied to the linewidths. (v& = 14 
Hz; (v,,~)~ = 87 Hz. The RMS on the regression was 

2.5 Hz. 

total potassium concentrations. The two para- 
meters were K2c [eqn (5)] and 820 the chemical shift 
of the 2: 1 complex. The value of K, [eqn (4)] in 
the regression analysis was taken as 106, since the 
equilibrium constant formation of the 1: 1 complex 
has been shown to be greater than 10’ in nitro- 
methane.4 Moreover, we have checked that values 
of K, taken greater than lo4 do not modify the 
results of the regression analysis.’ The observed 
curvature could not be accounted for by con- 
sideration of eqns (1) and (4) only, that is to say 
that if the complexation of the potassium cation by 

Table 1. Values of the parameters involved in eqns (1x5) 

> 5 24&3 52f5 -9.7kO.2 -19.8+0.1 -10.5kO.3 -13.0+0.1 270&20 45f3 380+40 220+10 

“Taken as equal to 6 in the regression procedure.4 
bObtained from a three-parameters non-linear regression analysis on the experimental data of Fig. 2 and eqns 

(1X3). 
‘From a two-parameters regression on the experimental data of Fig. 3 and eqns (l)-(3). &, was carried over from ‘. 
d From a two-parameters regression on experimental data of Fig. 1 or 4 and eqns (l), (4) and (5) 
‘Mean value from the two independent determinations of Fig 1 and 4. 
‘Experimental value. 
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the crown leads to an increase in the ion pairing of 
the uncomplexed potassium cation [eqn (l)] this 
effect does not account for the observed curvature. 
Typically, it accounts for half of it. We had to 
envisage another hypothesis : namely the 2 : 1 
K+ : DB30ClO complex formation [eqn (5)]. 
There are precedents in the literature for such 
stoechiometries in the cases of large crown ethers 
complexing sodium or potassium cations in non- 
aqueous solutions.4p5,7 The non-linear re- 
gression analysis gave the results of Table 1. Kp, 

& and 6, [eqn (l)] were carried over from the 
concentration study (Figs 2 and 3). 

Figure 4 shows a similar trend in the K-39 line- 
width variation as a function of p. The characteristic 
linewidth for the 1: 1 complex is 71 Hz when the 
curve displays a maximum at 77 Hz for a ratio 
p = 0.7. The curve of Fig. 4 is calculated from the 
results of the regression which are given in Table 1. 
The agreement between the chemical shifts data 
and the relaxation rates data is again very good, 
specially if one considers that the regressions of 
Figs 1 and 4 did not involve more than two fitting 
parameters : dzc and Kzc in the case of the chemical 
shifts data, T$ and K,, in the case of the linewidths 
data. The agreement between the two independent 
determinations of Kzc is indeed excellent : 54rfr 3 
from the linewidths data and 50 f 5 from the chemi- 
cal shifts data. 

ear 

(Hz) 0 

60- 

/ 

A 
50- 

Fig. 4. K-39 transverse and longitudinal relaxation rates 
as a function of the ratio [DB30ClO]/[KSCN] for 
[KSCN] = 0.025 M. 0: transverse relaxation data 
(i = 2); A : longitudinal relaxation data (i = 1). The 
data points are experimental and the curve was cal- 

culated following the values from Table 1. 

We have checked that there was no exchange 
broadening contribution to the linewidth. The vari- 
ation of the longitudinal relaxation rate as a func- 
tion of p parallels the transverse relaxation rate 
(Fig. 4). The difference between the two relaxation 
rates was in the order of magnitude of the expected 
inhomogeneity contribution to the linewidth. 

DISCUSSION 

We can account for the KSCN concentration 
dependence of the chemical shifts and linewidths 
on the basis of a simple model involving only two 
thermodynamically stable species : the solvated 
cation and a solvated ion pair. The observation that 
the chemical shifts and the linewidths are linearly 
related is a strong support for this model (com- 
bining data of Figs 2 and 3 affords the equation: 
6 = 0.14~ ,,Z - 21.7, with a correlation coefficient of 
0.98 1 on seven data points). The same type of linear 
relationship was found for 23NaSCN and 23NaI in 
nitromethane.” Maynard et al.” have mentioned 
the formation of (K, SCN) ion pairs in dimethyl- 
formamide in the course of their kinetic study of 
the complexation of potassium with 18-crown-6, 
and KSCN has been shown to associate and dimer- 
ize in dioxolane.2’ A similar downfield shift of the 
K-39 resonance of KSCN in an other poorly coor- 
dinating solvent, acetonitrile, has been reported. I2 

The chemical shift of the 1 : 1 complex, - 13.0 
ppm, is independent of the nature of the solvent, I8 
and is characteristic of an oxygen environment of 
the potassium cation. The chemical shift of K+ is 
- IO. 5 ppm in acetone and - 10 ppm in methanol. ’ 2 
The chemical shift of the sandwiched K+( 15-crown- 
5)2 in dimethylether with K- as the associated 
counteranion falls in the same range (- 9.9 ppm). I6 
Similarly to what we have found previously for 
the Na-23 chemical shift of the 2: 1 Na+ : 
DB24C8 complex,’ the K-39 chemical shift of the 
potassium cation in the 2 : 1 K+ : DB30ClO com- 
plex is not comprised between the two values of 
the solvated K+ (- 19.8 ppm) and of the 1: 1 
complexed K+ (- 13.0 ppm). Neurohr et al. have 
reported K-39 chemical shift data for K+-39 
complexed by ionophores. I5 Referencing their 
values to the commonly accepted standard, K+ in 
water, one obtains -24 ppm for the K+-valino- 
mycin complex where K+ is embedded into a sym- 
metrical cavity made of six carbonyl oxygens, a 
situation comparable to the symmetrical environ- 
ment of the potassium cation in the K+-DB30ClO 
complex. ’ * The K+-18C6 complex resonates at 
- 3 ppm in methanol * 4- ’ 5 or acetone. ’ 4 This value, 
for a complexed K+ exposed to the solvent, is in 
agreement with the one that we determine in the 
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case of the 2: 1 K+ : DB30ClO (- 10.5 ppm), 
since the value at higher field for the latter case is 
expected on the basis of the lower donicity 

number of nitromethane, compared to methanol 
or acetone. However, this chemical shift value does 
not rule out the possibility of a structure consisting 
of two ion pairs linked by the large crown ether, 
since the chemical shift of (K, SCN), is -9.7 ppm 
in nitromethane (Table 1). We should probably en- 
visage the characteristic data of the 2: 1 complex 
given in Table 1 as the weighted average of the two 
limiting values resulting from the equilibria of eqn 

(6). 

(K+, C, K+)s e (SCN, K, C, K+)s 

e (SCN, K, C, K, SCN),. (6) 

The transverse relaxation rate of the 1: 1 complex 
was found to be twice as large as the one of the 
1 : 1 complex, reflecting the higher dissymetry of the 
potassium environment in the 2: 1 complex. The 
quadrupolar coupling constant of K+-39 in the 1: 1 
complex will be reported and discussed elsewhere. ’ ’ 

All our data are consistent with the presence of 
potassium thiocyanate ion pairs in nitromethane 
solutions, as well as with the formation of a 2 : 1 
K+ : DB30ClO complex, in addition to the strongly 
favoured “wrapped around” 1: 1 complex. 
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Abstract-l : 3 Cobalt(II1) complexes of 1-Z-menthyloxy-3-acylacetones [EmenthylaHT 
C@CH,-CO-R: R = C2HS(Et), n-C3H7 (nPr), i-C3H7 (iPr), n-C,,H, (nBu), i-&H9 (iBu), 
n-CSH L1 @Am), i-C5H1 1 (iAm)] have been synthesized, and their stereochemistries were 
examined. CD and NMR spectra revealed that the complexes of R = Et and ZBU preferred 
the fat-A configuration while the complexes of R = zPr and iAm the fat-A configuration. 
The complexes of R = nPr, nBu and nAm showed no significant CD at the first CM band. 
The stereoselectivities of the complexes were discussed in comparison with those of tris( l- 
I-menthyloxy-3-benzoylacetonato)cobalt(III) and its homologs previously reported. 

Stereoselectivities of tris(l,3diketonato)M(III) 
complexes have been investigated using (+)- 
hydroxymethylenecamphor (+ hmc)z-4 and (+)-3- 
acetylcamphor (+atc).‘” Resolution of the dia- 
stereomers (fat-A, fat-A, mer-A, mer-A) was 
achieved for [Cr( + atc)J 5 and [Co( + ate),], 5,6 and 
the isomer predominantly formed was shown to be 
mer-A. The ratio of the mer-A, however, is only 45- 
48% for [Co( + ate),] and 38% for [Cr( + atc)3], indi- 
cating that the stereoselectivities of the complexes 
are relatively low. Single-crystal X-ray analysis 
for mer-A-[Cr( + atc),17 suggests no appreciable 
interligand interaction within a molecule, and the 
factors governing stereoselectivity in [M( + ate),] 
and w( + hmc),] are still obscure. 

Recently, we have shown that tris(l-Z-men- 
thyloxy-3benzoylacetonato)M(III), [M(Z-moba)3] 
(M = Co, Cr, Mn, lanthanoid),8,9 show a high ste- 
reoselectivity giving rise to the fat-A isomer. The 
stereoselectivity of these complexes can be attri- 
buted to intramolecular CH/x interaction” (bond- 
ing interaction) operating between the phenyl and 
I-menthyl groups (see Fig. l), because the ste- 
reoselectivity is enhanced when (1) the size of the R 
system becomes larger ’ or (2) the rc electron density 

l For Part X see Ref. 1. 
t Author to whom comzspondence should be ad-. 

of the ring is increased. I’ Based on 400 MHz ‘H- 
NMR spectra, tris(l-I-menthyloxy-3-(4-methyl- 
benzoyl)acetonato}cobalt(III) [Co(Z-moba-Me),] is 
revealed to be pure fat-A isomer. I2 

These facts prompted us to examine if intra- 
molecular, interligand “hydrophobic” interaction 
between alkyl or alicyclic groups can also give rise 
to a stereoselectivity of tris( 1,3-diketonato)M(III) 
complexes. For this purpose a series of l-l-men- 
thyloxy-3-acylacetones (I-menthyl-O-CH2-CO- 
CH,-CO-R) were prepared, whose abbreviations 
are given in Table 1. The 1: 3 cobalt(II1) complexes 
of these ligands were obtained, and their con- 
figurations were examined by means of CD and ‘H- 
NMR spectra and discussed in terms of intra- 
molecular, interligand I-menthyllalkyl interaction. 

Fig. 1. Schematical representation of CH/x interaction 
in [M(I-moba),] (Q = I-menthyl). 
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Table 1. Abbreviations of 1-l-menthyloxy-3-acylacetones (I-menthyl-O-CH,-CO-CH,-C0-R) 
and elemental analyses of their copper(I1) and cobalt(II1) complexes 

Ligands Found % (Calc. %) 
R Abbreviation Copper(I1) complexes Cobalt(II1) complexes 

C H C H 

GHs H(I-mo-Et) 64.7 (64.2) 9.5 (9.1) 66.9 (66.9) 9.4 (9.5) 
n-&H, H(Emo-nPr) 65.4 (65.2) 9.5 (9.3) 67.9 (67.8) 9.5 (9.7) 
CC3H, H(I-mo-zPr) 65.3 (65.2) 9.5 (9.3) 68.0 (67.8) 9.6 (9.7) 
n-C4H9 H(I-mo-nBu) 66.4 (66.1) 9.6 (9.5) 67.5 (67.6) 9.7 (10.0) 
i-C4H9 H(Z-mo-zBu) 66.1 (66.1) 9.6 (9.5) 70.1 (70.4)b 10.0 (9.7)” 
n-C&, I H(I-mo-nAm) 67.3 (66.9) 9.9 (9.7) 69.3 (69.3) 10.1 (10.1) 
i-&H,, H(i-mo-z&n) 66.8 (66.9) 9.7 (9.7) 70.9 (71 .O)b 10.5 (9.9)b 

D Calculated value for mono-methanol adduct. 
b Calculated value for mono-benzene adduct. 

Our preliminary investigation on the complexes of 
l-l-menthyloxy-3-acetylacetone’3 has suggested 
that the interligand I-menthyllmethyl interaction 
leads to a stereoselectivity distinctly differing from 
that in [M(I-moba)3] and its homologs. 

EXPERIMENTAL 

Syntheses 

H(Z-mo-R). To a mixture of ethyl I-men- 
thyloxyacetate (2 x lo-’ mole) and NaH (2 x lop2 
mole) in dry ether (50 cm3) was added dropwise a 
solution of ketone (1 x 10m2 mole) in dry ether (20 
cm’) at 45°C in 30 min. The mixture was stirred for 
additional 2 h at this temperature. Unreacted NaH 
was decomposed by adding ethanol (30 cm3), and 
the mixture was poured onto ice-water (100 cm3) 
containing hydrochloric acid (5 cm3). The upper 
ethereal layer was separated, and the aqueous layer 
was extracted with two 50 cm3 portions of ether. 
The combined ethereal solution was shaken with 
saturated sodium bicarbonate solution and then 
with water. To this solution was added a solution 
of copper(H) acetate monohydrate (3 g) in aqueous 
ammonia (15%, 50 cm3), and the mixture was vigor- 
ously stirred to give blue mass of the copper(I1) 
complex. It was collected and recrystallized from a 
chloroform-methanol mixture. The yield was 40- 
50%. 

The copper complex was dissolved in ether (100 
cm3), and the solution was vigorously shaken with 
20% sulfuric acid (100 cm3). The ether layer was 
separated, washed with a saturated sodium bicar- 
bonate solution and then with water, and dried 
over anhydrous sodium sulfate. Evaporation of the 
solvent left H(1-mo-R) as a pale yellow, oily sub- 
stance. The yield based on the copper complex was 
ca 90%. 

[Co@mo-R),]. To a mixture of cobalt(I1) 
hydroxycarbonate (1.5 x 10e4 mole) and a ligand 
(1.5 x lo- 3 mole) was added dropwise hydrogen 
peroxide (30%, 10 cm3) at 90°C. The reaction mix- 
ture assumed an intense green color. After being 
cooled to room temperature, the complex was 
extracted with ether and the extract wac shaken 
with 3% KOH solution and then with water. The 
crude product obtained on evaporating the solvent 
was dissolved in a benzene-methanol (1 : 1) mixture 
and passed through an alumina column (4 15 
mm x 100 mm). Evaporation of the solvent left 
[Co(l-mo-R)3] as a green oily substance. It was dried 
over P205 in a vacuum desiccator. 

Elemental analyses of the copper(I1) and cobalt- 
(III) complexes are given in Table 1. 

Physical measurements 

The ‘H-NMR spectra were recorded on a JEOL 
Fourier Transform NMR Spectrometer Model 
FX90Q in CDC13. Tetramethylsilane was used as 
an internal standard. The electronic and CD spectra 
were obtained in Ccl4 on a Shimadzu UV-Visible 
Recording Spectrometer UV-240 and a JASCO 
J-500C Spectropolarimeter, respectively. The ele- 
mental analyses were obtained at the Elemental 
Analysis Service Center, Kyushu University. 

RESULTS AND DISCUSSION 

The ligands H(1-mo-R) were identified by elemen- 
tal analyses of their copper(I1) complexes (Table 
1) and ‘H-NMR spectra (Table 2). Each NMR 
spectrum of H(Z-mo-R) shows a broad signal at 14 
15 ppm attributable to the enolic proton. ’ 4 The 
signal for the methine proton on the chelate ring 
appears at 5.8-5.9 ppm. The signal for the meth- 
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Table 2. ‘H-NMR spectral data for H(f-mo-R) and [Co@mo-R)J 

H(I-mo-R) [Co&mo-R),] 
R Enolic OH Methine Methylene Methine Methylene 

Et 14.0 
nPr 14.5 
zPr 14.5 
nBu 15.0 
ZBU 14.5 
n Am 15.0 
iAm 14.5 

5.87 4.07(AB) 
5.84 4.04(AB) 
5.88 4.06(AB) 
5.86 4.07(AB) 
5.83 4.07(AB) 
5.86 4.07(AB) 
5.85 4.06(AB) 

5.93(b) 3.904.44(m) 
5.90(b) 3.83-4.42(m) 

5.91-5.93 3.84-4.44(m) 
5.92(b) 3.90-4.44(m) 
5.86(b) 3.7&4.42(m) 
5.90(b) 3.9&4.44(m) 
5.92(b) 3.844.40(m) 

Abbreviations : AB = AB quartet, b = broad, m = multiplet. 
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ylene protons adjacent to the I-menthyloxy group 
appears at 4.0-4.1 ppm. The AB quartet pattern of 
this signal is presumably due to the chirality of the 
neighbouring I-menthyl group. l2 

The methine proton signal of [Co&mo-R)J is 
broad and in the case of [Co(Z-mo-zPr)J the splitting 
of the signal is clearly seen. This fact suggests that 
the stereoselectivity of [Co(Z-mo-R)J is not so high 
as found for [Co(Z-moba),] and its homologs, and 
the mer isomer is more or less formed together with 
the fuc isomer as the main species. The signal for 
the methylene protons adjacent to the I-menthyloxy 
group (near 4.2 ppm) is no more AB quartet pattern 
but essentially multiplet. This suggests that the free 
rotation about the methylene group is restricted 
because of the interligand I-menthyllalkyl inter- 
action. A similar NMR pattern is seen for the meth- 
ylene protons of [Co(Z-moba-Me),],‘3 which is 
proved to be of pure fat-A. 

All the complexes show the first u%Z transition 
band near 17 x 103, characteristic of tris(l,3-dike- 
tonato)cobalt(III) complexes.‘5,‘6 The CD spectra 
in the first &d band region were measured. A typi- 
cal CD spectrum is shown in Fig. 2 together with 

I I I 

15 20 25 30 

G /wall- 

Fig. 2. Absorption (AB) and circular dichroism (CD) 
spectra of [Co@mo-Et),]. 

its absorption spectrum, and the numerical data are 
included in Table 3. As seen in Table 3, [Co(Z-mo- 
Et)3], [Co(Z-mo-zPr),], [Co(Z-mo-zBu),] and [Co(Z- 
mo-iAnQ3] show distinct CD in the first z&Z band 
region whereas [Co(Z-mo-nPr),], [Co(Z-mo-nBu)3], 
and [Co(Z-mo-nAm)3] show practically no CD in 
this region. The CD for the former complexes prob- 
ably arises from the dissymmetry about the metal 
center (configurational effect) but not vicinal effect 
from the I-menthyl group, because no CD is induced 
for the latter complexes. However, judging from the 
CD intensities, the stereoselectivity of these com- 
plexes is much lower compared with that of [Co(Z- 
moba)3] and its homologs. It is also seen from Table 
3 that the preferred configuration depends upon the 
R group ; A configuration for [Co(Z-mo-Et)3] and 
[Co(Z-mo-iBu)3] whereas A configuration for [Co(Z- 
mo-zPr)3] and [Co(Z-mo-iAm),]. For tris(l-Z-men- 
thyloxy-3-acetylacetonato)cobalt(III) the preferred 
configuration was A. ’ 3 

Recently we have suggested for [Co(Z-moba- 
Me)3]‘2 that one of the methyl groups of the Z- 
menthyl moiety, probably one of the isopropyl 
group, plays the major role in the CH/X interaction 
with the aromatic ring. Such a methyl-ring coupling 
has a directionality, as pointed out by Nishio” 
based on the X-ray analysis for t-butyl l-phenyl- 
ethyl sulfoxide. ’ 7, ’ 8 Because of this directionality, 
the I-menthyl and aryl groups should take a 
specific orientation to each other when the CH/x 
interaction operates, and this may lead to a con- 
trolled disposition of the diketonate ions about the 
central metal. The interaction (“association”) 
between alkyl and alicyclic groups seems to have 
less directionality than CH/7c interaction. The CD 
spectral results for [Co(Z-mo-R)3] (Table 3) suggest 
that the I-menthyl group can associate with alkyl 
groups in two different ways : one leads to the pre- 
dominant formation of the fucd isomer (R = Et 
and ZBU) whereas the other to the fuc-A isomer 
(R = zPr and iAm). It is likely that in the complexes 
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Table 3. Electronic and CD spectral data for the first CM band of [Co(Cmo-R)s] 

Complex i, x lo3 (cm- ‘) (log E) 

B x lo3 (cm- ‘) (AE) 

iA2 + ‘A, ‘Et ‘A, 
Preferred 

configuration 

[Co(Z-mo-Et),] 16.8 (2.08) 15.4 (+0.29) 17.4 (-0.72) A 
[Co@mo-nPr),] 16.8 (2.07) 
[Co@mo-zPr),] 16.7 (2.19) 15.2 (-0.19) 17.7 (+0.33) A 
[Co@mo-nBu)J 16.8 (2.09) 
[Co@mo-zBu),] 16.9 (1.95) 15.3 (+0.14) 17.4 (-0.33) A 
[Co@mo-nAm),] 16.8 (2.06) 
[Co(l-mo-iAm),] 16.8 (2.01) 15.4 (-0.03) 17.4 (+0.34) A 

E : extinction coefficient in the unit dm3 mole- ’ cm- ’ 

of R = nPr, nBu or nAm there is no significant 
difference in free energy between the two ways of 
associations and thence no appreciable stereo- 
selectivity is caused in these complexes. 

From the present study on [Co(Z-mo-R),], to- 
gether with our previous results for [Co(l-moba- 
R)J and its homologs, we may conclude that the 
interligand CH/x interactions are much more 
effective than the hydrophobic interactions to give 
rise to stereoselectivities of metal complexes. 

1. 

2. 
3. 

4. 

5. 
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Ah&act-A series of 20 complexes of general formula R3SnL (R = CH, n-CsH7, n-C&, 
C&5, c-Cc81 I ; L = anion of thiophene 2-, thiophene 2-acetic, furoic 2- and pyrrole 2- 
carboxylic acids) has been prepared. All of these complexes are monomers except those of 
triphenyltin(IV) which are polymers and have been characterised by molecular weight 
determination, IR, ‘H-NMR and “9mSn Miissbauer studies. Tetrahedral and trigonal 
bipyramidal structures have been assigned and it has been found that none of the ring 
hetero atoms bond to tin(IV). 

Fungicidal and bacteriocidal carboxylates of tri- 
butyltin(IV) with furoic and thiophene acids are 
known through patents. ‘,* Structural information 
about very few diorganotin(IV)3 and tri- 
butyltin(IV)4 compounds with furoic and pyrrole 
acids is available. A possible biological activity is 
expected from the triorganotin carboxylates re- 
ported in this paper since all the hetero atoms of 
the five membered carboxylic acids are free and are 
not bonded to tin(IV). 

EXPERIMENTAL 

Chemicals 

Thiophene 2-carboxylic acid (ThioH), thiophene 
2-acetic acid (ThioAH), furoic 2-carboxylic acid 
(FuH) and pyrrole 2-carboxylic acid (PyrH) were 
obtained from Aldrich Chemicals (England) and 
are used as such. Trimethyltin(IV) chloride and tri- 
butyltin(IV) chloride were procured from Alpha 
Products (USA) and Fluka Chemicals (Germany), 
respectively and are used as such while tri- 
propyltin(IV) chloride,’ triphenyltin(IV) chloride6 
and tricyclohexyltin(IV) chloride7 were prepared by 
the reported methods. 

Preparation of the sodium salt 

Sodium hydroxide (BDH) (4.0 g, 0.1 mole) was 
added to a solution of ThioH (12.8 g, 0.1 mole) 

*Author to whom correspondence. should be addressed. 

in ethanol (95%, 50 cm3) and refluxed till a clear 
solution resulted (pH 7-7.2). After removing the 
excess alcohol by distillation, dry benzene (20 cm3) 
was added to remove water azeotropically using 
a Dean and Stark trap. Thiophene 2-sodium 
carboxylate separated out and was filtered, washed 
several times with acetone and then with dry ether 
and dried in vacua. Sodium salts of the remaining 
acids were prepared in a similar way. 

Preparation of complexes 

To a solution of triorganotin(IV) chloride (0.001 
mole) in absolute alcohol (30 cm3) was added the 
sodium salt of the acid (0.00104 mole). The reaction 
mixture was refluxed on a water bath for 34 h when 
a clear solution was produced. From the reaction 
mixture half of the alcohol was removed by dis- 
tillation. On cooling some sodium chloride sep- 
arated which was filtered through a sintered glass 
funnel (G-4) under reduced pressure. To the clear 
solution was added thiophene-free dry benzene (20 
cm’) followed by refluxing on a water bath using 
a Dean and Stark trap for 2 h. Sodium chloride that 
separates on cooling was filtered. Refluxing fol- 
lowed by cooling and subsequent filtration of the 
solution was repeated till the removal of sodium 
chloride was complete. After removing the solvents 
completely, the residue was dried in vacua. All the 
compounds are solids except Nos 8, 12 and 18 
(Table 1) which are liquids. Compound 12 solidifies 
on long standing whereas 18 becomes a semi-solid 
on keeping. Compounds 14 and 17-20 have been 
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Table 1. Physical and analytical data of triorganotin(IV) derivatives 

Sr 
No. Complex 

Analysis (%) 
Yield M.p. Found (Calc.) Mol. wt 

(%) (“C) C H S N Sn c” Rb Calc. 

1. (CH,),SnThio 85 

2. (CH,),SnThioA 82 

3. (CH,),SnFu 88 

4. (CH J &Pyr 75 

5. (n-CSH,),SnThio 80 

6. (n-C3H,),SnThioA 80 

7. (n-C,H,),SnFu 84 

8. (n-GH,)&Pyf 85 

9. (n-C,H,),SnThio 75 

10. (n-C,H,),SnThioA 80 

11. (n-C,H,),SnFu 75 

12. (u-C4H&Sn4rp 75 

13. (C,H,),SnThio 80 

14. (C6H 5) ,SnThioA 70 

15. (GH&SnFd 75 

16. (GH 5) ,SnPyr 80 

17. (c-&H, ,),SnThio 85 

18. (c-C,H , ,),SnThioA 82 

19. (c-&H, ,)$nFu 80 

20. (c-GH, Mnbr 75 

158-9 

129-31 

196-7 

139-40 

89-90 

74-5 

120-21 

- 

63 

75 

83-85 
(86-87)d 
59-61 

114 

144-45 

190 

160-62 

119-21 

Semi-solid 

126-28 

188-90 

33.4 
(33.0) 
34.8 

(35.4) 
34.5 

(34.9) 
35.2 

(35.0) 

(Z) 
45.9 

(46.3) 
46.4 

(46.8) 
46.7 

(46.9) 
48.4 

(48.9) 
49.8 

(50.1) 
50.6 

(50.9) 
50.7 

(51.0) 
57.7 

(57.9) 
58.4 

(58.6) 
59.4 

(59.9) 
60.5 

(60.0) 
55.4 

(55.8) 
56.2 

(56.6) 
57.1 

(57.6) 
57.2 

(57.7) 

(ii) (K) - (Z) 
(Z) ,Z:b - 

38.4 
(38.9) 

(Z) - - (Z) 

(:::) - (::;) (Z) 

(Z) ,kQ 
- 31.5 

(31.6) 

&) (ki) - 
30.2 

(30.5) 

(Z) - - 
32.8 

(33.0) 

(::b - (::;) (Z) 

(;:;) (Z) - 
28.3 

(28.4) 

(G) (Z) - 
27.3 

(27.5) 

(Z) - 
- 29.4 

(29.6) 

(Z) - 
3.15 29.4 

(3.50) (29.7) 

(::;) (Z?) - (Z) 

(Z) (Z) - 
24.0 

(24.2) 
4.1 - - 25.5 

(3.9) (25.8) 

(Z) - 
3.44 25.5 

(3.04) (25.8) 

(Z) (Z) - 
23.4 

(24.0) 

(G) (::;) - 
23.1 

(23.3) 
7.1 - - 24.6 

(7.5) (24.8) 

(Z) - 

253.0 270.0 290.7 

- 290.0 304.7 

- 260.0 274.7 

- 259.0 273.7 

326.1 330.2 374.7 

350.4 340.5 388.7 

339.3 335.7 358.7 

318.5 320.0 357.7 

390.5 380.5 416.7 

399.6 390.8 430.7 

388.3 370.2 400.7 

379.1 375.6 399.7 

459.1 450.8 476.7 

- - 490.7 

- - 460.7 

- - 459.7 

475.5 448.5 494.7 

- 470.0 508.7 

- 427.0 478.7 

- 430.2 477.7 

ThioH = thiophene 2-carboxylic acid ; ThioAH = thiophene a-acetic acid ; FuH = furan 2-carboxylic acid ; 
PyrH = pyrrole 2-carboxylic acid. 

LI Cryoscopically. 
b Rast method. 
‘Liquid complex. 
dLiterature value, P. Dunn and T. Norris, Austral. Defence Sci. Serv. Defence Stand. Labs, Report 269, Feb. 1964. 
‘Compound solidifies on prolonged standing. 
‘Decomposes. 
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recrystallized from ethanol while 5-7 and 9-l 2 from 
pet-ether (60-8OC). The triphenyltin(IV) deriva- 
tives (13-l 6) could not be recrystallized because of 
their insolubility in common organic solvents but 
were washed with pet-ether (40-60”) to remove 
Ph,SnCl. 

Physical measurements 

Melting points were determined in open capil- 
laries and are uncorrected. Elemental analysis was 
carried out by microanalytical service, Calcutta 
University, Calcutta. Tin was estimated as SnO,.* 
Molecular weights were determined both cryo- 
scopically in benzene and by Rast’s method (in 
molten camphor, 175°C). Infrared spectra were re- 
corded on Pye-Unicam Sp,,, spectrophotometer in 
KBr and in neat polythene strips in 4000-200 cn- ’ 
range. ‘H-NMR spectra were recorded on Tesla 
BS487C (80 MHz) using TMS as internal standard. 
The “!%ln Miissbauer spectra were recorded at 77 
K on a Ranger Engineering constant acceleration 
spectrometer equipped with an NaI scintillation 
counter using Ca ‘19mSn03 as the source and Ca 
llsmSnO, was the reference material for zero velocity 
at room temperature. The velocity calibration was 
based on B-tin and natural iron foils. The resultant 
spectra were fitted using standard least squares 
techniques assuming a Lorentzian shape. 

RESULTS AND DISCUSSION 

All the complexes except triphenyltin(IV) deriva- 
tives are soluble in common organic solvents. The 
analytical data are given in Table 1. Molecular 
weight determination of all the complexes except 
those of triphenyltin(IV) complexes by Rast and 
cryoscopic methods indicates a monomeric nature 
of the compounds. Insoluble nature of the tri- 
phenyltin(IV) complexes indicates polymeric struc- 
tures. 

The assignments of important infrared bands are 
shown in Table 2 both for ligands and complexes. A 
band around 2900-2500 cm- ’ in the spectra of acids 
disappears in the spectra of their respective sodium 
salts and complexes which indicates deprotonation 
of the carboxylic group. A lower v(N-H) in the 
PyrNa as compared to PyrH supports the presence 
of hydrogen bonding in the PyrH. A higher 
v(N-H) value in complexes 4, 8 and 12 or its 
unchanged value in 16 and 20 show non-participa- 
tion of nitrogen atom in bonding to tin. 

The Av value [Av = v(COO),,,-v(COO),,,] 
which is useful in drawing structural inferences in 
the case of metal carboxylate9 is used to determine 
the nature of bonding of the carboxylate to tin(IV). 

In the seven complexes 8, 12, 13 and 17-20, Table 
2, the Av value is higher by 90-65 cm- ’ than in 
the sodium salts and indicates either asymmetric or 
a unidentate bonding of the carboxylate group to 
tin(W)’ O while in the remaining complexes the car- 
boxylate group behaves in a bidentate manner since 
Av value is comparable to the sodium salt of the 
acids. ’ ’ However, polym eric triphenyltin(IV) com- 
plexes have asymmetrically bonded bridging bi- 
dentate carboxylate group since v(COO),,, and 

v(COO),, fall in the range of bridging carboxy- 
lates. I2 Observation of both v(Sn-C),,, and 
v(SnC),, modes in the infrared spectrum of all the 
compounds studied rules out the planar arrange- 
ment for the SnC skeleton. The assignment of 
v(Sn-C) and v(Sn-0) are consistent with the values 
reported in literature. ’ ’ 

The ‘H-NMR spectra of the ligands and soluble 
complexes are given in Table 3. The carboxylic acid 
proton signal in the acids disappears in the spectra 
of all the complexes. However in pyrrole 2-car- 
boxylic acid the two protons of the COOH and the 
NH groups appear as a broad multiplet which may 
be due to strong hydrogen bonding. The N-H re- 
sonance appears as a broad highfield signal in the 
spectra of all the pyrrole derivatives which is indica- 
tive of the non-participation of the nitrogen atom 
of the ligand to tin(IV). Integrations tally with the 
expected ratio. In the derivatives of triphenyl- 
tin(IV), the signals for protons of the rings (acid) 
overlap with those of the aromatic protons and 
are thus difficult to distinguish. Since a multiplet is 
observed for CH3 protons in all the trimethyltin(IV) 
complexes so a cis or a mer trigonal bipyramidal 
structure may be present. However, the possibility 
of a distorted planar Me,Sn skeleton cannot be 
ruled out. 

The quadrupole splitting parameter (QS) is very 
useful for interpreting Miissbauer data. ’ 3 A higher 
QS value in the range 3.69-3.82 mm s- ’ for com- 
plexes 1, 5 and 9, Table 4, is consistent with five 
coordination. The ratio p = QS/IS also favours a 
five coordinated structure. ” Ph,SnThio which is a 
monomer has much lower QS value and involves 
monodentate carboxylate. Both properties are con- 
sistent with four coordination for tin as reported 
for other tri-organotin carboxylates.16 

CONCLUSIONS 

All the four Cy,Sn, n-Pr,SnPyr, n-Bu&Pyr and 
Ph,SnThio complexes are monomers with a uni- 
dentate carboxylate which bonds to tin(W) 
tetrahedrally. Miissbauer parameters of Ph,SnThio 
further support a four coordinate structure. 
Me,Sn-, 1-4, n-Pr3Sn-, 5-7, and n-Bu3Sn-, 9-11, 
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Table 2. IR spectral data (cm- ‘, KBr/neat in polythene strips) 

Sr 
No. Compound v(Sn-0) v(Sn-C) v(CO%, v(CDO),,, Av v(N-H) 

1. 
2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. (C,H,),SnThioA 32Ow,sp 

15. 

16. 

17. 

18. 

19. 

20. 

ThioH 
ThioNa 
ThioAH 
ThioANa 
FuH 
FuNa 
PyrH 
PyrNa 
(CH,),SnThio 
(CH@nThioA 

(CH ,),SnFu 

(n-C,H,),SnThio 

(n-C,H,),SnThioA 

(n-C,H,),SnFu 

(n-C,H,),SnPyr” 

(n-C,H,),SnThio 

(n-C,H,),SnThioA 

(n-C4H9)$nFu 

(n-C4H9),SnPyr” 49Om,sp 

t&H MnFu 325w,sp 

(c-&H 1 ,),SnThio 

(c-&H, ,),SnThioA 

(c-C$,H, ,),SnFu 

- 

- 
- 

- 
- 

42Ow,sh 
405W, 

34om,sp 
455m,sp 

47os,sp, 
400s 
41 sw,sp 

475w,sp, 
425w,sp 
450ms,sp, 
385w,sp 
480m,sp, 
385w,sp 
425m,sp 

435w,b, 
390w 
455m,sp 

340w,b 

315m,sp 

320m,s~, 
280sh 
280sh 

270sh, 
250sh 
3lOm,sp, 
28Ow,sp 

- 

- 
- 
- 
- 
- 
- 

540-500bs 
545s, 
475w 
545s,sp, 
515sh 
55os, 
505sh 
59Ow, 
fioOm,sp 
6OOm,sp, 
505w 
590m,sp, 
5oow,sp 
595m,sp, 
510w,b 
6OOs,sp, 
5lOs,sp 
55ow,sp, 
505w 
595w,b, 
540m,sp 
605ms,b, 
515w,b 
265w, 
245sh 
27Ow, 
230sh 
265m,sp, 
250~ 
285sh, 
275m,sp 
48Ow,sp, 
4lOm,sp 
48Ow, 
4lOm,sp 
48Ow,sp, 
4lOw,sp 
485m,sp, 
415w,sp 

1685s,b 
1550s,b 
17oovs 
1565~s 
1690vs 
159ovs 
1670~s 
1565~s 
1575vs 
1570vs 

16OOvs,sp 

1575vs,b 

1575vs 

1580vs,b 

16OOvs,sp 

16lOvs,sp 

1580vs,b 

1595vs,sp 

16OOvs,sp 

1605s,sp 

1620~s 

157ovs 

1585s,sp 

1615s,sp 

162Os,sp 

1645s,sp 

1605s,sp 

16lOvs,sp 

1285s 
1340s 
1225s 
135Om,sp 
1300s 
1370s 
132Os,sp 
1380s 
1365~s 
1355s,sp 

1365s,sp 

1365vs,sp 

136Ovs,sp 

1380sh 

1365vs,sp 

135os,sp 

1355vs,b 

138Os,sp 

136Os,sp 

1355s,b 

132Os,sp 

1330sh 

1355ms,sp 

134os,sp 

136Os,sp 

1335s,sp 

135os,sp 

135ovs,sp 

400 
210 
475 
215 
390 
220 
350 
185 
210 
215 

235 

210 

215 

200 

245 

260 

225 

215 

240 

250 

300 

240 

230 

275 

260 

310 

255 

260 

- 
- 

- 
- 

3360s 
3260s 
- 
- 

- 

342Os,sp, 
33 lOvs,sp 

- 

3490sh, 
329Ovs,sp 

- 

- 

327Os,sp 

- 

- 

3250vs,b 

- 

- 

- 

3230s,b 

Av = v(COO),,, - v(COO&,,,. 
‘In polythene strips. 
s = strong, b = broad, m= medium, w = weak, sp = sharp, sh = shoulder. 
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Table 3. ‘H-NMR data (6, CDCl,/CClJ 

Ring protons 
Compound H3 H5 H4 R-Sn-R 
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1. (CH,),SnThio 

2. (CH,),SnThioA 

3. (CH,),SnFu 

4. (CH ,)&I’yr 

5. (n-C3H,),SnThio 

6. (n-C,H,),SnThioA 

7. (n-&H,)$nFu 

8. (n-C,H,)W% 

9. (n-C,H,) ,SnThio 

10. (n-C,H,),SnThioA 

11. (n-C,H,),SnFu 

12. (n-C4H&SnPyr 

13. (C6H J ,SnThio” 

14. (C6HJ3SnThioAb 
15. (C6H,)$nFub 
16. (GH,)&Ryr” 

17. (c-CsH, ,)$nThio 

18. (c-CsH, ,),SnThioA 

19. (c-&H, ,),SnFu 

20. (c-GH I J$ntir 

ThioH 

ThioAH 

FuH 

PyrH 

7.70 
(d, 1H) 
7.05 
(bd, 1H) 
7.60 

(d, 1H) 
6.85 
(t, 1H) 
7.75 

(d, 1H) 
7.15 

(m, 1H) 
7.45 

(s, 1H) 
6.68 

(m, 1H) 
7.75 

(d, 1H) 
7.08 

(m, 1H) 
7.45 

(s, 1H) 
6.73 
(m, 1H) 
7.63 
(d, 1H) 
7.08 
(m, 1H) 
7.43 

(m, 1H) 
6.73 
(s, 1H) 
7.78 
(m, 4H) 

- 

7.90 

7.83 

(m, 1H) 
7.25 
(bs, 1H) 
7.50 
(bs, 1H) 
6.65 
(m, 1H) 

7.48 

(d, 1H) 
6.5-6.875 
(m, 2H) 
7.43 

(t, 1H) 
6.63 

(t, 1H) 
7.53 
(d, 1H) 
6.85 

(m, 2H) 
7.05 

(t, 1H) 
6.35 
(bm, 1H) 
7.50 
(d, 1H) 
6.80 
(m, 2H) 
6.95 

(d, 1H) 
6.33 
(bm, 1H) 
7.43 

(t, 1H) 
6.80 
(t, 2H) 
6.93 
tm, 1H) 
6.30 

(bm, 1H) 
7.55 
(m, 2H) 

- 

7.60 

7.55 
(d, 1H) 
6.80 

(bs, 2h) 
7.18 
(bs, 1H) 
6.38 
(m. 1H) 

6.98 
(t. 1H) 
- 

6.55 
(t, 1H) 
6.05 

(q, 1H) 
7.32-7.03 
(m, 1H) 

6.43 
(m, 1H) 
6.03 

(m, 1H) 
7.10 
(t, 1H) 
- 

6.40 
(m, 1H) 
6.03 

(e 1H) 
7.05 

(t, 1H) 

6.38 
(m. 1H) 
6.03 

(d, 1H) 
7.35 
(m, 1OH) 
6.95 
(m. 2H) 
- 
- 

6.78 
(bm,5H) 
7.30 

(m, 7H) 
7.13 

(m, 1H) 

6.45 
(bs, 1H) 
6.03 
(m, 1H) 

- 

1 J-0.43 

(m, 9H) 
0.58 
(s, 9H) 
1.08-0.53 
(m, 9H) 
1.33-0.28 

(m, 9H) 
1.73 

(m, 6H) 
1.63 

(m, 6H) 
1.88 

(m, 6H) 
1.65 
(m. 6H) 
1.73-1.13 
(m, 18H) 
2.051.08 

(m, 18H) 
1.93-l .23 

(m, 18H) 
2.0-l .05 

(m, 18H) 

1.38 
(m, 6H) 
1.25 

(m, 6H) 
1.48 

(m, 6H) 
1.18 

(m, 6H) 

f;YH) 
0.;8 

(t, 9H) 
1.08 

(t, 9H) 
1.03 
(t, 9H) 
0.93 
(t, 9H) 
0.73 

(t, 9H) 
0.88 

(t, 9H) 
0.93 

(t, 9H) 

2.43-1.13 
(m, 33H) 
2.651 .OO 

(m, 33H) 
2.65-1.00 
(m, 33H) 
2.251.25 

(m, 33H) 

s = singlet ; d = doublet ; t = triplet ; q = quarter ; b = broad ; m = multiplet. 
n Soluble in CDCl, + DMSO(D,). 
b Insoluble in CDCl, and Ccl,. 
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Table 4. “9”Sn Mossbauer spectral data (80 K, mm s- ‘) 

ISfO.03 Line width 
Complex (SnO,) QS +0.06 1 2 p 

1. (CH,),SnThio 1.42 3.69 1.04 1.08 2.598 
5. (n-C,H,),SnThio 1.54 3.76 1.21 1.14 2.440 
9. (n-C,H,)$nThio 1.54 3.82 1.36 1.11 2.480 

1.48” 3.78 - 2.554 
13. (C,H,),SnThio 1.33 2.54 1.21 1.69 1.909 

“Literature value, D. W. Allen, J. S. Brooks. R. Formstone, A. J. Crowe and P. J. 
Smith, J. Organomet. Chem. 1978,156,359. 

derivatives are monomers with a bidentate car- 
boxylate in a five coordinate structure. Mijssbauer 
data of three complexes Me$nThio, n-Pr,SnThio 
and n-Bu$nThio further support a trigonal bipyr- 
amidal structure for these complexes, Three remain- 
ing Ph,Sn-, 14-16, derivatives, which are polymers, 
have a five coordinate carboxylate bridged struc- 
ture. 
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Abstract-Re(I)Br(C0)3(2-pyridylcarbonylmethylide) and Re(I)Br(CO),(Zacetylepyri- 
dine) were prepared by reactions of Re(I)Br(CO)s with 2-pyridylcarbonylmethylides, 

C,H,NC(O)C& [g = $Ph3 (Yp), AsPh3 (YAs), iMe (Ys) and fiCsH4R-4 (YN_R; 
R = CN, Ph, H and Me)], and 2-acetylpyridine. These complexes are concluded to 
assume an octahedral geometry containing the chelation by the carbonyl oxygen and 
pyridyl nitrogen atoms and the&%.&coordination of metal carbonyl groups on the basis 
of IR and ‘H-NMR spectra. Although the 2-acetylpyridine complex gave no emission, the 
Yp, YAs and Ys complexes showed an emission due to the metal-to-ligand charge transfer 
(MLCT) transition at 77 K in MeOH/EtOH (1: 4 v/v). On the other hand, the YN_R 
complexes showed emissions due to both the MLCT and the intraligand CT transi- 
tions. All the present ylide complexes were oxidized at +0.71 to +0.82 V vs Ag/Ag+ in 
acetonitrile. The Yp, YAs and Ys complexes were reduced at - 1.91 to -2.00 V, while 
reduction of the YKR complexes occurred on the pyridinium ring of the ylides at less 
negative potentials (- 1.68 to - 1.04 V). 

Photo-physical properties of charge transfer (CT) 
transitions between .metal ions and ligands have 
been investigated in order to clarify mechanisms 
of photo-reactions of organometallic complexes. l-3 
Many rhenium(I) complexes with nitrogen donor 
ligands were reported to show intensive emissions 
due to metal-to-ligand CT transitions even at room 
temperature.3 Moreover, it is of interest that some 
of them display multiple emissions due to intra- 
ligand and metal-to-ligand CT transitions. 4 

Ylide molecules in which carbanions are directly 
attached to hetero-atoms, such as phosphorus, 
arsenic, sulfur and nitrogen, exhibit various unique 
reactivities that are characteristic of the ylide 
bonding. 5 Moreover, ylide-metal interactions have 
attracted much interest. 6,7 However, photo-physical 
properties of ylides and their metal complexes are 
little known.* Ylide molecules generally exhibit 
intensive absorption bands due to an intramolecular 
CT transition’ and some of them are known to give 
noticeable emissions caused by this transition. lo In 

*Author to whom correspondence should be addressed. 

order to investigate the effect of the ylide structure 
in the ligand on photo-physical properties of metal 
complexes, we have chosen rhenium(I)-ylide com- 
plexes which have been expected to exhibit intensive 
emissions. 

This paper reports configurations of Re(I)Br 
(CO)3L (L = several 2-pyridylcarbonylmethyl- 
ides (1) and 2-acetylpyridine) and their emission 
properties, together with electrochemical be- 
haviors of the complexes. 

@- 
/ \ c/“-; 

\O -N 

1 

i = ;Ph3 (Yp) 
+ 
AsPhs (YA,) 

iMe (Y,, 

ksH,R-4 (Y& 

R = CN,Ph,H or Me 

EXPERIMENTAL 

Preparation of Csubstituted pyridinium 2-pyridyl- 
carbonybnethylides 

A benzene (25 cm’) solution of 4phenylpyridine 
(1.9 g, 12 mmol) was added to a benzene (25 cm3) 
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solution of 2-(bromoacetyl)pyridinei’ (2.5 g, 12 
mmol) and the mixture was refluxed for 4 h to 
give white precipitates of 4-phenyl-N-(2-pyri- 
dylcarbonyhuethyl)pyridinium bromide (4.3 g, 98% 
yield). To its aqueous (150 cm3) solution was added 
an aqueous (70 cm3) solution of K&O3 (3.9 g, 29 
mmol) and the precipitates obtained were extracted 
with dichloromethane (400 cm3). After the solution 
was concentrated to one third volume under reduced 
pressure, it was kept at - 10°C overnight to give 
red crystals of 4-phenylpyridinium 2-pyridyl- 
carbonylmethylide (Y& (2.0 g, 61% yield), 
m.p. 163°C (decomp.). Found: C, 78.5; H, 4.9; N, 
10.2. Calc. for C,gH14NZO: C, 78.8; H, 5.1; N, 
10.2%. 

Pyridinium 2-pyridylcarbonyhnethylide (YN& 
was prepared as yellow needles according to the same 
method described above (43% yield), m.p. 138°C 
(decomp.). Found: C, 67.9; H, 4.9; N, 12.8. Calc. 
for ClzHloN20*0.2CHzC1,: C, 68.1; H, 4.9; N, 
13.2%. The presence of solvent molecules was con- 
firmed by the ‘H-NMR spectrum. 

4-Cyanopyridinium (YNXN) and 4-methylpyri- 
dinium 2-pyridylcarbonyhnethylide (YN-& were 
prepared according to the literature methods. ’ 2~13 

Preparation of triphenylarsonium (Y&, tri- 
phenylphosphonium (Yp) and dimethylsulfonium 2- 
pyridylcarbonylmethylide (Y,) 

A methanol (50 cm3) solution containing tri- 
phenylarsine (1.9 g, 6.2 mmol) and 2-(bromo- 
acetyl)pyridine (2.0 g, 9.9 mmol) was stirred 
overnight at room temperature. After the solvent 
was evaporated to dryness, the residue was washed 
with benzene and dried in vacua (1.9 g, 60% yield). 
To its aqueous (200 cm3) solution was added an 
aqueous (60 cm3) solution of NaOH (5.0 g): White 
precipitates were filtered off and recrystallized from 
a mixture of dichloromethane and diethyl ether at 
- 10°C to give white crystals of YAS (1.2 g, 84% 
yield), m.p. 96°C (decomp.). Found : C, 68.6 ; H, 5.0 ; 
N, 3.2.Calc.forC2,H,,NOAs.0.5H,0: C,69.1;H, 
4.9 ; N, 3.2%. The presence of solvent molecules was 
confirmed by the IR spectrum. 

Yp and Ys were prepared according to the litera- 
ture method. ‘O 

Preparation of bromotricarbonyl(2-pyridylcarbonyl- 
methylide and 2-acetylpyridine)rhenium(I), ReBr 
(CO)3L [L = Yp, YAs, Ys, YN_a (R = CN, Ph, H 
and Me) and 2-AcPy] 

A benzene (60 cm’) solution of YN-ph (56 mg, 0.20 
mmol) was added to a benzene (70 cm3) solution 
of bromopentacarbonylrhenium(I)‘4 (82 mg, 0.20 

mmol) and the solution was refluxed for 2 h. 
Yellow precipitates of ReBr(CO),Y,-,, were fil- 
tered off and dried in vacua (86 mg, 83% yield). 
The other ylide- and 2-acetylpyridine-rhenium(I) 
complexes were prepared by the similar method. 

Melting points, analyses and reaction yields 
for the rhenium(I) complexes are summarized in 
Table 1. 

n-Butyltrichloro(4-cyanopyridinium 2-pyridyl- 
carbonyhnethylide)tin(IV) ’ 5 and Csubstituted (CN, 
Ph, H and Me)-N-(2-pyridylcarbonylmethyl)pyri- 
dinium perchlorates ’ 6 were prepared as described 
elsewhere. 

Physical measurements 

IR, ‘H-NMR and emission spectra’ as well as 
ESR spectra” were measured as described pre- 
viously. For the measurement of emission lifetimes, 
deaerated methanol/ethanol (1: 4 v/v) solutions 
containing metal complexes were irradiated at 337.1 
nm with a pulsed nitrogen-laser (pulse width of N 2 
ns). ’ * Lifetimes were calculated from oscilloscope 
tracings of the decay of emission intensities. 

All cyclic voltammograms were recorded in an 
acetonitrile solution containing [NBu”4C104 (0.05 
0.1 mol dm-‘) as a 
described elsewhere. ’ 6 

supporting electrolyte, as 

Table 1. Melting points, elemental analyses and prep- 
aration yields of ReBr(CO),L 

Map. Found (talc.) (%) 
(decomp.) Yield 

L (“C) C H N (%) 

Y N-CN 210 38.4 2.1 
(K) 

49 
(37.1) (2.3) 

YN-Ph 267 (E) (Z) (E) 83 

Y WEI 247 33.1 74 
(32.9) 

(:::) :::, 

YN-Men 180 39.1 2.6 61 
(39.1) (2.8) (E) 

YP 300 45.4 2.9 36 
(46.0) (2.8) (E) 

Y*sb 220 43.4 2.8 1.8 28 
(44.2) (2.7) (1.8) 

Ys 185 27.3 2.2 52 
(27.1) (2.1) (Z) 

2-AcPy 241 25.5 54 
(25.5) (E) (E) 

‘Contains 0.67&H,. 
bContains O.l7C,H,. 
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RESULTS AND DISCUSSION 

Configuration of the rhenium(I) complexes 

The v(C=O) bands of ReBr(C0)3Y,_, and 
ReBr(CO),(ZAcPy) are observed at lower fre- 
quencies than those of the free ligands, indicating 
that the ligands coordinate to the rhenium(I) ion 
through the carbonyl oxygen atom (Table 2).” In 
‘H-NMR spectra of these complexes, the signals 
of the proton (He) bound with the carbon atom 
adjacent to the pyridyl nitrogen atom are observed 
at lower fields than those of free ligands, which 
suggests that YN_R and 2-AcPy chelate to the rhen- 
ium(1) ion through the carbonyl oxygen and pyridyl 
nitrogen atoms. 

In ReBr(C0)3Ys, the v&LO) bands occurs at a 
slightly higher frequency than that of the free ylide. 
This behavior is also the same as W(CO)4Ys,‘o and 
the IR spectra due to the coordinating Ys ligand 
are almost the same for these two complexes. Since 
the X-ray crystallographic analysis revealed that 
W(CO)4Ys has the chelate coordination through 
the carbonyl oxygen and pyridyl nitrogen atoms, 
the rhenium(1 jY, complex seems to assume the 
same configuration around the metal atom to 
W(CO),Y,. Although the Yp and YAS complexes 
also have exhibited the v(C=O) bands of the coor- 
dinating ylides at slightly higher frequencies than 
the free ylides, they are reasonably likely to have 
the chelation by oxygen and nitrogen atoms as well 
as the Ys complex. These small higher frequency 

shifts of the v(M) bands are in contrast to the 
large higher frequency shifts (167 and 160 cm- ‘) of 
the v(M) ones which were seen on the chelation 
by the ylide carbon and pyridyl nitrogen atoms in 
PtCl Y I9 and PtCl Y .” 

In2th:: ‘H-NMR2&ctrum of ReBr(CO),Y, in 
dimethyl sulfoxide-d,, the spin-spin coupling con- 
stant between the ylide proton and “P nucleus has 
been measured 18 Hz which is close to 20 Hz of 
W(CO),Y, having the chelation by the oxygen and 
nitrogen atoms. lo Although the magnitude is 
smaller than 27 Hz of the free Yp, it is significantly 
large compared with those (6 and 10 Hz) of PdC12Yp 
and PtC12Yp having the chelation by the ylide car- 
bon and pyridyl nitrogen atoms.20 These findings 
also suggest an sp2 geometry around the ylide car- 
bon atom of Yr in the present complex which is 
caused by the coordination through the carbonyl 
oxygen atom. In Yr-, YAS- and YsRe(I) 
complexes, the H6 proton signals appear at lower 
fields than those of free ligands (Table 2). These 
results support the chelation to the metal through 
the carbonyl oxygen and pyridyl nitrogen atoms. 

All the complexes exhibit the three IR bands 
in the region of the c-=0 stretching frequencies 
(Table 2), suggesting that the three carbonyl 
ligands coordinate to the rhenium(I) ion in a cis- 
arrangement (2).21,22 The ‘H-NMR spectrum of 
ReBr(CO),Ys has shown two S-CH3 signals (2.90 
and 2.93 6 in dimethyl sulfoxide-d,), confirming 
this configuration. 

Table 2. Relevant infrared frequencies (err-‘) and ‘H-NMR chemical 
shifts of ReBr(CO),L 

L v(CS0) v(c=o)* 

Y N-CN 2012 
YN-Ph 2000 
yN-H 2005 

(1997 
yN-Mc 2005 
YP 2009 
Y As 2021 
Ys 2007 

(2006 
2-AcPy 2019 

1910 1859 
1880 1860 

1880 
1893 1870) 
1884 1859 
1897 1858 
1898 1860 

1890 
1897 1872) 
1929 1891 

1489 (-42) 
1486 (-29) 
1493d( -40) 

1505 (-24) 
1542 (+5) 
1537 (+34) 
1538 (+26) 

1618 (-82) 

8.88 (0.34) 
8.91 (0.36) 
8.88 (0.33) 

8.85 (0.37) 
8.84 (0.38) 
8.57 (0.27) 
8.88 (0.36) 

9.18’(0.45) 

“Measured in Nujol mulls and measured in DMF in parentheses. 
‘Measured in Nujol mulls and v(W)_,,,,-vy(W)r= in 

parentheses. 
‘Measured in DMSO-d, and 6H,,,,, - 6H,r, in parentheses. 
dMeasured in a KBr disk. 
‘Measured in CH#&. 
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Electronic absorption spectra 

ReBr(CO),(ZAcPy) exhibits an intensive ab- 
sorption band at 430 mu in MeOH/EtOH (1: 4 v/v), 
while both 2-acetylpyridine and ReBr(C0)523 
have no band in this region (Fig. 1). This band 
is reasonably assigned to a metal-to-ligand charge 
transfer (MLCT) transition, since ReX(CO)3L2 
complexes (L = pyridine and its derivatives,24 
Lz = di-imines ;” X = Br and Cl) were reported to 
exhibit MLCT bands at 290-520 nm. Moreover, 
this band displays an appreciable blue shift in polar 
solvents (Table 3), as was seen in MLCT bands 
of other rhenium(I) complexes,24’25 which supports 
this assignment. 

1.0 

0.8 

0.6 

Table 3. Solvent dependence on absorption band maxima 
of ReBr(CO),L at 298 K 

Solvent 
Band (nm) 

L = 2-AcPy L=Yp L = YN-H 

DMSO 394 378 446 
MeCN 423 379 440 
MeOH/EtOH 430 380 430 

(1 : 4 v/v) 
CH&& 452 388 455 
THF 444 391 459 
CHCl, 466 391 463 

Figure 2 shows the spectrum of ReBr(CO)3YP in 
MeOH/EtOH (1: 4 v/v), together with that of free 
ylide in 2-MeTHF. The band at 380 nm also is 
attributed to the MLCT transition on the basis of 
the spectrum of the 2-AcPy-Re(1) complex. Free 
Yr exhibits a strong band at 348 nm which can be 
assigned to an intramolecular CT transition from 
the negatively charged ylide-carbon to the phos- 
phonium moiety. 5 Assuming the coordination 
of the carbonyl oxygen-to-rhenium(I) for ReBr 
(CO)3Yp, this intraligand CT (ILCT) band of 

i. 
, \ \ 

400 500 

Wavelength / nm 

600 

Fig. 1. Electronic absorption spectra of ReBr(C0),(2-AcPy) ( -) in MeOH/EtOH (1: 4 v/v), 
ReBr(CO), (---) and 2-AcPy (-. -. -) in MeCN at 298 K : 3.0 x low4 mol dm-‘. 
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400 

Wavelength / nm 

Fig. 2. Electronic absorption spectra of ReBr(CO),Y, (-) in MeOH/EtOH (1: 4 v/v) and of YP 
(---) in 2-MeTHF. 

the complex is likely to occur at a higher energy 
than free Yr, as was seen in several 4-substituted 
pyridinium 2-pyridylcarbonylmethylide-SnBu”C1, 
complexes. ’ 5 Hence, the strong band of the YP- 
Re(1) complex observed at 327 nm is possibly due 
to the ILCT transition. YAS- and Ys-Re(1) com- 
plexes also have exhibited both ILCT and MLCT 
bands at quite similar wavelengths to the YP 
complex. 

The spectra of ReBr(C0)3Y,-, and free YN+, in 
MeOH/EtOH (1: 4 v/v) are illustrated in Fig. 3. The 
band at 426 nm observed for free Y, is referred 
to a CT transition from the ylide carbon to the 
pyridinium ring.’ On the other hand, the YN_u- 
Re(1) complex shows an extremely broad ban+d near 

430 mn, where the ILCT band due to the C-N ylide 
structure and the MLCT one seem to be 
overlapped. The other Y,,-Re(I) complexes also 
exhibit the similar broad absorptions to the Y&H 
complex. The absorption maxima of the YN_R 
complexes occur at lower energies than the YP, YAs 
and Ys complexes which are summarized in Table 
4. This finding is plausibly indicative of much sta- 
bilization of excited states of the YN_R complexes 
compared with the YP, YAS and Ys ones, which is 

4.2 

3.8 

w 

0" 
rl 

3.4 

3.0 
400 450 500 

Wavelength 1 nm 

Fig. 3. Electronic absorption spectra of ReBr(C0)3 

YN-H ( -) and YN_H (---) in MeOH/EtOH (1: 4 v/v) 
at 298 K. 
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Table 4. Electronic absorption band maxima (nm) of 
ReBr(CO),L complexes and of free ligands in MeOH/ 

EtOH (1: 4 v/v) at 298 K 

ReBr(CO),L Free L 
ILCT band MLCT band ILCT band 

L (log s) (log E) (log 8) 

Y WCN 504 (4.03) 473 (4.11) 
YN-Ph 466 (3.58) 459 (4.43) 
Y, 430 (4.17) 426 (4.17) 
YN-Me 423 (3.96) 423 (4.03) 
YP 319 (3.94) 380 (3.75) 348 (3.76) 
Y 
Y; 

308 (4.18) 370 (4.01) 329 (3.64) 
307 (3.93) 369 (3.74) 316 (3.93) 

2-AcPy 430 (3.35) 

“Measured in 2-MeTHF. 

consistent with the electrochemical properties of the 
complexes as described later. 

Emission spectra 

Complexes of the type of ReX(C0)3L2 
(L2 = pyridine and l,lO-phenanthroline deriva- 
tives ; X = Br and Cl) are known to exhibit intensive 
emissions due to the MLCT transition even at room 
temperature. 3,4*23 ReBr(CO),(ZAcPy), however, 
has shown no emission even at 77 K, although it 
contains the coordination of pyridyl nitrogen and 

shows an intensive absorption band due to the 
MLCT transition. This is possibly due to any 
appreciable quenching through the coordinating 
carbonyl group, considering the fact that ReBr 
(CO),(4-acetylpyridine), gave a strong emission.26 

The Yp, YAS and Ys complexes have shown 
appreciable emissions at 77 K. Figure 4 shows 
the emission spectrum of ReBr(CO)3YP in 
MeOH/EtOH (1: 4 v/v) at 77 K, together with its 
excitation spectrum. The excitation spectrum is 
almost identical with the absorption spectrum 
measured at room temperature. Therefore, the 
emission is attributed to the MLCT transition. The 
emission lifetime of 10.0 ps also supports the above 
assignment, since several ReBr(C0)3L2 (Lz = pyri- 
dine derivatives) had MLCT emission lifetimes of 
z 40 /S? 

Although the Yp complex has the same con- 
figuration around the metal as the 2-AcPy complex, 
the presence of the ylide structure which is adjacent 
to the coordinating carbonyl group in the former 
complex seems to play a role in the appearance of 
the emission. Free Yp itself has exhibited a notice- 
able emission due to the intramolecular CT tran- 
sition based on the ylide structure. Therefore, in the 
rhenium complex, an effective energy transfer from 
the ylide CT level to the metal-to-ligand CT one 
seems to cause the appearance of the emission. The 
emissive behavior is the same also in the YAs- 
rhenium(I) complex (Table 4). The Y,rhenium(I) 
complex also has exhibited an MLCT emission, 

300 400 500 600 700 

Wavelength / nm 

Fig. 4. Emission (- ) and excitation (---) spectra of ReBr(CO),Y, in MeOH/EtOH (1: 4 v/v) at 
77 K. 
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although free Ys has given no emission even at 

77 K. 
Figure 5 shows the emission and excitation spec- 

tra of ReBr(CO)3YN_H in MeOH/EtOH (1: 4 \ v) 
at 77 K. Since free YN_u also has exhibited a ylidc 
CT emission at 463 nm, the emission band at 467 
nm of the rhenium(I) complex is favorably ascribed 
to the fluorescence coming from the ILCT tran- 
sition of the coordinating ylide. The fact that the 
excitation band essentially agrees with the ILCT 
absorption band, together with the emission life- 
time of < 8 ns, supports this assignment. The com- 
plex has another emission band near 632 mn. 
Although the measurement of the lifetime has been 
unsuccessful owing to the weak intensity, this emis- 
sion can be reasonably assigned to the MLCT tran- 
sition in analogy with the emission bands of the 
Y YAs and Ys-rhenium(I) complexes. The 
cozplex has shown no phosphorescence, while 
free YKH affords a phosphorescence at 460 nm 
(- 800 ms) from the carbonyl 3(n-~*) state. This 
phosphorescence seems to be quenched in the 
complex owing to the MLCT triplet state which 
lies at lower energy than the ‘(n-x*) state. 

As shown in Table 5, in a series of the YN_R 
complexes a more electron-withdrawing substi- 
tuent of the pyridinium ring results in the occur- 
rence of both the ILCT and MLCT emission bands 
at lower energies. 

The observation of the dual emissions in the YN-R 
complexes is likely to be related to the energetically 

Table 5. Emission bands (mn) and -lifetimes [r] of 
ReBr(CO)SL complexes and of free ligands in 

MeOH/EtOH (1: 4 v/v) at 77 K 

ReBr(CO),L 
ILCT band MLCT band Free L 

L 171 bl ILCT band 

YP 521 (556) 
[lO.O /ls] 

Y AS 523 (560) 
[11.3 /ls] 

Ys 534 (567) 

17.8 PI 
YN-Mc 469 626 (680) 
YN-H 467 632 (687) 

(< 8ns) 
YN-Ph 496 676 (728) 
2-AcPy none 

a Measured in 2-MeTHF. 

433” 

412 

none 

460 
463 

507 

closely lying ILCT and MLCT states. As apparent 
from the absorption spectra of the YN_a complexes 
as well as the excitation ones for their emissions, 
these two excited states have quite similar energies. 
Hence, both the states can emit simultaneously, 
although the energy of the MLCT state is relaxed 
to its lowest level by a radiationless internal con- 
version, followed by the emission at much lower 
energy. On the other hand, the Yr-, Y,,- and Ys- 

300 400 500 600 700 800 

Wavelength / MI 

Fig. 5. Emission (- ) and excitation (---) spectra of ReBr(CO)SYN_n in MeOH/EtOH (1: 4 v/v) 
at 77 K. 
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lLC’ti = [;;;;s” HzzJjz 

ReBr (CO),Y,_, ReBr (CO), Yp 

Scheme 1. 

rhenium(I) complexes have given only the MLCT 
emission. In these complexes the ILCT level lies at 
a considerably higher energy than the MLCT level. 
Excitation to the ILCT level is followed by an effec- 
tive radiationless quenching to the MLCT level, 
resulting in the appearance of only the MLCT emis- 
sion (Scheme 1). 

Electrochemical properties of the rhenium(I) com- 
plexes 

Electrochemical properties of the ReBr(CO),L 
complexes (L = 2-AcPy and 2-pyridylcarbonyl- 
methylides) have been investigated by cyclic voltam- 
metry. The data are summarized in Table 6. 
The 2-AcPy complex has revealed an irreversible 
wave at + 1.20 V (vs Ag/Ag+). This peak seems 
to correspond to the oxidation from Re(1) to 
Re(II), since free 2-AcPy has exhibited no anodic 
peak up to + 1.7 V and ReCl(CO),(2,2’-bipyri- 
dine) and ReCl(C0)3( 1 , 1 0-phenanthroline) were 
reported to have oxidation peaks at 1.35 and 
1.33 V vs SCE, respectively.27 

The oxidation peaks of the Yr-, YAs and Ys- 
rhenium(I) complexes have appeared at sig- 
nificantly less positive potentials than that of the 2- 
AcPy complex. This suggests that these ylide com- 
plexes have greater electron densities on the metal 
compared with the 2-A&y complex. Increased elec- 
tron densities on the metal are expected to lead to 

Table 6. Cathode and anode peak potentials of ReBr 

(CO) ,L” 

L % % 

2-Acl37 -1.05 +1.20 

YP -1.91 +0.78 

Y.4S -1.93 +0.82 

Ys -2.00 +0.77 

Y,, -1.68 +0.71 

Yt+ki - 1.56 +0.74 

Y Wh -1.51 +0.74 
Y N-CN -1.04 +0.81 

“V vs Ag/Ag+ in MeCN containing [NBu’JC104 (0.05 
mol dm- 3), measured with a scan rate of 0.1 V s- ‘. 

less favorable reduction. In fact, Yr-, YAa- and Ys- 
rhenium(I) complexes exhibit the cathodic peaks at 
extremely negative potentials, although the 2-AcPy 
complex reveals a peak at - 1.04 V. 

Figure 6 shows the cyclic voltammogram of the 
YN-cN complex in acetonitrile. While the irreversible 
oxidation wave is observed at a similar potential to 
those of the Yr, YAs and Ys complexes, two cathodic 
peaks appear. The reduction from Re(1) to Re(0) 
seems to occur at - 1.71 V which is close to the 
reduction potentials of Yr, YAs and Ys complexes. 
The YN-cN complex has another less negative 
cathodic peak which accompanies a reversible 
anodic peak. This peak is reasonably assigned to 
the reduction process of the pyridinium ring of the 
ylide ligand on the basis of the following results. (1) 
At quite a similar potential (- 0.94 V) has been 
observed the reversible cathodic peak also in 
Sn(IV)Bu”C1,YN_c, in which YNXN coordinates to 
the tin atom through the carbonyl oxygen and pyri- 
dyl nitrogen atoms” as well as the Y,,,rhen- 
ium(1) complex. (2) The ESR spectrum measured 
under the electrochemical reduction of Sn(IV)Bu” 
Cl3Yr~ at - 1.2 V has shown the signal at 
g = 2.004 with hyperfine structures, although the 
signal (g = 2.003) of the electrochemically reduced 
ReBr(CO),Y,, has not been suthciently resolved. 
(3) The cathode peak potentials of the Y,, 
rhenium(I) complexes are similar to those of the 
corresponding 4-substituted-(2-pyridylcarbonyl- 
methyl)pyridinium perchlorates (~N_RIIjC104) 
(see Table 7). Moreover, these peak potentials are 
very sensitive to the electron-withdrawing property 

Table 7. Cathode peak potentials” of [y,,I-IjClO, and 

YN-R 

R WN-J-W~., YN-R 

Me -1.06 -2.02 
H -1.05 -2.08 
Ph - 1.43 - 1.90 
CN - 0.94 - 1.50 

“V vs Ag/Ag+ in MeCN containing [NBu:]C104 (0.05 
mol dm- 3), measured with a scan rate of 0.1 V s- ‘. 
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-2.0 -1.0 0 

Potential / V vs. Ag/Ag+ 

+l.O 

Fig. 6. Cyclic voltammogram of ReBr(C0) Y 3 N-CN in MeCN containing [NBui]C104 (0.05 mol dm- ‘), 
measured with a scan rate of 0.1 V s- ‘. 

of a substituent on the pyridinium ring; a more 
electron-withdrawing substituent gives a less nega- 
tive cathodic peak potential. 

Since cathodic peaks of these free pyridinium- 
yhdes have been observed at much more negative 
potentials (- 1 SO V for YNXN and - 2.02 V for 
YN_& (Table 7), less negative potentials of the 
rhenium(I) complexes indicate a significant de- 
crease of the electron density on the pyridinium 
ring of the ylide caused by coordination through 
the carbonyl oxygen atom. The fact that the lowest 
excited states of the Yn_a complexes lie at appreci- 
ably low energies compared with those of the Yp, 
YAs and Ys complexes is consistent with the fact 
that absorption and emission bands of the former 
complexes occur at much lower energies than those 
of the latter ones. 
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Abstract-The chemistry of the pentadentate edta complexes of ruthenium(II1) and (II) 
with 2-mercaptopyridine (HSpy) has been investigated based on spectroscopic, kinetic and 
electrochemical techniques. The reaction of [Ru(III)(edta)H,O]- with HSpy proceeds with 
a specific rate of 1.05 x lo4 M- ’ s- ’ (25”C, I = 0.10 M, acetate buffer), forming a red 
complex (L,,, = 550 nm) which undergoes a relaxation process as a function of pH, with 
an apparent pK, = 4.35 and kobs = 0.31 s- ‘. The second reaction depends on the con- 
centration of HSpy and leads to a stable green product (L,,,, = 630 nm). A pronounced 
enhancement has been observed in the Raman spectra of the complexes, particularly in 
the region of the metal-ligand vibrations. The electronic and resonance Raman spectra 
are consistent with the coordination of HSpy via the sulfur atom in the red complex, and 
with a chelate binding in the green species. 

The 2-mercaptopyridine ligand exists (> 99%) in chemistry, cyclic voltammetry and stopped-flow 
aqueous solution in the tautomeric form (1B) with a techniques. We concentrated our interest on the 
protonated N-atom,’ but having available a thione dynamics of the equilibrium reactions, stimulated 
group to bind transition metal ions.’ by the extraordinary substitution reactivity of the 

pentadentate edta complexes of ruthenium(III).“8 

0, :I 
= 

a 
I’ EXPERIMENTAL 

N S-H N s 
(1) The [Ru(III)(Hedta)HzO] * 4Hz0 complex was 

H prepared according to the procedures previously 

A B described in the literature. ‘3” Found : C, 26.0 ; N, 
5.7; H, 3.7. Calc. for RuC~~N~H~~O,~ : C, 25.0; N, 

In the course of our studies on linkage isomerism 
5.83 ; H, 4.82%. The red [Ru(III)(Hedta) 

in transition metal complexes*5 we observed that 
HSpy] * 4Hz0 complex was prepared by reacting 

the reaction of [Ru(III)(Hedta)H,O] with 2-mer- 
stoichiometric amounts of [Ru(III)(Hedta)H;O] 

captopyridine led to a mixture of red and green 
and 2-mercaptopyridine (Aldrich), and evaporating 

species in equilibrium. The complexes have been 
the solution to dryness, under vacuum, in the pres- 

investigated in detail in the present work, based on 
ence of concentrated sulfuric acid. Found : C, 31 .O ; 

resonance Raman spectroscopy, spectroelectro- 
N,7.1;H,3.8.Cal~.forRuC,~N~H~~O,~S:C,31.3; 
N, 7.32 ; H, 4.40%. The red complex was converted 
to the green compound by reacting with an excess 

*Author to whom correspondence should be addressed. of ammonium hydroxide and evaporating the sol- 
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ution to dryness, under vacuum. The product was 
very hygroscopic. The C/N and C/H ratios were 
consistent with, the composition (NH,),[Ru(III) 
(edta)Spy] - nHzO. The complex anion [Ru(II) 
(edta)H,O]‘- was prepared in situ by the 
reduction of [Ru(III)(edta)H,O]- with zinc amal- 
gam under argon atmosphere. All other reagents 
were of high purity, and were used as supplied. 

The electronic spectra of the complexes were re- 
corded on a Cary 17, or a Hewlett-Packard 8451 -A 
diode array spectrophotometer. Resonance Raman 
spectra were recorded on a Jarrell-Ash instrument 
using Spectra Physics argon and krypton ion lasers. 
Measurements were carried out in aqueous 
solution, using a spinning cell to avoid local heating 
and decomposition of the complexes. The relative 
intensities were measured as peak heights relative 
to the sulfate Raman band at 994 cm- ‘. The IR 
spectra were recorded on a Zeiss Specord 75 instru- 
ment, with the samples dispersed in KBr pellets. 

Cyclic voltammetry was carried out with a 
Princeton Applied Research instrument, consisting 
of a 173 potentiostat and a 175 universal program- 
mer. A gold disc electrode was employed for the 
measurements, using the conventional Luggin 
capillary arrangement with the Ag/AgCl (I= 1 M 
KCl) reference electrode. A platinum wire was used 
as the auxiliary electrode. The measured potentials 
were converted to the normal hydrogen scale by 
adding 0.222 V. For the spectroelectrochemical 
measurements, the PARC 173 potentiostat was 
used in parallel with the diode-array spec- 
trophotometer. A three-electrode system was 
designed for a rectangular quartz cell of 0.03 cm 
internal path-length. A gold minigrid was used as a 
transparent working electrode, in the presence of a 
small Ag/AgCl reference electrode and of a plati- 
num auxiliary electrode. The experiments were car- 
ried out at 25°C under semi-infinite diffusion con- 
ditions, as described by Kuwana and Winograd.” 

The determination of the apparent pK, was car- 
ried out spectrophotometrically and by cyclic vol- 
tammetry as a function of pH. Cells specially 
designed for the experiments were used, combining 
simultaneous pH measurements with absorption 
spectra and cyclic voltammetry. The substitution 
kinetics were investigated using a Durrum D-l 10 
stopped-flow instrument equipped with a Kel-F 
flow system. 

RESULTS AND DISCUSSION 

The reaction of [Ru(III)(Hedta)H,O] with 2-mer- 
captopyridine in neutral or slightly acidic solutions 
leads to a red complex absorbing at I,,, = 550 nm 
(E = 2600 M- ’ cm- ‘). Above pH 6, the reaction is 

followed by the conversion of the red species to a 
green product absorbing at Iz,, = 630 nm 
(E = 1700 M- ’ cm- ‘). Within the pH interval from 
3 to 6, these species co-exist in equilibrium, with an 
isosbestic point at 595 nm, as shown in Fig. 1A. 

The pK, measured in this work for the free ligand 
was 9.72, in agreement with that reported in the 
literature. ’ In the thione form (1B) the N-atom is 
protonated and the ligand can only bind via the 
sulfur atom. As a matter of fact, the red color seems 
to be characteristic of Ru(III)(edta) complexes with 
sulfur-containing ligands, being consistent with a 
ligand-to-metal charge-transfer transition. lo Simi- 
lar complexes with pyridine ligands display no 
charge-transfer bands in the visible. 

The distribution of the red and green species can 
be expressed as in a typical acid-base equilibrium 
(2), with an apparent pK, of 4.35 (K, = k3/k_3 = 
4.4x lo-’ M-l) at 25°C and I= 0.10 M lithium 
p-toluenesulfonate (Lipts) 

red complex + H *O 

kl_ green complex + H30+. (2) 
k 

-3 

400 500 600 700 nm 

B 
I 

400 500 600 700 nm 

Fig. 1. (A) Electronic spectra of the Ru(III)(edta) com- 
plex with 2-mercaptopyridine at pH (a) 6.2; (b) 5.1 ; (c) 
4.4; (d) 4.1 ; (e) 3.2. (B) Resonance Raman profiles for 
the most enhanced vibrational bands of the red complex 
(400, 450 cn- ‘) and of the green complex (330, 350 

cm- I). 
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Comparative experiments using the 4-mer- 
captopyridine and 2-mercaptopyridine-N-oxide 
ligands led exclusively to red products, with no evi- 
dence of green species even under strongly alkaline 
conditions. Presumably, a new chromophore group 
is present in the green complex, arising from the 
bidentate properties of the deprotonated 2-mer- 
captopyridine ligand. 

Vibrational spectra 

The infrared (IR) and Raman (R) spectra of the 
2-mercaptopyridine ligand can be seen in Figs 2A 
and 3A, respectively. X-ray studies have shown that 
the ligand molecule exists in the solid state as the 

thione species (B), with a C-S distance of 0.168 
nm consistent with 65% double bond character. l2 
Based on the examples from the literature, the 
‘thioamide’ I, II, III and IV vibrations “* ’ 4 were 
tentatively assigned to the observed frequencies at 
1360 (w), 1250 (s), 1137 (s) and 740 cm-’ (s) in the 
IR spectra, and at 1375 (w), 1265 (w), 1135 (m) and 
737 cm-’ (s) in the R spectra, respectively. The ring 
stretching modes were assigned to the IR peaks at 
1610 (w), 1570 (s) 1495 (m), 1440 (m) and to the R 
peaks at 1613 (w), 1580 (w), 1505 (m), 1450 cm-’ 
(w). The breathing vibrational modes were observed 
at 980 (m) or 995 cm- ’ (m) in the IR or R spectra, 
respectively. The remaining IR bands at 600 (w), 
475 (w) and 430 cm-’ (w), and R bands at 625 
(w), 450 (w) and 395 cn- ’ (w) are related with the 

A - 
H-N a 

4 
S 

H-N - 

? 

/ 

R?(Hedta) 

B (red) 

\ 1 
Ru(edta) 2- 

C (green) 

Fig. 2. IR spectra of the 2-mercaptopyridine ligand (A), and of the red (B) and green (C) complexes 
with Ru(III)(edta) in KBr Pellets. 
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I I 1 If 11 11 I I ’ 11 

B (514 nm) 

B (568 nd 

C (647 

Fig. 3. (A) Raman spectra of the 2-mercaptopyridine ligand in the solid state, and (B) of aqueous 
solutions of the red (0.5 mM), and green Ru(II1) complex (1 mM), at several excitation wavelengths, 

in the presence of 0.10 M sodium sulfate (* = sulfate band). 

several deformation modes involving the C-H and 
C-C bonds (w = weak, m = medium, s = strong). 

The IR spectra of the red [Ru(III)(Hedta) 
HSpy] * 4Hz0 and green. (NH,),[Ru(III)(edta) 
Spy] * nHzO complexes (Fig. 2) are compli- 
cated by the strong overlap of the vibrational 
bands of the Ru(Hedta) or Ru(edta)- moieties with 
those of the 2-mercaptopyridine ligand. The non- 
coordinated carboxylic group in the red complex is 
responsible for the absorption band at 1725 cm- ‘, 
in the IR spectra. The ring vibrational bands are 
masked by the strong absorptions at 1625 cm- ’ 
associated with the asymmetric vibrational modes 
of the carboxylate groups. The thioamide bands are 
less intense in the red complex, being practically 
negligible in the green species. This kind of behavior 

is consistent with the expected decrease of the 
C=S double bond character due to the coor- 
dination to the ruthenium(II1) ion. As a matter of 
fact, for a number of thione ligands coordinated 
through the sulfur, it has been observed that the 
C&S stretching band around 1150 cn- ’ decreases 
dramatically in intensity and in most cases com- 
pletely disappears. ’ 5x ’ 6 

The R spectra exhibit a resonance effect, leading 
to an enhancement of the vibrational bands associ- 
ated with the Ru(III)-HSpy chromophore. In this 
way, several vibrational bands which are masked in 
the IR spectra can be detected in the resonance 
Raman (RR) spectra of the complexes, as shown in 
Fig. 3. Typical RR excitation profiles for the red and 
green species are shown in Fig 1B. The maximum 
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enhancement is observed for the low frequency 
vibrations at 450 and 400 cm- I for the red species, 
and at 458,400,350 and 330 cm- ’ for the green one. 
Because of the specific electronic states involved in 
the RR effect, the enhanced bands in the region 
of the metal-ligand vibrations can be particularly 
useful in the assignment of the chromophore 
groups. Recent work 17,‘8 has shown that the metal- 
sulfur stretching vibrations usually appear in the 
region of 400-500 cm-‘. Therefore, the enhance- 
ment observed in this region is consistent with the 
presence of a Ru(III)-S bond in the complexes. On 
the other hand, the strongly enhanced vibrational 
bands at 330 and 350 cm-’ are only observed in the 
spectra of the green species, suggesting the existence 
of an additional Ru(III)-N bond in a chelate con- 
figuration. Although five geometrical isomers are 
theoretically possible in this case, recent studies’9~20 
on tetradentate ruthenium-edta complexes have 
indicated a tram configuration for the carboxylate 
groups, with the bidentate ligand lying in the plane 
of the nitrogen atoms. According to these argu- 
ments, the following structures can be proposed for 
the red and green species : 

the preceding cases, two successive reactions were 
detected in this work. The first reaction leading to 
the red complex was ascribed to the substitution of 
HZ0 by the thione ligand. The second reaction was 
associated with the partial or total conversion of 
the red complex to the green one. 

Table 1 summarizes the kinetic data for the suc- 
cessive reactions. The observed rate constants for 
the first reaction are proportional to the con- 
centration of the 2-mercaptopyridine ligand, lead- 
ing to the specific rates and activation parameters 
shown in Table 2, along with some related data 
from the literature, for comparison purposes. The 
substitution rates for the [Ru(III)(edta)H20]- com- 
plex and the corresponding activation parameters 
depend on the nature of the entering ligands, and 
are consistent with an associative mechanism, as 
previously proposed in the literature. 

In the presence of acetate buffer, the second reac- 

Table 1. Observed rate constants for the substitution 
reactions in the [Ru(III)(edta)H,O]- + 2-mercapto- 

pyridine system 

Red complex A Green complex B (3) 

Kinetic studies 

The kinetics of the substitution reactions of 
[Ru(III)(Hedta)H,O] with various entering mono- 
dentate ligands have been previously investigated 
by Matsubara and Creutz. 7 The observed rate con- 
stants were dependent on the pH, exhibiting a 
maximum value within the pH range from 2.4 to 
7.6, which correspond to the pK,s of the Hedta and 
HZ0 ligands in the complex, respectively.7,9 In the 
acetate buffer pH region, the kinetics are associated 
with the [Ru(III)(edta)H,O]- complex. Our pre- 
liminary results obtained for the substitution reac- 
tions with HSpy were similar to those reported by 
Matsubara and Creutz.7 The reactions proceeded 
according to a pseudo-first-order kinetics for at 
least two half-lives. The observed rate constants 
exhibited a maximum, practically constant value in 
the 4 < pH < 6 region. However, in contrast with 

Exp.” 
[Ll 
(M) 

1 20.0 1.00 x 10-3 
2 20.0 2.00 x lo- 3 
3 25.0 1.00 x 10-3 
4 25.0 1.50 x 10-3 
5 25.0 2.00 x 10-3 
6 25.0 2.50 x lo- 3 
7 30.0 1.00x 10-3 
8 30.0 2.00 x 10-3 
9 35.0 2.00 x 10-3 

10 40.0 2.00 x 10-3 

11 15.5 0.260 
12 20.0 0.260 
13 25.0 0.208 
14 25.0 0.260 
15 25.0 0.341 
16 30.0 0.260 
17 34.5 0.260 

18 25.0 4.5 x 10-3 
19 25.0 9.0 x lo- 3 
20 25.0 1.5 x 10-z 

9.1 1.9 
18.1 2.1 
11.7 3.1 
14.8 3.1 
21.4 3.1 
26.7 3.2 
13.5 4.6 
24.8 4.9 
29.6 7.2 
38.2 10.0 

0.49 x 10-4 
1.78 x 1O-4 
2.46 x 1O-4 
i.49 x 10-4 
2.49 x lo- 4 
3.86 x 1O-4 
6.3 x 1O-4 

11.4 
21.5 
36.3 

“I = 0.10 M lithium p-toluenesulfonate ; experiments 
l-10 refer to reactions of [Ru(III)(edta)H,O]- with 
L = 2-mercaptopyridine, pH 4.54 (acetate buffer) ; exper- 
iments 11-17 refer to reactions of [Ru(III)(edta)Spy]*- 
with L = pyridine, pH 5.48 (pyridine buffer) ; exper- 
iments 18-20 refer to reactions of [Ru(II)(edta)H,O]*- 
with L = 2_mercaptopyridine, pH 4.54. 

bObserved rate constants for the conversion of the red 
complex to the green complex. 
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Table 2. Kinetic and thermodynamic parameters for some substituted [Ru(III)(edta)L] 
complexes 

Ligand kLa AH* AS* k_, K = kJk_‘ 

2-Mercaptopyridineb 1.05 x lo4 5.8 -20 3.4 x 10-3 3.1 x 10” 
Pyridine’ 6.3 x lo3 6.1 x lo-’ 1.0 x 105 
Pyrazine’ 2.0 x 104 5.7 -20 2.0 1.0x 104 
Isonicotinamide’ 8.3 x lo3 6.6 -19 0.7 1.2 x 104 
Thiocyanate’ 2.7 x 10’ 8.9 -18 0.5 5.4 x 102 

2.5 x 1o*d 
Acetonitrile’ 3.0x 10 8.3 -24 3.2 9 

“25°C acetate buffer. 
b Monodentate binding, Z = 0.10 M Lipts. 
‘I = 0.20 M potassium trifluoromethanesulfonate, Ref. 7. 
dZ = 0.10 M Lipts, this work. 

tion proceeds to an equilibrium position [equation 
(2)], with an apparent pK, = 4.35. The observed 
rate constants shown in Table 1 do not depend 
on the concentration of 2-mercopyridine, and are 
coherent with a relaxation process involving the 
deprotonation of the coordinated ligand. In this 
case, the formal equilibrium constant can be ex- 
pressed by K = k3/k_3. m-I+], and the observed 
rate constants are given by kobs = k3 + k- 3 * [H+]. 
The calculated values of k3 and k_ 3 were 1.9 s- ’ 
and 1.2 x lo4 M- ’ s-l, respectively. 

It should be noted that the relaxation process 
observed in this work is relatively slow. Since the 
proton transfer reactions are diffusion controlled,2’ 
the measured rate can not be ascribed to a simple 
acid-base reaction. The changes in the absorption 
spectra are consistent with an appreciable reor- 
ganization of the coordination sphere. Considering 
that the deprotonated 2-mercaptopyridine ligand is 
potentially bidentate, the displacement of a coor- 
dinated carboxylate group would lead to a chelate 
chromophore group, as deduced from the RR spec- 
tra. This explanation is in harmony with the several 
examples of chelate complexes of 2-mercap- 
topyridine, previously reported in the literature.2~22 

The substitution of the HSpy ligand from the 
complex was not detected in the presence of a ligand 
such as thiocyanate, isonicotinamide or pyrazine, 
because of their unfavorable stability constants 
(Table 2). However, by using a high excess of pyri- 
dine the substitution reaction proceeded to com- 
pletion, leading to the decay of the characteristic 
charge-transfer bands in the visible. A pseudo-tist- 
order behavior was observed for at least two half- 
lives, with a saturation of kobs versus the con- 
centration of the pyridine ligand, as shown in Table 
1. A similar behavior has been reported by Mat- 
subara and Creutz7 for the substitution reactions 

of [Ru(III)(edta)L] (L = NCCH3 or SCN-) in the 
presence of pyrazine, to form [Ru(III)(edta)pz]-. In 
both cases the observed rate constant was inde- 
pendent of the pyrazine concentration, and prac- 
tically identical to the dissociation rate constant 
k-L. No evidence of direct replacement of L by 
pyrazine has been found, leading to the conclusion 
that the reaction proceeds through [Ru(III) 
(edta)H,O]- formed by dissociation of [Ru(III) 
(edta)L]. 

Based on the considerations from the literature, 
and on the microscopic reversibility principle, we 
propose the following mechanism for the sub- 
stitution reactions in the [Ru(III)(edta)Spy12- com- 
plex : 

+HO k-1* Ru-OH2 + HSpy 
2- 

kl 

k 
Ru-OH2 + py A Ru-py + H20 

(4) 

(Ru = Ru(l I I) (edta)) 

Assuming a steady-state approximation for the con- 
centration of the [Ru(III)(edta)H,O]- complex, 

d[Ru(III)(edta)Spy’-] - 
dt 

= k,,[Ru(III)(edta)Spy’-] (5) 

kobs = k,,k- ,K? '[H+lb~l . 

kDWyl+k,,byl 

Under the conditions of this work [py] << [HSpyJ, 
and the pyridine term predominates in the denomi- 
nator of equation (5). Therefore, 

kobs = k_,K;‘[H+] =2.5x 10-4s-‘. 
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Since K;’ = 2.2 x lo4 M-’ and [H+] = 3.3 x lop6 
M, k_ , can be calculated as 3.4 x 10m3 s- ‘. The 
equilibrium constant for the formation of the red 
complex is given by K, = kJk_, = 3.1 x lo6 M-l. 

The substitution reaction of [Ru(II)(edta)H,0]2- 
with HSpy was also studied in this work, in order 
to compare with the Ru(II1) reaction. The kinetics 
was typically of first order for at least two half-lives. 
The observed rate constants were proportional to 
the concentration of the HSpy ligand, as shown in 
Table 1, withk, = 2.45kO.8 x 103M-’ s-‘at 25°C 
Z = 0.10 M Lipts, pH 4.5 (acetate buffer). This value 
is two orders of magnitude higher than those 
reported by Matsubara and Creutz, 7 suggesting an 
associative mechanism for the substitution reaction 
in the [Ru(II)(edta)H2012- complex. 

Electrochemistry 

Cyclic voltammograms of the [Ru(III)(edta) 
HSpy]- complex, obtained at several pHs, are 
shown in Fig. 4. Below pH 3 and above pH 6 
only a pair of anodic and cathodic waves can be 
observed, corresponding to the reversible mono- 
electronic reduction of the red [Ru(III)(Hedta) 
HSpy] and green [Ru(III)(edta)Spy]2- species, 
with E,,2 = 0.134 V (D = 4x lop6 cm2 s-‘) and 
-0.103 V versus NHE (D = 4x low6 cm2 s-l), 
respectively. The spectroelectrochemical behavior 
of the complexes (Fig. 5) was typically reversible, 
with a Nernst slope of 0.058 V and Ee values 
consistent with those obtained from the cyclic vol- 
tammograms. The electronic spectra of the ruthen- 
ium(I1) complexes can also be seen in Fig. 5. 

In the pH range from 3 to 6, the equilibrium 
between the red and green species can be readily 
detected in the cyclic voltammograms, as shown 
in Fig. 4A. The apparent pK, value based on the 
cathodic peak heights was 4.34 f 0.05, in agreement 
with the spectrophotometric results. Three 
additional points can be explored in the cyclic vol- 
tammograms of Fig. 4. The first point is the sys- 
tematic shift of the anodic and cathodic peaks of 
the red species as a function of pH. This particular 
kind of dependence is illustrated in the internal plot 
of Fig. 4. The Nernst slope of 0.060 V/pH 
is consistent with a reversible deprotonation of 
the oxidized complex. The estimated pK, for 
the [Ru(III)(Hedta)HSpy] complex was 2.9 f 0.2. 
This value is comparable with that previously 
reported for the [Ru(III)(Hedta)H,O] complex’ 
(pK, = 2.36), involving the deprotonation of the 
non-coordinated carboxylic group. The cor- 
responding pK, for the [Ru(II)(Hedta)H,O]- com- 

0.4 0.2 0 -0.2 v 

PH 
I I I I I I I 

1.00 
2.81 
3.62 
4.03 
4.54 
5.74 
6.14 
10.40 

0.05 

0 . . . 
Fig. 4. Cyclic voltammograms of the ruthenium(III)/(II~ 
(edta) complexes of 2-mercaptopyridine (5 mM, I = 0.10 
M Lipts, 25°C) at several pHs (scan rate = 0.10 V s- ‘) 
and at several potential scan rates (pH = 4.43). The inter- 
nal plot illustrates a typical dependence of El,* versus pH 

for the red species. 

plex is 3.20,9 in comparison with pK, g 4 for the 
[Ru(II)(Hedta)HSpy]- species, esti.mated from the 
second intercept in the internal plot of Fig. 4. The 
half-wave potential for the reduction of [Ru(III) 
(edta)HSpy]-, measured at pH 4.5, was 0.082 V 
versus NHE. 

Using the redox potentials and equilibrium con- 
stants for the Ru(III)(edta) complexes, a complete 
thermodynamic cycle can be proposed, as shown in 
Fig. 6, allowing the evaluation of the corresponding 
parameters for the reduced species. 

A second point which has been analyzed in Fig. 
4B is the pronounced dependence of the relative 
heights of the cathodic waves of the red and green 
species with respect to the potential scan rates. This 
kind of behavior is consistent with scheme (6) 
involving an electrochemical process proceeded by 
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400 500 600 700 nm 

Fig. 5. Spectroelectrochemistry of the ruthenium(III)/ 
(II)-(edta) complexes of 2-mercaptopyridine at (A) pH 
2.8, and(B) pH 9.2, Z = 0.10 M Lipts. Applied potentials. 
(a) 0.22, (b) 0.32, (c) 0.42, (d) 0.12, (e) -0.13 and (f) 

-0.28 V versus NHE. 

a chemical reaction : 

[(edta)Ru(III)Spy]*- + H+ 

% [(edta)Ru(III)HSpy]- 
3 

I 
+e 

[(edta)Ru(II)HSpy]‘- 

(6) 

At low potential scan rates, the chemical reaction 
competes with the electrochemical process and the 
current function becomes dependent on the kinetic 
constants k_3 and k3, as well as, on the potential 
scan rates a. In this case, the kinetic constants 
can be estimated using Nicholson and Shain’sz3 
equation (7), where i is the observed cathodic 
current for the red species and id is the diffusion- 
controlled current calculated from the data in the 
absence of chemical reactions. 

: = 1.02+ ~(k3+&H+l)li2- (7) 

Theoretical analysis has shown that the con- 
tribution of the green species to the currents meas- 
ured at the peak potentials of the red species is 

Eon-0.010 V 
[Ru(lll)(edta)H20]- _ [Ru(lI)(edta)H20]*- 

+ HSPY + HSPY 

). t 

kl k-l k2 k-2 

K,=3.1x106 M-' K =l 1~10~ M-' 
\ t2' 

E"= 0.082 V 
[Ru(lll)(edta)HSpy]- - [Ru(ll)(edta)HSpy]*- 

\ 
K3=4.5x10-5 M K4=3.1x10 -8 M 

\ 

[Ru(llI)(edta)Spy]*- w 
E"=-0.105 V 

[R~(ll)(edta)Spy]~- 

+H 
+ 

+H 
+ 

kl = 1.05 x IO4 M-'5-l , k_, a 3.4 x 10 -3 s-1 , 

k2 = 2 * 45 x lo* M-'5-l . k_* = 2.2 x 10 -5 s-1 

k3 = 1.9 s-l, 
k-3 

= 4.2 x IO4 &, 

k4 = 7 x 10 -4 s-1, k_4 = 2.5 x 10 4 M -1 s -1 . 

Fig. 6. Thermodynamic cycle for the ruthenium(III)/(IIHedta) complexes of 2-mercaptopyridine 
(25°C Z = 0.10 M Lipts, pH 4.54 acetate buffer). 
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practically zero. Typical results for kobs 
= k3+k_ 3.[H+] obtained at pH 4.55 and at 
potential scan rates of 0.200, 0.100, 0.075, 0.050 
V s- ’ were 3.0, 3.3, 3.2 and 3.0 s- ‘, respectively, 
with an average of 3.lkO.2 s-l. From the values 
of K and kobs, the kinetic constants k3 and k_3 
were calculated as 1.9 s- ’ and 4.2 x lo4 M- ’ s-l, 
respectively, in excellent agreement with the 
stopped-flow results. 

The third interesting aspect is the dependence 
of the relative heights of the anodic peaks on the 
potential scan rates, as shown in Fig. 4B. At high 
rates, the reduced forms of the red and green species 
are reoxidized rapidly enough during the reverse 
scan, allowing the evaluation of the interconversion 
rates from the measurements of the anodic peak 
heights as a function of time. The observed rate 
constant, kobs = k4+k_4* [H+], obtained in this 
way at pH 4.55, was 0.68 kO.07 s- ‘. Based on the 
equilibrium constant of the ruthenium(I1) complex 
estimated from the thermodynamic cycle in Fig. 6 
(K4 = k,/k_ 4 - [H+]), we obtained k, = 7 x 10e4 s- ’ 
and k_4 = 2.5 x lo4 M- ’ s- ‘. 

A comparison of the thermodynamic and kinetic 
parameters of the ruthenium(II1) and (II) com- 
plexes can be seen in Fig. 6. The Ru(I1) complexes 
are relatively more stable and inert than the Ru(II1) 
ones, with kk2 = k2/K2 = 5 x 10e5 s-‘. According 
to the thermodynamic data, the bidentate ruthen- 
ium(I1) species is more susceptible to protonation 
than the corresponding ruthenium(II1) analog. The 
difference, however, is associated with the k3 and 
k, constants, rather than with the k_ 3 and k_4 
protonation constants. The higher basicity of the 
ruthenium(I1) mercaptopyridine complex is con- 
sistent with the expected backbonding interactions 
in the system. 
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Ah&act-Protonation and complex formation equilibria between zinc and nickel ions with 
3-(2-naphthyl)-2-mercaptopropenoic acid (NMPA) have been studied in 50% (v/v) water- 
ethanol solutions containing 1 M NaClO, as constant ionic medium at 25°C using glass 
electrode potentiometry. Initial estimates of complex formation constants were refined with 
the MINIGLASS program. Protonation constants for the ligand and formation constants 
for the complexes Ni(NMPA), Ni(NMPA)2, Zn(NMPA)H, Zn(NMPA) and Zn(NMPA)2 
are reported. 

Studies of several 3-aryl-2-mercaptopropenoic acids 
as analytical reagents for the spectrophotometric 
determination of metal ions have been reported 
because of their selectivity and high sensitivity for 
certain metal ions as nickel(II),’ titanium(IV)2 or 
molybdenum(VI).3 Although there are few ref- 
erences about the complexation of metals with these 
compounds,4,5 it has been shown that the metal 
complexes formed with the 3-aryl-2-mercapto- 
propenoic acids are more stable that the formed 
with 3-aryl-2-mercaptopropanoic acids ;6 this 
effect is due to the conjugated double bond between 
carbonyl and aryl groups. 

In biological studies, Foye and Lo4 reported anti- 
bacterial activity for the 3-phenyl-2-mercapto- 
propenoic acid, and Wagner et al.’ found that 
the aryl-mercaptopropenoic acids were potent 
inhibitors of metalloenzymes ; it seems that the 
strong complexation of this type of compounds with 
metal ions has effect in trace metal metabolism. 

In the preserit work we have studied the 
complexation of 3-(naphthyl)-2-mercaptopropenoic 
acid against the nickel(I1) and zinc(I1) metal ions 
by glass electrode potentiometry7 to find the effect 
of enlarging the 3-aryl group in the stability of 
complexes with divalent ions. This study has been 

*Author to whom correspondence should be addressed. 

carried out in water-ethanol medium (50% v/v) 
because of the low solubility of this ligand in aque- 
ous medium. The ionic strength of medium was 
1.00 M in NaC104, and the temperature was kept 
constant to 25 + 0.1 “C. 

EXPERIMENTAL 

Materials 

3-(2-Naphthyl)-2-mercaptopropenoic acid 
(NMPA) was synthesized following the procedure 
of Campaigne and Cline’ by condensation of 
2-naphthaldehyde with rhodanine, subsequent 
hydrolysis in alkaline medium, and acidification 
with mineral acid. By twice recrystallization from 
benzene under nitrogen the NMPA was obtained 
as yellow crystals with m.p. 170°C. The purity was 
determined by potentiometric titration with sodium 
hydroxide and by iodometric titration with potas- 
sium iodate solution.9 Both sets of titrations were 
performed in water-ethanol medium because of the 
low solubility of NMPA in water. Found : C, 64.9 ; 
H, 4.32; S, 13.70. Required for Cl3H1,3O$: C, 
64.60 ; H, 4.38 ; S, 13.90%. 

Solutions of NMPA were prepared immediately 
before use to avoid the oxidation of the mercapto 
group. 

Nickel(I1) and zinc(I1) perchlorates were pre- 
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pared by dissolving NiC03 and ZnO, respectively, 
in a 1: 1 perchloric acid solution and recrystallized 
from water. Nickel(I1) stock solution was stan- 
dardized gravimetrically as dimethylglioximate 
and the zinc(I1) solution was determined by com- 
plexometric titration with EDTA.” 

Method 

Carbonate-free sodium hydroxide solution in 
water-ethanol medium (50% v/v) was prepared 
from sodium hydroxide pellets, and standardized 
by titration against potassium hydrogen phthalate. 

Stock solutions of aqueous perchloric acid were 
standardized against recrystallized sodium tetra- 
borate. ’ ’ 

Protonation constants for NMPA and formation 
constants for their metal complexes were deter- 
mined by potentiometric titration in a jacketed 
vessel, thermostatted at 25 &- O.l”C by circulating 
water. Acidic solutions (TX) containing the 
reagents (ligand or ligand-metal) were titrated with 
sodium hydroxide solution, and during the titration 
pure nitrogen ’ ’ was passed through the solution 
to remove dissolved oxygen. The variation of free 
hydrogen ion concentration was measured using the 
cell : 

Solutions were prepared with double distilled 
water and absolute ethanol, so that all solutions 
were 50% (v/v) water-ethanol. To maintain ionic 
strength, the solutions were made up to a per- 
chlorate concentration of 1.00 M by addition of 
sodium perchlorate stock solution. The ionic 
medium (NaClO,) was prepared from sodium car- 
bonate and perchloric acid by a literature method. ” 

Ag/AgCl@) 
0.01 M NaCl* 

0.99 M NaClO, 

I I Glass 
1 M NaClO,* T.S.* electrode 

* 50% (v/v) ethanol-water. 

All solutions were deaerated with nitrogen before 
use, and all reagents were of analytical grade. 

The electrode system was calibrated in terms of 
hydrogen ion concentration by the Gran method. ’ 7 

Apparatus 

Radiometer PHM 84 pH-meter was used with a 
Radiometer G 202 B glass electrode and an 
Ag/AgCl reference electrode’ 3 in a Wilhelm-type 
salt bridge. I4 The titrations corresponding to a 
complex formation with NMPA with Ni(I1) and 
Zn(I1) were performed with an automatic titration 
and data acquisition assembly described in a pre- 
vious work. l5 

Protonation curves of NMPA were obtained at 
several ligand concentrations, and the complex for- 
mation curves were obtained at different metal con- 
centrations and different ligand : metal ratios. The 
experimental conditions of titrations performed are 
listed in Table 1. The concentration of ligand is 
limited by its low solubility, even in the water- 
ethanol medium. 

RESULTS AND DISCUSSION 

The sodium hydroxide solution was added with The protonation curve of NMPA shows two pro- 
a Metrohm E 415 automatic burette. The tem- tonation constants, corresponding to carboxylate 
perature was controlled by a Selecta mod. Tectron and thiol groups. By comparing this curve with 
thermostat. a set of normalized curves, ’ 8 approximate values 

Table 1. Experimental conditions of potentiometric titrations 

Titr. [NMPAI, N2% 
number (mM) (mM) 

[zn2+lo Ligand/metal Range of 

(mW ratio -1ogwl 

1 1.348 - - 3.5-9.5 
2 2.250 - - 3.3-9.9 
3 2.627 - - - 3.3-10.0 
4 1.850 0.581 - 3.2 2.3-3.7 
5 2.140 0.870 2.5 2.2-3.5 
6 3.259 1.308 2.5 2.3-3.7 
7 2.654 2.616 - 1.0 2.4-3.6 
8 2.231 0.512 4.4 2.0-3.7 
9 3.147 1.025 3.1 2.C3.7 

10 2.327 - 1.025 2.3 2.0-3.6 
11 2.369 2.050 1.2 2.C3.6 
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found for the constants were log(j?,,,) = 8.9 and 
log(/!Y,,,) = 13.05. 

The formation curves for the Ni(II)-NMPA sys- 
tem corresponding to several metal concentrations 
were all superimposable (Fig. 1) ; thus indicating 
that for this system only the mononuclear NiL and 
NiL:- species were present in the concentration 
range studied. Initial values for stability constants 
obtained by comparison with normalized curves 
were log (/I, ,0) = 9.85 and log (j12,,,) = 20. 

For the Zn(II)-NMPA system, the formation 
curves from different titrations were not all super- 
imposables (Fig. 2), as those corresponding to a low 
ligand : metal ratio show a deviation. Furthermore, 
the other curves showed no correspondence with 
the set of normalized curves, showing the presence 
of another species other than the mononuclear ones. 

Numerical calculations of these systems were per- 
formed on a HP 9816 S desk computer, by using 
the MINIGLASS program. I5 The protonation con- 
stants were refined using the PKAS procedure ; in 
this case the function minimized (U) is defined by : 

u= i ~-~~~[H+l~,,~,+~~~[H+l~,,~~~*. i= 1 

The complex equilibria between NMPA and Ni(I1) 
and Zn(I1) were studied using the COMPLEX pro- 
cedure of MINIGLASS. For comparison of results, 

we have used the two possible options, refining by 
the -log [H+] of the solution and by the titrant 
volume added (I’,). For the Ni(II)--NMPA system, 
the obtained values of formation constants were 
consistent with those calculated graphically. In the 
Zn(II)-NMPA system the best set of species com- 
patible with the experimental data were 1: 1: 1, 
1: 1 : 0 and 2: 1 : 0 (referred to ligand: metal: 
hydrogen), and the values obtained refining by 
-log [H+] and V, were virtually the same. With 
the set of constants obtained for this system, were 
have constructed the theoretical formation curves 
for titrations 8-11 (Fig. 3) showing good agreement 
with the experimental formation curves. 

The results of calculations for protonation and 
complex formation constants, together with the 
final values, are summarized in Table 2. 

By comparing the pKa values for NMPA cal- 
culated from the protonation constants (pK,, = 
4.16, pK,, = 8.89) with those of the analogous 
compound, 3-( I-naphthyl)-2-mercaptopropenoic 
acid” with pK,, = 4.07 and pKO, = 9.32 in the 
same medium, we have seen that the dissoci- 
ation constants for the carboxyl groups are very 
similar, but the acidity of thiol group is higher in 
3-(2-naphthyl)-2-mercaptopropenoic acid than in 
the 1-naphthyl derivative, as might be expected 
from the different resonant effect in the position 
2 of the naphthyl group. 

Fig. 1. Experimental formation curves for the Ni(II)-NMPA system. Symbols are : (0) titr. 4, (0) 
titr. 5, (A) titr. 6 and (0) titr. 7. Solid line is the theoretical curve after the constants given in 

Table 2. 
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- logCfl’1 

Fig. 2. Experimental formation curves for the Zn(II)-NMPA-H system. Symbols : (0) titr. 8, (0) 
titr. 9, (A) titr. 10 and (0) titr. 11. 

0 
9 9 10 11 12 

- logCA=l 

Fig. 3. Calculated formation curves for the Zn(II)-NMPA-H system from the constants of Table 2. 
Symbols as in Fig. 2. 
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Table 2. Calculated formation constants (at 25°C 1 M NaClO, in water-ethanol 50% 
medium) 

617 

Metal log (8lmlJ 
ion 101 102 111 110 210 

H+b 9.890(3) 
Niz+C 

NiZ+d 

Zn2+” 
Zn2+d 

Proposed values 

;;+ 
8.890(3) 

Zn2+ 

13.053(5) 
9.820(8) 19.998(4) 
9.868(11) 19.978(5) 

12.794(7) 9.701(5) 19.047(6) 
12.792(14) 9.695(7) 19.042(7) 

13.053(5) 
9.84(4) 19.98(2) 

12.79(2) 9.70(2) 19.04(2) 

‘The estimated standard deviation on the final digit is given in parentheses. 
b Calculated by PKAS procedure. 
c,d Calculated by COMPLEX procedure (by Vt and -log [HI, respectively). 

In reference to complex formation with Ni(I1) With the final values of constants in Table 2, we 
and Zn(I1) ions, the lack of formation of poly- have studied the species distribution for the systems 
nuclear species founded in saturated mercaptoacids Ni(II)-NMPA and Zn(II)-NMPA-H (see Figs 4 
without arylic substituent with these metal ions, and 5) for a metal and ligand concentrations of 
as in mercaptoacetic” or 2-mercaptopropanoic*’ 1 mM and 3 mM, respectively. The obtained dis- 
acids, can be explained by steric hindrance and the tributions show the high alhnity of NMPA for these 
resonance effect between the sulphur atom and the divalent ions as, at -log [H+] = 4, less than 1% of 
naphthyl group through the conjugated double metal ion remains uncomplexed. Analytical interest 
bond in the 3-aryl-2-mercaptopropenoic acids. has the reaction of NMPA with the Ni(I1) ion, 
Similar evidence was found by Wagner et al.’ in because at this acidity level the complex 
studying the complexation of several 3-aryl-2-mer- Ni(NMPA)‘- is practically the only Ni(I1) species 
captopropenoic acids with these metal ions. present. 

RLFFI 

2 3 4 
-log CHI 

Fig. 4. Species distribution for Ni(H)-NMPA complexes. INi’+] = 1 mM, [NMPA] = 3 mM. 
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RLFR 

1. 
2. 
3. 
4. 

5. 

6. 

7. 
8. 

9. 
10. 

11. 

2 3 4 
-1ogCHI 

Fig. 5. Species distribution for Zn(II)-NMPA-H complexes. [Zn”] = 1 mM, [NMPA] = 3 mM. 
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Abstract-The mathematical modelling procedure developed previously for predicting the 
structure of &so-B,Hi-, nido-B,H:- and aruchno-B,H,6- has been extended to the next 
two homologous series, for which the names eka-B,H,8- and ~uLz-B,H~~- are proposed. 
Specific structural predictions are made for each of these molecules, most of which have 
yet to be synthesised. An atom-electron map is proposed that conveniently shows the 
relation between the boron hydrides and the’hydrocarbons (and related species such as the 
polyphosphide and polysulfide ions). 

The &so-boron hydrides, B,Hi-, consist of poly- 
hedral clusters of boron atoms, the structures of 
which can be mathematically modelled if it is 
assumed that each boron atom interacts with every 
other boron atom in the cluster, the extent of the 
interaction depending only upon the interatomic 
distance. I-3 A useful potential that relates the 
energy between any pair of boron atoms, r&&g. to 
the internuclear distance, dKB, is given by the bi- 
reciprocal expression (1) : 

1 1 
u&B=---. 

8 d&B B-B 

In comparison with molecular orbital methods, this 
technique replaces a small number of very strongly 
bonding interactions across the interior of the poly- 
hedron by a larger number of weaker cross-poly- 
hedral interactions that have bonding energies com- 
parable to the interactions around the surface of 
the cluster. 

The structures of the nido-boron hydrides that 
are based on the formula B,Hi- can be obtained in 
the same manner if an interaction, uBep, between 
the additional electron pair and each boron atom is 
incorporated into the model,4 a suitable expression 
being : 

e.9 1m 

(2) 

Increasing the number of electron pairs in the mole- 
cule, as in uruchno-B,H,6-, requires the addition of 

*Author to whom corxspondence should be addressed. 
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an interaction between the electron pairs, u_, an 
appropriate expression being : 

0.1 
Z.&_=- 

d4 * 
epeP 

(3) 

In the expressions (l)-(3), energy and distance are 
both in arbitrary units but nevertheless the stereo- 
chemical arrangement of atoms can be accurately 
predicted. 

In this work, these three potentials are used to 
extrapolate these structural predictions to mole- 
cules based on the series B,H,8- and B,,Hj’-. Some 
comments are first made on the extent of this area 
of interest. 

THE RELATION BETWEEN THE 
HOMOLOGOUS SERIES OF BORON 

HYDRIDES AND THE HOMOLOGOUS 
SERIES OF HYDROCARBONS 

The addition of successive pairs of electrons to 
the &so-boron hydrides, B,Hz-, forms homo- 
logous series based on the formulae nido-B,Hi- 
and arachno-B,,H,6-, the structural prefixes denot- 
ing closed convex polyhedral structures, partially 
opened out nest-like structures, and more com- 
pletely opened out and more complex spider web- 
like structures, respectively. The addition of n elec- 
tron pairs to the &so-compounds would form 
B Hi&+ 2)-, isoelectronic with the homologous series 
0; saturated hydrocarbons C,Hti+ 2. Progressing in 
the reverse direction, that is by the removal of an 
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electron pair from the saturated hydrocarbons and 
the addition of one “bond”, forms the cyclic hydro- 
carbons and the alkenes, C,Hti. (In this electron 
counting exercise, a double bond can simply be 
imagined as a two-membered ring.) Removal of a 
second electron pair and addition of another bond 
forms CnH2n-2, the bicyclic alkanes, monocyclic 
alkenes, dienes and alkynes. A dominant feature of 
this area of chemistry is the very large number of 
structural isomers possible for any chemical com- 
position. 

We propose that the relation between the homo- 
logous series based on the boron hydrides and the 
homologous series based on the hydrocarbons is 
conveniently depicted by the atom-electron map 
shown in Fig. 1. Each hexagonal cell represents 
a fixed number of skeletal atoms and a fixed number 
of electron pairs. The number of skeletal atoms, n, 

increases on descending the map and the number 
of electron pairs increase from left to right. The 
three sloping columns on the left hand side cor- 
responding to the three homologous series of boron 
hydrides are indicated, as are the three sloping col- 
umns on the right hand side corresponding to the 
first three series of hydrocarbons. It is clear that 
these two sets of homologous series meet and cross 
near the top of the map. The top hexagonal cell at 
n = 0 corresponds to Hz, the two cells at n = 1 
correspond to BH3 and CH4, respectively (and iso- 
electronic species such as BH2- and BH;), the three 
cells at n = 2 correspond to B,H:-, B2H6 (or C2H3 
and C2H6, respectively, and so on. 

The observation that these two sets of homo- 
logous series, one based on the boron hydrides 
and one based on the hydrocarbons, are not parallel 
with one another leads to a dilemma in chemical 

Fig. 1. Atomelectron map. Each hexagonal cell represents a fixed number of atoms and a fixed 
number of electron pairs, the number of atoms n increasing from top to bottom and the number of 
electron pairs increasing from left to right. The locations of the first three homologous series of boron 
hydrides are shown, as are the first three homologous series of hydrocarbons. The heavy zig-zag 
vertical line represents the left hand limit for which two electron/two atom bonding schemes can be 

drawn. 
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nomenclature. Continuation of the structural pre- 
fixes, close-, nido-, arachno- to subsequent series 
B,H;-, where x = 8, 10, 12, is not appropriate as 
the type of structure is expected to depend upon the 
size of the cluster. Smaller members, for example 
B,H:‘- which is isoelectronic with the alkene C4HI o, 
would be expected to have opened out structures 
whereas the larger members of the same series, for 
example BirHit-, would be expected to retain 
much of the cluster characteristics of the close-, 
nido- and arachno-compounds. Prefixes that have 
been used include hypho- and conjuncto-. There are 
very few compounds known of the types B,Hi- 
and B,H,! ‘- and until more information is available 
we propose the use of the following temporary pre- 
fixes. The first is eku- (Sanskrit : one), which has an 
illustrious chemical tradition as it was chosen by 
Mendeleev for unknown elements whose existence 
was required to fill the spaces in his Periodic Table ; 
it could also be used for the first series beyond the 
arachno-series. The subsequent series would then 
become dva- (Sanskrit : two). 

The heavy vertical zig-zag line in Fig. 1 is the left 
hand limit for which classical two electron/two 
atom bonding schemes can be drawn for molecules 
containing skeletal atoms restricted to a valency of 
four and in which each skeletal atom is bonded to 
one non-skeletal atom or group, or contains one 
non-bonding pair of electrons. Examples to the 
immediate right hand side of this zig-zag line 
include C,H, or P, (n = even) and C, Hn+ , or P; 
(n = odd). For example, P:- ’ and Sb:- 6 are 
adequately represented as analogues of tricyclo- 
heptane CrH, o, with P atoms replacing CH groups 
and P- ions replacing CHr groups. 

It is not clear where the right hand limit for 
compounds based on clusters exists in Fig. 1, 
although it does appear to overlap the left hand 
limit of the classical structures. 

It is also clear from Fig. 1 that for larger mol- 
ecules there is an area between the arachno-ser- 
ies and the classical structure limit. This area of 
chemistry is relatively unknown. 

These questions are further explored in this paper 
using the mathematical modelling procedures that 
have been developed for cluster compounds and 
summarized above. 

RESULTS 

As might have been expected, the structural 
chemistry of the compounds in the area investigated 
is complicated by the large number of isomers that 
occur and it did not appear to be feasible to locate 
all possible minima on the potential energy surfaces. 
The more stable isomers that have been located so 

Table 1. Energies (arbitrary units) for those eku-B,H,8- 
depicted in Fig. 2 (in the same order) 

B,H,8- Energies 

B,H;- -4.7897 
Ba:- - 6.8350, - 6.7772 
BSH;- -9.0768 
B&- -11.4974, -11.4498, -11.4163 
B,H;- -14.1054, -14.1074, -14.1113, -14.1314 
B*H;- - 16.9436, - 17.0434 
BgH;- -20.0775, -20.1581, -20.0816 
B,,% -23.4723, -23.4285, -23.4676, -23.4380 
B,,% -26.9791, -26.9981, -26.9646 
B,&; - 30.7655, - 30.7254 

far for each member of the eka-B,H,8- series are 
shown in Fig. 2 ; only those isomers that are within 
0.1000 energy units of the most stable structure are 
shown (Table 1). Similarly Fig. 3 and Table 2 list 
the more favourable structures found for the dva- 
B H”- series. n n 

The eka-B,Hi- series 

The calculations show that eka-B,Ht- is ex- 
pected to have a bent structure with the three 
electron pairs in a plane at right angles to the plane 
of the three skeletal atoms. This structure is in con- 
trast to the equilaterial triangular arrangement pre- 
dicted’ for close-B,H:-, nido-B,H:- and arachno- 
B,H$-, an example of the latter structure being 
Pr3P3.8 Examples of the bent eka-B3Hi- structure 
include the isoelectronic propane C3 Hs, and groups 
of heavier atoms such as Pi-, S:-, Te:- and 
I:.“’ 

Figure 2 shows the two possible structures for 
eka-B4Hi-. The first is a four-membered ring as is 
observed in cyclobutane, C4Hs, Pi- and As:-.‘*,‘~ 
The second possible structure is the less stable 
planar open-chain trapezoidal arrangement. A 

Table 2. Energies (arbitrary units) for those &a-B,,Hi’- 
depicted in Fig. 3 (in the same order) 

B H’O- n n Energies 

B H’O- 4 4 - 8.5295 
B H’O- 5 5 -11.1750, -11.0988 
B H’O- 6 6 - 14.0064, - 13.9458 
B H’O- 
B:Hi’- 

- 16.9769, - 16.9937, - 16.9858, - 17.0114 
- 20.2880, - 20.2926 

B,H;‘- -23.8335, -23.7709 
B,oI-G- - 27.5837, - 27.5859 
B H’O- II II -31.5262, -31.5145 
B,J-%- - 35.7478 
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n=3 Q 
n=4 -c 
n=S 

n=8 

n=@ 

n = 10 

n = 11 

n= 12 

Fig. 2. Structures of &a-B,H,8-. 

cyclic structure is also predicted as the most stable related monocyclic structure is formed by breaking 
arrangement for eku-B5H~-, or cyclopentene, the l-3 “bond” ; both structures can be considered 
CSHS. as isomers of C6H8. If the three electron pairs are 

A number of isomers are possible for BeHi-. The arranged on the same side of the molecule, a struc- 
most stable structure consists of a five-membered ture of four linked triangles is formed, as is observed 
ring linked to a three-membered ring while a closely in B6H ,,,(PMe&. l4 A fourth isomer, existing as a 
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Fig. 3. Structures of Axz-B,Hj”-. 
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minimum on the potential energy surface but not molecular orbital calculations have been used to 
shown in Fig. 2 because. it is 0.1088 energy units predict a significant distortion of the prism. I6 
less stable than the bicyclic structure, consists of a Figure 2 shows that for eku-B,H,8-, where n = 7- 
trigonal prismatic arrangement of atoms with a pair 12, the predicted structures are complex clusters but 
of electrons outside each of the rectangular faces. there appears to be little experimental confirmation 
This trigonal prismatic structure is experimentally for compounds in this area. Some structural 
known for Tez+,” although it may be noted that relationships are discussed later. 
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The dva-B,HA ‘- series 

Ring structures are predicted for B,H:‘- and 
B,H:‘- (Fig. 3) with two pairs of electrons on each 
side of the ring. In addition, a second isomer is 
possible for B5Hio-, with one electron pair on one 
side of the molecule and three electron pairs on the 
other side of the molecule. Similarly,the most stable 
structure for B,HA’- is a planar six-membered ring 
with two electron pairs on each side. This structure 
is known for the Pi- anion.17 It may be noted, 
however, that the structure of the P:- anion’ (and 
a number of closely related species ’ ‘), does not have 
any of the structures shown in Fig. 3 for B7Hi0-, 
but has a conventional structure based on simple 
electron pair bonds with octets about each atom. 

The larger dua-boranes consist of complex clus- 
ters of atoms only some of which have high 
symmetry, for example the pentagonal anti- 
prismatic structure of BloHi t- and the hexagonal 
antiprismatic structure of B , 2H 1 i-. Another inter- 
esting structure is the second isomer found for 
B; iHi:- which can be considered as a 156 stack 
with one atom in the pentagonal plane missing (Fig. 
3). This structure has Czv symmetry, the two-fold 
axis passing through the atom in the bottom right 
hand corner of the view shown in Fig. 3. Alter- 
natively, this structure can be considered to be based 
on two linked six-membered rings forming a wedge 
enclosing the other two atoms, with two pairs of 
electrons outside each hexagonal ring. Replacement 
of the two enclosed atoms with electron pairs would 
form a highly symmetrical D3,, structure composed 
of two three-membered rings and three six-mem- 
bered rings, with two electron pairs outside each 
six-membered ring. This structure also occurs as a 
minimum on the potential energy surface and is 
predicted for catur-B,Hi4- (catur : Sanskrit for 
four) and related molecules including Pz- and S;+. 

DISCUSSION 

It has been noted previously4 that one of the 
isomers for each of the arachno-B,Hz- compounds 
has a structure closely related to the single structure 
for each of the nido-B,Hi- compounds, in which 
the single electron pair in the nido-compound is 
replaced by two adjacent electron pairs in the 
arachno-compound. Similarly in this work it is found 
that many of the eka-B,H,8- compounds are related 
to an arachno-isomer, and that many of the dva- 
B,H,“- isomers are related to an eka-isomer. In 
some instances the same structure is observed 
across the three series, arachno-B,H,6-, eka-B,H.8- 
and dva-B,,H,’ O-. For example, the most stable 
structure found for B,H$-, B5Ht- and B,H:‘- is 

a pentagonal ring with electron pairs distributed on 
both sides of the ring. Similarly a hexagonal ring is 
found for B,Hi-, BeHi- and B,Hk’-. In B,H$- 
there are two isomers common across the three 
series, the first consisting of a hexagon and a tri- 
angle sharing an edge, and the second consisting 
of two edge-shared triangles with three additional 
atoms completing the ring (Figs 2 and 3). An even 
more extensive structural series is found for the 
nonaboranes, where the structure derived from an 
icosahedron by removal of the three atoms from 
the same face and replacing them with a region of 
increasing electron density is found for nido- 
B,HG-, arachno-B,Ht-, eka-B9Hi- (0.1110 energy 
units less stable than the most stable structure and 
therefore not shown in Fig. 2) and dva-B9Hbo- 
(0.2153 energy units higher than the most stable 
structure and therefore not shown in Fig. 3). 

In order to examine the overall structural pattern 
in these molecules it is instructive to consider the 
series of twelve atom clusters, B , 2H;;, where x = 2, 
4, 6, 8 and 10 (Fig. 4). The close-compound, 
B, 2H:;, is a regular icosahedron. The icosahedron 
is also obtained for nido-B,,H:;, which contains 
the additional pair of electrons at the centre of the 
cluster. The second additional pair of electrons in 
arachno-B 1 2Hy; opens out the polyhedron to form 
a distorted 156 stack in which one pair of electrons 
is at the centre of the cluster and the other is outside 
the hexagonal face. A distorted variant of this struc- 
ture is found in C4Me4BsHs(C5H4)Co(C5H5)” 
(the cobalt atom is not part of the cage formed by 
the four carbon atoms and eight boron atoms). 
Extension to eka-B, *Hf; yields two possible iso- 
mers as separate potential energy minima. The first 
is the hexagonal antiprism in which one electron 
pair is situated in the centre of the cluster with the 
other two electron pairs situated outside the two 
hexagonal faces. The second isomer is the 156 stack 
in which one electron pair is in the interior of the 
molecule, one near the centre of the hexagonal face 
and one outside the hexagonal face. Addition of a 
fourth electron pair to form &a-B 1 1H i !- leads only 
to a distorted hexagonal antiprism with one electron 
pair near the centre, one outside one hexagonal face 
and two outside the other. 

It is often convenient to consider nido-com- 
pounds containing less than twelve skeletal atoms 
to be fragments of icosahedra, the only exception 
being the small B,Hz-, which is square pyramidal. 
Similarly, the arachno-compounds can be con- 
sidered as fragments of an icosahedron or frag- 
ments of a 156 stack, or both, the only exception 
being the square isomer of the small B4H2- anion. 
These descriptions in terms of fragments of these 
twelve-vertex polyhedra appear to be more useful 
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Fig. 4. Structures, from left to right, of closo-BlzH&, nido-B,,Hf;, arnchno-Br2Hy;, eku-B12Hf; 
(two isomers) and duu-B , PH f :-. 
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than the description as fragments of the closo-com- 
pounds. 

The structural predictions made in this work in 
general cannot as yet be verified because boranes 
corresponding to many of the hexagonal cells in 
Fig. 1 have not yet been synthesized. A great many 
carboranes are now known but the vast majority 
contain only two skeletal carbon atoms as they are 
usually synthesized by incorporating alkynes into 
boranes. Care needs to be taken in extrapolating 
the structural correlations found here to molecules 
containing other elements. There are two main 
reasons for this caution : 

(1) The atom-atom potential (1) used in this work 
was derived from the structures of &so-B,Hi- and 
&so-B,HG-. ’ However, mathematical modelling 
of clusters of the heavier p-block elements, for 
example, Sri:-, TlSni- and TlSnz-, yield sig- 
nificantly “harder” potentials such as : 3 

1 1 --_- 
USn-Sn - d&s, ds,sn . 

Further extension to transition metal organo- 
metallic clusters yields very hard potentials as in, 
for example, [Os,(CO),J and [Rh9(C0)19]3- :3 

1 1 
%s-os = --- 

d” OS46 &OS * 

At the present time nearly all the electron-rich com- 
pounds beyond the arachno-series contain organo- 
metallic fragments incorporated into the borane 
fragment and the resulting distortions make the 
perception of structural correlations difficult. *’ 

Even replacement of a boron atom in the formula 
of a borane by an isoelectronic carbon cation, C+, 
is possible to only a limited extent before substantial 
structural changes are observed. For example,in 
nido-C4Me4B8H8*’ and nido-C4Et4B8H8*’ the C4Bs 
icosahedra are distorted due to the lengthening of 
the CC edges so that the coordination number of 
the carbon atoms is reduced from six to five. In 

many carbon-rich carboranes the carbon atom is 
bonded to two terminal groups and the group is 
displaced out of the cluster of remaining atoms until 
it approximates to a methylene group bridging two 
of the remaining cluster atoms.*’ Conversely, it is 
possible to visualize many carbon-rich carboranes 
as basic hydrocarbon skeletons in which a CH2 
group is replaced by a BH group, regardless of 
electron count. Thus C4H4B6Me6 adopts the 
adamantane structure rather than that expected for 
nido-B,,H:,.** 

(2) The atomelectron pair potential used in this 
work was derived from nido-B ,0H,4 and the mini- 
mum potential occurs at about the same boron- 
electron pair distance as the boron-boron distance 
corresponding to the minimum boron-boron 
potential.4 That is, in a borane the electron pair 
occupies approximately the same space as a boron 
atom. Thus addition of one electron pair to 
the tetrahedral close-B,H:- forms nido-B,H:- in 
which the structure is partially opened out and con- 
sists of only two triangles sharing an edge.4 How- 
ever P4, As4 and Sb4, which have the nido-electron 
count, appear to be regular tetrahedral.23 This 
structure can be attributed to the additional elec- 
tron pair occupying less space than the phosphorus 
atoms and can be accommodated at the centre of 
the cluster. The situation can be likened to the con- 
traction of non-bonding pairs of electrons in simple 
compounds such as [MX,(lone pair)] as the Periodic 
Table is descended.24 Similarly many Zintl phases 
AX and BX2 (A = Na, K, Rb, Cs; B = Sr, 
Ba ; X = Si, Ge, Sn, Pb) contain tetrahedral 
Xi- ions,25*26 as do Na8(T14)27 and [K(2,2,2- 
wptMPb2W-** On the other hand, molecules 
such as P, can be simply represented as each phos- 
phorus atom forming simple localized electron pair 
bonds to the other three phosphorus atoms, with a 
non-bonding pair of electrons completing a tetra- 
hedral arrangement of electron pairs. 

For these heavier elements a second electron pair 
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is required to form the opened out structure, as in 
P,Hzzv and Sii-,3o similar to B4HI0 or dicyclo- 
butane, C4H6. In these compounds the two elec- 
tron pairs occupy the c&sites of an octahedron with 
the four skeletal atoms at the other four vertices. 
An octahedral structure with electron pairs in trans- 
sites and a square planar arrangement of atoms is 
compounds such as [WwpOl GW, 3 ’ 
[Wrw012@i~),32 C%WS207)233 and CkJW 
Cl,),. 34 

Larger clusters of the p-block elements with the 
nido-electron count also have polyhedral structures 
closely related to the &so-compounds and the 
additional electron pair can again be imagined as 
being located in the centre of the cavity. Examples 
include Gei-,3S S& 36-38 and Biz+.3v 

In an analogous manner the electron count of the 
larger transition metal carbonyl clusters can also be 
interpreted in terms of the 18-electron rule with an 
additional electron pair being located at the centre 
of the cluster leading to, for example, the 86 electron 
octahedral clusters such as [Rh,(CO), J. 
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Abstract-Bis(tetrasulfido)nickelate(II) is synthesized by the reaction of tetracyano- 
nickelate(I1) with polysulfide. The reaction of [Ni(SJ;I’- with CS2 and substituted acety- 
lenes forming the perthiocarbonato and dithiolene complexes is described. The dithiolene 
complexes are found to be oxidized by one unit. The compounds are characterized by 
various physicochemical methods. The biorelevance of this work is very briefly outlined. 

The dissolution of certain transition metal salts in 
aqueous ammonium polysulfide solution has long 
been known and was generally attributed to the 
formation of soluble metal polysulfides. Although 
the first example of such a compound came in 
1903 when Hofmann and Hiichten reported ’ the 
synthesis of (NH,),PtS, 5 * 2H20, a systematic 
approach to a study of these systems started only a 
few years back. This is mainly due to the advent of 
the spectroscopic and structural techniques which 
made it possible to characterize and study these 
compounds. Since then a host of polysulfldo com- 
plexes with a variety of metal ions have been syn- 
thesized and characterized and a recent review2 
summarizes the results of investigations carried out 
on these systems so far. The polysulfide ions are 
capable of coordinating to metal centers in a variety 
of ways thereby giving complexes with novel struc- 
tural features. They are purely inorganic chelating 
ligands and the size of the sulfur chain can be varied 
by changing the reaction conditions. They can 
undergo unusual reactions leading to the formation 
of new novel complexes. They may find applications 
in catalysis3 and help in understanding certain bio- 
chemical reactions.4 In this paper we describe the 
synthesis of [Ni(S,),]‘- by the interaction of 
[Ni(CN),]‘- with polysulfide and its reactions with 
carbon disulfide and activated acetylenes forming 
the perthiocarbonato and dithiolene complexes, 
respectively. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Materials and methods 

Reagent grade chemicals and solvents were 
employed. Solvents were distilled before use. 
K,[Ni(CN),] * H20,5 dibenzoylacetylene (DBA),6 
dimethylacetylene dicarboxylate (DMAD)7 and 
ammonium polysulfide’ solution were prepared by 
literature methods. Potassium polysulfide solution 
in methanol was prepared by passing a moderately 
fast stream of hydrogen sulfide gas into a suspension 
of sulfur (20 g) and potassium hydroxide (4 g) in 
methanol (100 cm3) for about 2 h with occasional 
stirring. The orange-red solution of the polysulfide 
was filtered to remove the excess sulfur. Only freshly 
prepared polysulfide solutions were used in the reac- 
tions. 

C, H and N were analyzed at the Microanalytical 
Laboratories, I.I.T., Kanpur. Nickel was estimated 
gravimetrically as the dimethylglyoximate after 
decomposing the compounds with aqua regia. Sul- 
fur in the compounds was oxidized to sulfate by 
alkaline bromine and estimated as barium sulfate. 
Electronic spectra were recorded on Cary-17D 
and Shimadzu UV-190 spectrophotometers. The 
infrared spectra as CsI pellets were obtained on 
a Perkin-Elmer Model-580 spectrophotometer. 
Magnetic susceptibility measurements were 
carried out on an EG and G Model-150A parallel 
field vibrating sample magnetometer. Electron 
spin resonance spectra were obtained on a Varian 
E-109 EPR system working at X-band frequencies 
using DPPH as standard. 
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(PPh,),[Ni(S,),], Method A 

KJNi(CN),] * HZ0 (0.5 g, 1.93 mmol) was added 
with stirring to 25 cm3 of aqueous ammonium poly- 
sulfide solution. After the mixture was stirred for 5 
min in a stoppered flask, the dark brown solution 
was filtered into a solution of PPh&I (1.5 g, 4 
mmol) in 25 cm3 of methanol. Allowing the solution 
to stand for 30 min gave reddish brown micro- 
crystals, which were filtered, washed with little 
deoxygenated water, methanol, toluene and finally 
with diethylether. The product was dried under 
vacuum; yield 0.77 g (40%). 

Method B 

PPh&l (1.5 g, 4 mmol) was dissolved in 50 cm3 
of methanolic potassium polysulfide solution. 
KJNi(CN),] * Hz0 (0.5 g, 1.93 mmol) dissolved 
in minimum amount of water (ca 1 cm3) was added 
with stirring. The resulting solution was boiled on 
a water bath for 5 min when the color of the solution 
became very dark brown. It was quickly filtered and 
the filtrate was allowed to stand in a stoppered flask 
at room temperature. In about an hour, dark brown 
crystals precipitated, which were filtered, washed 
with methanol, toluene and diethylether ; yield 
0.67 g (35%). 

Tetraethylammonium bromide (1 .O g, 4.76 mmol) 
was dissolved in 50 cm3 of methanolic potassium 
pdlysulfide solution. KJNi(CN).,] . Hz0 (0.5 g, 1.93 
mmol) was added in small portions with stirring 
and the reaction mixture was boiled on a water 
bath for 10 min. The dark brown solution was 
filtered and the filtrate was allowed to stand at 
5°C for several hours. The precipitated shining 
black crystals were filtered, washed and dried as 
described above ; yield 0.33 g (30%). 

(PPh&[Ni(CS&l 

Carbon disulfide (5 cm3) was added to a solution 
of freshly prepared (PPh,)JNi(S&] (0.5 g, 0.5 
mmol) in dichloromethane (40 cm’). The solution 
was stirred for 10 min and filtered. Addition of 
diethylether to the filtrate gave yellow-brown micro- 
crystals, which were filtered, washed with diethyl- 
ether and dried; yield 0.36 g (70%). 

0.5 g (0.5 mmol) of freshly prepared (PPh& 
[Ni(S,)J and DBA (0.25 g, 1.07 mmol) were dis- 

solved in dichloromethane (50 cm3) and stirred 
at room temperature for 20 min. The solution 
was filtered and to the filtrate an excess of petrol- 
eum ether (40-6O”C) was added. An oily mass 
separated. The supematant liquid was decanted 
off and the oil was repeatedly washed with petroleum 
ether whereby it solidified. Recrystallization 
by CH,Cl,-petroleum ether gave the product as 
brown microcrystals ; yield 0.2 g (40%). 

Freshly prepared (PPh,),[Ni(S,),] (0.3 g, 0.3 
mmol) and DMAD (0.1 cm3, 0.81 mmol) were 
stirred in CHzClz at room temperature for 20 min. 
A work-up similar to the one given above, gave the 
product as brown microcrystals ; yield 0.05 g (20%). 

RESULTS AND DISCUSSION 

Tetracyanonickelate(I1) is one of the most stable 
complexes of nickel and only very few substitution 
reactions of this anion are reported in the litera- 
ture.’ The ready enhancement of the coordination 
number of this anion and the synthesis of 
[Ni(CN),S13- by a curious cyanide elimination 
reaction by sulfide” prompted us to study the elim- 
ination of coordinated cyano groups with poly- 
sulfide. 

The reaction of [Ni(CN),]‘- and polysulfide is 
quite facile both in aqueous and methanolic media, 
[Ni(S&]*-, thus formed was briefly reported by 
us.” Almost simultaneously Miiller and co- 
workers’* published the X-ray crystal structure of 
this anion prepared by the reaction of nickel(I1) 
acetate with methanolic ammonium polysulflde. The 
elemental analysis of this and the other compounds 
are presented in Table 1. The synthesis of 
[Ni(S,)J*- probably proceeds by the stepwise 
replacement of coordinated cyanide ligands. The 
cyanide is converted into thiocyanate as soon as it 
gets replaced by reaction with sulfide of the poly- 
sulfide. The tentative scheme (Scheme 1) given 
below for this reaction with the proposal of the 
formation of the dicyano(tetrasulfrdo)nickelate(II) 
as intermediate seems reasonable in the light of the 
isolation of [Ni(CN),(S,)]*- by the reaction of in 

[Ni(CN),]‘- % {lNi(CN),(SJI}2- +2CN- 

1 
s:- 

[Ni(SJ2]2- +2CN- 

CN-+S:--SCN-+S::, 

Scheme 1. 
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Table 1. Analytical data of the complexes 

Compound 
Analysis : found (talc.) (%) 

C H N S Ni 

PPh&[Ni(S&l 58.4 4.5 - 25.6 5.9 
(58.0) (4.0) (25.8) (5.9) 

(Et4N)21Ni(S&l 33.4 7.0 
(33.4) (7.0) (Z) (E) (E) 

PPh,MWCSd,I 59.4 3.8 - 25.4 5.7 
(59.0) (3.9) (25.2) (5.8) 

(PRhJNi(S2C2(COCsH5)2)21 67.1 (t:) - 12.5 6.3 
(67.6) (12.9) (5.9) 

W’h~)[Ni(S~C~(COOCHUl 53.0 4.3 - 15.5 7.1 
(53.3) (3.9) (15.8) (7.3) 

situ generated polysulfide using sulfur and KOH in 
DMF in [Ni(CN),]2-.3 

The reaction of [Ni(S4)d’- with CS2 in dichloro- 
methane readily yields the bis(perthiocar- 
bonato)nickelate(II) anion.14 Recently, the X-ray 
crystal structure of this anion has been reported 
by Coucouvanis and coworkers. I5 The reactivity 
of [Ni(S&]‘- is further demonstrated by its 
reactions with substituted acetylenes giving the 
corresponding dithiolene complexes. The reaction 
of coordinated polysulfide with activated acetylenes 
is known for other metal systems also.2 The inter- 
esting feature of our reactions is that the dithiolene 
complexes formed are found to be oxidized by one 
unit. The oxidizing agent here could be the sulfur 

formed as a byproduct in the reaction. The reaction 
of ~i(S,)2]2- with substituted acetylenes though 
novel is not without precedence since the synthesis 
of tetraphenylthiophene by diphenylacetylene 
using freshly prepared nickel sulfide containing a 
little excess of sulfur as catalyst led to the isola- 
tion of a phenylsubstituted dithiolene complex 
~i(S2C2(C,H,)2)2].‘6 Here the formation of the 
dithiolene complex is proposed to be due to the 
presence of small amounts of a short-lived nickel 
tetrasulfide species. 

The vibrational spectral data of the complexes 
are given in Table 2. The IR spectral data of 
[Ni(S,)J’- agrees well with that reported by Miller 
and coworkers.” The IR spectrum of [Ni(CS,),12- 

Table 2. Vibrational spectral data of the complexes 

Complex Important IR frequencies (cm- ‘) Ref. 

480,430,370 v(S-S) ; 
280 v(Ni-S) 
1030,965,910,850 v(M) ; 
640,474,442,428,340,309 
1465 v(W) ; 1660 v(W) ; 
445,350,330 
1522 v(c---c) ; 1725 v(C=0) ; 
600 
1435 v(M); 840 v(C-S+ring 
def.) ; 790 v(C-S) ; 705,694 
(ring def.) ; 3 11.5, 385 @Ii-S) 
1485 v(C=C) ; 918,847 v(C-S) ; 
449,415 v(Ni-S) 
1475 v(C=C) ; 960,870 v(C-S) ; 
465,406 @G-S + ring def.) ; 
428 v(Ni-S) 
1435 v(W); 2195 v(C=N), 
1170,1055 v(CS)+v(CC), 
865 v(C-S); 457,365,357 
v(Ni-S + ring def.) 

This work 

This work 

This work 

This work 

18 

18 

18 

18 
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Table 3. Electronic spectral data of the complexes 

Complex 

(PPh&[Ni(Wl 

(PPl&[Ni(C%l 

[Ni(S&(COC~H&.- 

[N0G(C00CH~)2)~- 

Solvent 

KBr 

CHQ, 

CHzCll 

CH,CI, 

1,, (E, 1 mol- ’ cm- ‘) 

(mn) 

370 
480 
670 
318 (1.87 x 104) 
360sh (1.26 x 103 
388 (1.57 x 103 
458 (5.80 x 10’) 
322 (1.44 x 103) 
350sh (1.29 x 103) 
410sh (4.50 x lo*) 
510 (3.11 x 102) 
315 (1.21 x 104) 
370sh (4.96 x 103) 
460 (2.58 x IO’) 
485 (2.63 x 103) 
515sh (2.43 x 103) 
645 (5.75 x 10’) 

shows the characteristic absorptions of the coor- 
dinated perthiocarbonato group. Recently a band 
at 905 cn- ’ in the IR spectrum of [Ni(CS,),]-’ has 
been assigned to the C=S vibration. ’ 5 An earlier 
reportI assigns this vibration to a peak at 1035 
cm-‘. In our IR spectrum we observe three strong 
bands in the region 1030-900 cn- ’ and a medium 
intensity band at 855 cm-‘. We tentatively assign 
these bands to w vibrations. The vibrations due 
to S-S and Ni-S modes appear in the lower region 
and it is difficult to assign them accurately. 

A detailed normal coordinate analysis of nickel 
dithiolene complexes is reported in the literature.‘* 
In this series [Ni(S2C2R2)2r (n = 0, - 1, -2) the 
perturbed C&C stretching frequency is a rough 
measure of the C=C bond strength as it couples 
very little with other modes. In a series of mononeg- 
ative ions the c---C stretching frequency would be 
mainly dependent on the substituent group on the 
acetylenic carbon atoms. When R = CO&H, the 
C=C stretching frequency is found to be about 
60 cm-’ less than when R = COOCH3. A lower 
v(C=C) in the -COC6H, substituted complex indi- 
cates a better n-electron delocalization than that in 
the COOCH3 substituted dithiolene complex. For 
comparison some of the data reported for similar 
complexes are also listed in Table 2. 

The electronic spectral data of the complexes are 
given in Table 3. The solid state electronic spectrum 
of [Ni(S,),]‘- and the solution spectrum of 
Ir\ri(CS4),12- agree well with the reported data of 
these complexes. ‘2*17 The characteristic features of 
the electronic spectra of the monoanionic com- 

plexes are the intense absorptions in the visible and 
near infrared region. These bands are not of d-d 
type but have their origin in some sort of charge 
transfer. Extensive studies on the electronic spectra 
of nickel dithiolene complexes have been carried 
out and the assignments of electronic bands for 
similar systems are available in the literature.lg 

The monoanionic dithiolene compounds give 
ESR signals at room temperature in the solid state. 
The interesting feature of these ESR spectra is the 
considerable anisotropy of the g-tensor. The 
observed ESR parameters along with the magnetic 
moment values are presented in Table 4. Using 
extended Htickel MO calculations Schlapfer and 
Nakamoto” have calculated the electron density of 
metal character in the highest occupied molecular 
orbital for some of the monoanionic nickel dithio- 
lene complexes. The results obtained by them are 
shown in Table 4. It can be seen that the percent 
metal character of the HOMO depends markedly 
on the substituent group present on the dithiolene 
moiety. A comparison of the percent metal charac- 
ter of the HOMO and the (g) values suggests that 
the percent metal character of the HOMO increases 
roughly with an increase in the <g) value. The 
complexes isolated in this study have the highest 
(g) values compared to the other compounds listed 
in Table 3. 

Recently, the presence of nickel as Ni(II1) (ESR 
active) has been demonstrated in several hydro- 
genases. 2’ The donor atom in the nickel containing 
hydrogenases has been found to be sulfur.22 These 
enzymes give rhombic ESR signals similar to that 
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Table 4. Magnetic moments and ESR spectral data for the mononegative dithiolene complexes 

631 

Complex B%. 91 92 Q3 

% Metal 
character 

of the 

9 HOMO Ref. 

N(S2C2(COC&)3d- 1.79 2.143 2.055 2.011 2.0702” - This work 

[Ni@2C2(COOCH3)2)21- 1.80 2.148 2.064 2.013 2.0725” - This work 

[Ni(S2C2(CN)2)Z 1.83 2.160 2.042 1.998 2.0630 38 18,20 

N@2C2W3)2W 1.85 2.137 2.044 1.996 2.0618 43 18,20 

[Ni(S2C2(C,H,)2)21- 1.82 2.122 2.041 1.999 2.0568 23 18,20 

N(S2C2H2W - 2.126 2.039 1.996 2.0506 6 18,20 

‘In CH,Cl, solution. 

of the dithiolene complexes described here but the 10. A. N. Sergeeva and K. N. Mikhalevich, Russ. J. 

anisotropy is more pronounced and the (g) values Znorg. Chem. (English Transf.) 1962,7, 349. 

are quite high. 23 Nonetheless, the formation of ESR 11. S. Sarkar and K. N. Udupa, Abstracts of the Third 

active, stable dithiolene complexes of nickel at nor- Annual Conference of Indian Council of Chemists. 

ma1 conditions suggests that this could well be the Dharwad, India (1983). 

starting point to synthesize model systems of the 
12. A. Miiller, E. Krickemeyer, H. Biigge, W. Clegg and 

G. M. Sheldrick, Anqew. Chem. Znt. Ed. Engl. 1983, 
nickel containing hydrogenase. 

22, 1006. 

9. 

REFERENCES 

K. A. Hofmann and F. HBchtlen, Chern. Ber. 1903, 
36,309o. 
M. Draganjac and T. B. Rauchfuss, Angew. Chem. 
Znt. Ed. Engl. 1985, 24, 742. 
A. Miiller, Polyhedron 1986,5,323. 
R. H. Hohn and J. A. Ibers, Iron-Sulfur Proteins 
(Edited by W. Levenberg), Vol. 3. Academic Press, 
New York (1977). 
W. C. Femelius and J. J. Burbage, Znorg. Synth. 
1946,2,227. 
E. R. Lutz and W. R. Smithey Jr, J. Org. Chem. 
1951, 16, 51. 
E. H. Huntress, T. E. Lesslie and J. Bornstein, Org. 
Synth. CON. Vol. 1963,4, 329. 
G. Brauer, Handbook of Preparative Inorganic Chem- 
istry, Vol. I, p. 369. Academic Press, New York 
(1977). 
A. G. Sharpe, The Chemistry of the Cyanocomplexes 
of the Transition Metals, p. 235. Academic Press, 
London (1975). 

13. 

14. 
15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

K. N. Udupa and S. Sarkar, J. Organomet. Chem. 
1985,284, C36. 
K. N. Udpa, Ph.D. thesis, I.I.T., Kanpur (1985). 
D. Coucouvanis, P. R. Patil, M. G. Kanatzidis, 
B. Detering and N. C. Baenziger, Znorg. Chem. 1985, 
24,24. 
G. N. Schrauzer and V. Mayweg, J. Am. Chem. Sot. 
1962,&l, 3221. 
D. Coucouvanis and J. P. Fackler Jr, J. Am. Chem. 
Sot. 1967,89, 1346. 
C. W. Schlapfer and K. Nakamoto, Znorg. Chem. 
1975,14, 1338. 
S. I. Shupack, E. Billig, R. J. H. Clark, R. Williams 
and H. B. Gray, J. Am. Chem. Sot. 1964,86,4594. 
A. Davison, N. Edelstein, R. H. Holm and A. H. 
Maki, Znorg. Chem. 1963,2, 1227. 
S. P. J. Albracht, K. J. Albrecht-Elimer, D. J. M. 
Schmedding and E. C. Slater, Biochim. Biophys. Acta 
1982,681, 330. 
R. A. Scott, M. Czechowski, D. V. Dervartanian, J. 
LeGall, H. D. Peck Jr. and I. Moura, Rev. Port. 
Quim. 1985,27, 67. 
J. J. G. Moura, M. Teixeira, I. Moura, A. V. Xavier 
and J. LeGall, Rev. Port. Quim. 1985,27, 63. 



Polyhedron Vol. 6, No. 3, pp. 633439, 1987 
Printed in Great Britain 

0277-5387/87 $3.oO+.C4l 
0 1987 Pergamon Journals Ltd 

STABILITY CONSTANTS OF iV-ISOBUTYROYL-L-LYSINE 
AND POLY(N-METHACRYLOYL-L-LYSINE) COMPLEXES 

A. LEKCHIRI and M. MORCELLET* 

Laboratoire de Chimie Macromoleculaire, U.A. 351 du C.N.R.S., 
59655 Villeneuve d’Ascq Cedex, France 

and 

M. WOZNIAK 

Laboratoire d’HydromCtallurgie, Ecole Nationale Superieure de Chimie de Lille-BP 108, 
59652 Villeneuve d’Ascq Cedex, France 

(Received 9 JuIy 1986 ; accepted 15 August 1986) 

Abstract-The formation constants of the complexes formed between H+, Cu2+, Ni’+, 
Co’+ and Zn2+ and N-isobutyroyl-L-lysine (NIBL) [H2A+ = (CH3)2CHCONH(CH2)4CH 
(NH:)COOH] have been determined by potentiometry at 25.O”C and I = 0.1 mol dmp3 
NaClO,. Titration curves of this ligand in the presence of a metal ion did not reveal 
appreciable complexing in acidic media. At intermediate pH values, after neutralization of 
the carboxyl group, the presence of the metal ion induces a lowering of the pH value, 
indicating complex formation. The detection of the species and the determination of the 
corresponding formation constants has been made with the aid of the MUCOMP refinement 
program. It has shown that the following species are present in solution: CuA+, CuA,, 
NiA+, NiA2, CoA+, CoA2, ZnA+ and ZnA2. These complexes are likely to be N, 0 chelates 
of the glycine type. The cumulative and the stepwise formation constants follow the Irving- 
Williams series. No evidence was found for the deprotonation of the amide group. 

The formation constants of the complexes formed between copper(I1) and the polymeric 
analog of NIBL, poly(N-methacryloyl+lysine) were determined in the same way. For this 
purpose, it was necessary to consider as the ligand a hypothetical molecule made up of two 
repeat units. The results obtained are in good agreement with those of spectroscopic 
measurements. 

We are currently investigating the complex prop- 
erties of optically active hydrosoluble polymers 
derived from natural amino acids. These polymers 
have -C-NH-CH(R)COOH as their side chain 
where R depends on the nature of the amino acid 
used for the synthesis. Up to now, polymers derived 
from alanine (R = CH3), glutamic acid [R = 
(CH,),(COOH)], aspartic acid (R = CH,COOH), 
asparagine (R = CH2CONH2) and lysine [R = 
(CH2)4NH2] have been studied.‘-’ As is well 
known, the ionization and complexing properties 
of a polymeric ligand are very different from those 
of a small molecule because the electrostatic inter- 

* Author to whom correspondence should be addressed. 

actions between the neighbouring ionizable groups 
strongly influence all the thermodynamic par- 
ameters such as the ~Kvalues.~ Thus, to have a best 
knowledge of the behaviour of these polymers we 
were led to study low molecular weight compounds 
considered as models. The present paper reports 
results obtained with N-s-isobutyroyl+lysine 
(CH3),CHC0NH(CH2),CH(NH;)C00H (NIBL), 
which is the analog of the repeat unit of poly(N-E- 
methacryloyl+lysine) (PNML),4 using a poten- 
tiometric technique. The stability constants of the 
complexes formed with Cu(II), Ni(II), Co(I1) and 
Zn(II) are compared with those of the lysine (from 
which NIBL is derived) and glycine complexes. 

In a second part of this work, is reported the 
tentative determination of the formation constants 

633 
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of the complexes of copper(I1) with the polymer 0.05:1:1, 0.06:1:1, O.l:l:l and 0.2:1:1 for 
PNML. PNML. 

EXPERIMENTAL 

Samples 

N-s-isobutyroyl-L-lysine (NIBL) was synthesized 
by a Schotten Bauman reaction between iso- 
butyroyl chloride and the s-amino group of L-lysine, 
the a-amino and carboxyl group being protected by 
a complex with copper. Details of the experimental 
procedure will be found elsewhere.4 NIBL was puri- 
fied by column chromatography using n-butanol 
as eluant. NIBL was characterized by its rotatory 
power ([a]:!&, = +9.2” in water). IR spectroscopy 
(amide I : 1660 cm- ’ ; amide II : 1525 cm- ’ ; NH : 
3300 cm-‘; COOH : 1720 cm- ‘), NMR spec- 
troscopy and elemental analysis. (Found : C, 47.3 ; 
H, 8.3; N, 11.0; Cl, 14.2. Calc. for C10H20N203, 
HCl: C, 47.5; H, 8.3; N, 11.1; Cl, 14.1%.) 

The titrations were discontinued when pre- 
cipitation took place, i.e. when the pH readings 
became unstable, rejection of such points being also 
possible during the refinement process on the basis 
of anomalous residuals. Thus the following 
maximum pH ranges were used for calculations 
with Cu(II), Ni(II), Co(H) and Zn(II), respectively : 
2.79-10.93; 2.81-10.86; 2.81-9.73; 2.80-11.10. 
For NIBL and lysine, the data were processed 
as in earlier studies by use of the MUPROT 
and MUCOMP multiparametric refinement pro- 
grams. ‘s8 As hydrolysis constants for the metal, 
the following values were introduced : Cu,(OH):+, 
log bqjo = - 10.7 ; COOH+ : - 9.8 ; NiOH+ : -9.3 ; 
ZnOH+ : -9.8.9,‘o 

Poly(N-methacryloyl+lysine) (PNML) was pre- 
pared by free radical polymerization of N-metha- 
cryloyl+lysine and purified according to a pro- 
cedure described elsewhere.4 

Besides the stability constants, other parameters 
such as the total concentration of the ligand, the 
excess of the strong acid, were simultaneously 
refined in order to compensate systematic errors. 
That possibility was evidently used with great care. 

RESULTS AND DISCUSSION 

Measurements and calculations 

The potentiometric data (added volume of 
sodium hydroxide, pH of the solution) were col- 
lected using the automated titration system 
described elsewhere. ’ Added volumes and pH were 
measured to a precision of 10e4 cm3 and 10e3 pH 
unit respectively. The studies were carried out at 
250°C in a 0.10 mol dmp3 sodium perchlorate 
medium and under purified nitrogen. The glass elec- 
trode was standardized in the concentration scale 
with perchloric acid in the presence of 0.10 mol 
dm- 3 sodium perchlorate. 

The protonation constants of the ligand NIBL 
are first compared with those of lysine and glycine 
(Table 1) (t = 25°C and I = 0.1 mol dme3 NaC104). 

Table 1. Protonation constants of lysine, NIBL and gly- 
tine at 25°C and Z = 0.1 mol dm- 3. Standard deviation 

(la values) are given in parentheses 

Lysine NIBL Glycine 

Titrations of perchloric acid (2 x lo- 3 mol dn- 3, 
with sodium hydroxide (0.25 mol dm- ‘) were 
periodically performed in order to check-by using 
the MUPROT program-the parameters of the 
measuring cell (zero shift, sensitivity), the ionic 
product of water as well as the characteristic figures 
of the titrant (total concentration of the sodium ion 
and of the carbonate). The carbon dioxide evolution 
coefficient was fixed at 3 x 10e4, the liquid junction 
coefficients remaining always negligible. 

log K, 10.67” 9.42( 1) 9.56 
(A+H+HA) 10.72* 9.68f 

10.66 9.458 
10.65(l)d 

log Kz 9.14” 2.40( l)d 2.39’ 
(HA+H + H,A) 9.186 2.33f 

9.20’ 2.659 
9.14(l)d 

log K3 2.20” 
(H,A+H + HgA) 2.18’ 

2.15’ 
2.18(l)d 

Protonation constants for the free ligands were 
obtained from titrations of the ligands (2 x 10e3 
mol dmW3) in the presence of perchloric acid. 

The stability constants for the metal complexes 
were computed from titrations in which the 
metal : ligand : perchloric acid ratios were 1 : 1: 1, 
0.5: 1: 1, 0.2: 1: 1, for NIBL and lysine and 

“0.1 mol dme3 KNO,, Ref. 11. 
*Ref. 12. 
‘0.2 mol dx~-~ KCl, Ref. 13. 
d 0.1 mol dm- 3 NaClO,, this work. 
‘0.1 mol dmm3 NaClO,, Ref. 14. 
fO. 1 mol dm- 3 NaClO,, Ref. 15. 
80.15 mol drne3 NaClO,, t = 37”C, Ref. 16. 
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Our values for the protonation constants of lysine 
in 0.1 mol dn- 3 NaC104 are in very good agreement 
with those previously reported by Brookes and Pet- 
tit in 0.1 mol dme3 KN03. ” For NIBL, the pro- 
tonation constants are much closer to those of gly- 
tine than those of lysine. This is due to the absence 
of the s-amino group which, in lysine, competes 
with the a-amino group for the uptake of a proton. 
At 25°C the pK of the a-amino group in NIBL is 
significantly lower than in glycine. This may be due 
to the presence of an amide group in the molecule, 
which is known to have an acidifying influence. I7 

Titrations in the presence of metal ion were car- 
ried out with [ligand]/[metal] molar ratios ranging 
from R = l-5. 

Figure 1 shows typical titration curves of NIBL 
in the absence of metal and with Cu(II), Ni(II), 
Zn(I1) and Co(I1). The lowering of the pH decreases 
from copper to cobalt indicating decreasing stab- 
ility constants for the complexes. The stability con- 
stants values are reported in Table 2 as overall 
formation constants /Ieip = [MqH,A,I/[Mlq[HYIA]P, 
together with values for lysine and glycine. Various 
models were fitted to the data and the models selec- 
ted and reported in Table 2 were those giving for 
each ligand-metal system, the best statistical fit, 
consistent with chemical logic. 

For lysine, our results for copper, nickel and 
cobalt are in reasonable agreement with those of 
Refs 11 and 13 taking into account the difference 
in the nature of the medium. 

Nevertheless the CuHAz complex was found to 
be about one log unit more stable in 0.1 mol dm- 3 
NaClO, than in other media. 

With nickel, the MH2A3 and MA complexes 

which were assumed by Brookes and Pettit r ’ were 
not found to improve the refinement of the data. 

For the lysine-cobalt system, the MH2A3 com- 
plex which was tentatively assumed in Ref. 11 was 
rejected in the calculation. 

Table 2 also gives values for the lysine-zinc sys- 
tem for which the MHA, MH2A2, MHAz and MA2 
complexes were found with stability constants inter- 
mediate between those of the nickel and cobalt 
complexes. The ornithinezinc parent system was 
recently investigated by Nair et aI.” who found 
the following set of complexes: MHA, MA and 
MH2A2. Similar differences between the sets of 
complexes were found for the copper complexes of 
ornithine and lysine’ ’ and are related to the lower 
values of the protonation constants of ornithine 
compared to lysine. ’ ’ 

For NIBL, the titration data were conveniently 
explained with only two complexes, namely MA 
and MAI, for the four metal ions under study. The 
stability constants decrease from glycine to lysine 
and NIBL especially for the nickel and cobalt com- 
plexes. This is undoubtedly an effect of steric hin- 
drance due to the additional COCH(CH& group 
in NIBL compared to lysine. 

The stepwise formation constant (logK:‘J for 
the addition of the second ligand : 

MA+A+MA, (1) 

is given by : 

loi&02 = l0!38,0,-l%Bl0l* (2) 

The values are 6.80, 4.29, 3.12 and 3.40 for 
copper, nickel, cobalt and zinc, respectively. They 
are always lower than the corresponding log Bio, 

0. 5 1.0 
V ml : : . . : : : : : 

Fig. 1. Titration curves of NIBL and NIBGmetal mixtures in 0.1 mol drnp3 NaClO,, 25°C : 1, 
NIBL ; 2, NIBL-Co, R = 5 ; 3, NIBL-Zn, R = 5 ; 4, NIBL-Ni, R = 2 ; 5, NIBL-Cu, R = 2. 
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Table 2. Formation constants for the complexes of lysine, NIBL and glycine at 25°C 
and Z = 0.1 mol dm- 3. Standard deviations (lo values) are given in parentheses 

lo8 Bqjp 
Ref. 11 

in KN03 

Lysine NIBL 
Ref. 13 This work This work 
in KC1 in NaClO, in NaClO, Glycine 

cu2+ 111 
122 
112 
101 
102 

Ni*+ 111 
122 
133 
123 
112 
101 
102 
103 

18.29 18.33 
35.45 35.40 
25.52 25.32 

- - 
15.05 14.81 

15.60 
30.49 
44.05 
34.26 
20.43 
5.75 

10.34 
- 

18.33(2) 
35.58(2) 
26.23(2) 

- 
14.83(2) 

15.60(2) 
30.47(2) 
43.95(2) 

- 
20.68(5) 

- 
9.96(2) 

- 

coz+ 111 
122 
133 
123 
112 
101 
102 
113 

14.50 14.53(2) 
28.41 28.38(2) 
41.45 40.84(5) 
31.6? - 
18.50 19.08(4) 
- 
8.46 8.45(5) 

- 

Znz+ 111 14.80(2) 
122 29.29(2) 
112 20.22(3) 
101 - 
102 9.02(5) 

8.00(l) 8.22” 8.27’ 
14.80(l) 15.02” 15.19’ 

5.21(3) 5.83’ 5.7gd 
9.50(2) 10.74’ 10.57d 

- ff 14’ 

4.26(3) 4.63 
7.38(3) 8.50 

- - 

4.89(5) 4.96 
8.29(5) 9.19 

D Ref. 14,0.1 mol dm- 3 NaClO,. 
b Ref. 15,O.l mol dme3 NaClO,. 
‘Ref. 18,0.1 mol dm- 3 NaClO,. 
dRef. 19, 0.1 mol drnm3 KN03. 

values, which means that the coordination of the 
second ligand to the metal is more difficult than the 
binding of the first one. 

Both the cumulative and stepwise formation con- 
stants are in accordance with the Irving-Williams 
series : Co < Ni < Cu > Zn.*’ 

From the comparison between NIBL and 
glycine, it is clear that the complexes formed by 
NIBL with metal ions are five-membered ring che- 
lates made up of the amino acid extremity. These 
glycine-like chelates with N, 0 donor atoms were 
confirmed by a spectroscopic study using electronic 
spectroscopy, circular dichroi’sm and electron para- 
magnetic resonance. 4 

Characteristic ratios may be used to compare 
the affinity of the ligand A for the metal and the 
proton : ‘* log /3, o Jog PO1 1 (Table 3). 

Values for NIBL and glycine are very close which 
confirms that the mode of bonding is similar. 

The possible role played by the amide group of 
NIBL has not yet been discussed. In similar mole- 
cules such as dipeptides, which also contain an 
amino and a peptide group, the CuA complex which 
first appears is a five-membered chelate involving 
the terminal NH2 group and the carbonyl of the 
amide group. In Gly-gly, for example, the complex 
has a log/I value equal to 5.60.2s25 In NIBL, a 
similar complex involving the carbonyl group 
would be a ten membered chelate ring, much less 
stable and thus with a log fi value much lower than 
5.6, which is not the case (log j3 = 8.00). In addition, 
the second step in the case of Gly-gly, is the depro- 
tonation of the amide group with formation of a 
CuH_ ,A complex (log /I = 1.50*~**) which has not 
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Table 3. Characteristic ratios for complexation and 
acidity constants 

Metal 
1% BlO,/lW Boll 
NIBL Glycine” 

log G*llw B 10 1 

NIBL Glycine” 

cu 0.85 0.86 0.85 0.84 
Ni 0.55 0.61 0.82 0.84 
co 0.45 0.48 0.73 0.73 
Zn 0.52 - 0.70 - 

“From Refs 15 and 18. 

been evidenced for NIBL. In this case, the five- 
membered chelate ring between the a-amino and 
carboxyl groups is largely favoured. Nevertheless, 
the following relationship : 

1% BlOl = 2 log j&*0- 10.7 

which was established for a number of peptides with 
a glycine in the N terminal position,26*27 holds for 
the CuA complex of NIBL. This indicates that the 
stability of this complex depends mostly on the 
basicity of the amino groups as for peptides. 

Figure 2 shows the titration curves of the poly- 
meric analog of NLBL, PNML, in the presence of 
copper. 

CHJ 

(XH2-YH-)n 
CO-NH-(CH2),-CH-(NH2)-COOH 

[Ligand]/[metal] ratios ranging from 5 to 20 were 
used in this case because precipitation of the com- 
plexes readily occurred at lower values. With R = 5, 

only the 18 first points of the titration curve were 
used for calculation. For the same reason, titration 
curves of PNML in the presence of nickel could not 
be processed. 

Figure 2 shows a large decrease of the pH in 
the presence of copper, indicating strong complex 
formation. 

In a first step, an attempt was made to calculate 
the acidity constants of the amino and carboxyl 
groups of PNML, considered as a simple ligand, 
and using the concentration C of the repeat unit, 
whose value was kept constant in the refinement 
process. In this case the agreement between the 
calculated curve and the experimental data was 
rather bad, especially in the high pH range. As said 
in the introduction, this is due to strong electrostatic 
interactions between charges of the same sign 
beared by the polymer chain, with the consequence 
that pK values are not unique as for the model 
molecule NIBL. 

Thus, in a second step, PNML was considered as 
a ligand made up of two repeat units, each one 
being characterized by a different set of two pK 
values. In that case a fixed concentration C/2 was 
used to take into account the “dimeric” nature of 
the ligand. Then a satisfactory agreement was found 
between experimental and calculated data, showing 
that the polyelectrolyte effect may be well 
represented, for PNML, by the use of only four 
acidity constants. The following pK values were 
found : pK, = 9.47 and pK2 = 10.95 for the amino 
groups. For NIBL, pK = 9.42 which is very close 
to pK,. The somewhat higher value for pK2 reflects 
the electrostatic interactions. For the carboxyl 
groups pK3 = 2.88 (pK = 2.40 for NIBL). The pK4 
value is too low to be conveniently refined 

T PH 

Fig. 2. Titration curves of PNML and PNML-Cu mixtures : 1, PNML; 2, PNML-Cu, R = 20; 3, 
PNML-cu, R = 15 ; 4, PNML-Cu, R = 10 ; 5, PNML-Cu, R = 5. 
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PH 

2 3 4 5 8 7 

Fig. 3. Species distribution curves for NIBL-Cu and PNML-Cu mixtures, R = 15. Full line : NIBL ; 
dotted line PNML. Points are concentration values calculated from circular dichroi’sm measurements4 

for the second complex : ( n ) NIBL ; (A) PNML. 

(pK, < -log C/2). We can consider that this car- 
boxy1 group is fully ionized in this concentration 
range. Thus only three acidity constants are neces- 
sary to simulate the titration behaviour of PNML. 

This result is not surprising. In fact, this means 
that, for a given function of repeat unit, the suc- 
cessive elementary deprotonations are controlled 
only by statistical factors and are equally dis- 
tributed around the given pKs. ** 

In the next step were calculated the formation 
constants of the PNML-Cu complexes using the 
MUCOMP program. Two MAo.5 and MA com- 
plexes (which are the analogs of the MA and 
MA2 complexes of NIBL) were found with for- 
mation constants equal to 8.68(4) and 16.77(3), 
respectively. 

Using the formation constants of the PNMLCu 
and NIBL-Cu complexes, the distribution curves 
of the species as a function of pH were plotted with 
the aid of the COMSOL program (Fig. 3). With 
PNML the first complex is formed at a pH lower 
than with NIBL and to a lower extent. The second 
complex forms about 1.5 pH units earlier with 
PNML than with NIBL. As shown in a previous 
work4 this results from the accumulation of the 
complexing sites along the polymer chain which 
affects the entropy change of the complexation. The 
distribution curves obtained from potentiometry 
(Fig. 3) are in rather good agreement with data 
obtained from circular dichro’ism measurements4 
(especially for the second complex) if it is considered 
that the two approaches of the complex formation 
are very different. 

The agreement is fairly good at high pH, i.e. in 
the domain of formation of the second complex. 
This suggests that the discrepancy observed at lower 

pH could result from the contribution of the first 
complex to the circular dichrdism. 

To our knowledge, this work is the first report 
on the determination of polyelectrolyte-metal com- 
plex formation constants using multiparametric 
refinement programs. Work is now in progress to 
extend this approach to other kinds of poly- 
electrolytes. 
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A KINETIC STUDY OF THE OXIDATION OF HYDROXYLAMINE BY’ 
OCTACYANOTUNGSTATE(V) 

ABRAHAM J. VAN WYK,* C. ROBERT DENNIS,? JOHANN G. LEIPOLDT and 
STEPHEN S. BASSON 

Chemistry Department, University of the Orange Free State, Bloemfontein 9300, Republic 
of South Africa 

(Received 28 July 1986; accepted 4 September 1986) 

Abstracct-The kinetics of the oxidation of hydroxylamine by octacyanotungstate(V) ions 
has been studied over a wide pH range. The reaction is first-order in both oxidant and 
reductant. The kinetically determined dissociation constants, K,, = 2.5 + 0.5 x 10e6 M 
and K,, = 3.2 f 8.0 x lo- l4 M, are in agreement with values obtained from the literature. 

The reaction of hydroxylamine with a variety 
of oxidizing agents has been studied.’ Various 
oxidation products, i.e. NH,, H,N,02, N, and 
N,O, have been reported. These studies were per- 
formed in acidic solution (pH 5.6 to 2.5 M H+) and 
the reactions were first-order in both oxidant and 
hydroxylamine. 

Autoxidation of hydroxylamine in alkaline sol- 
utions was studied by Hughes and co-workers.’ A 
deprotonated hydroxylamine species (NH,O-) and 
its acid dissociation constant were reported. 
Peroxonitrite (ONO;) was formed as an oxidation 
product, but rapid oxidation with a further 
hydroxylamine ion yielded nitrite and nitroxyl 
(NO-) ions. 

The oxidation of hydroxylamine3 by Fe(CN)z- 
in a weak acidic medium proceeds via an inter- 
mediate radical, NH,O, which is formed by oxi- 
dation of NH,OH. N, was detected as the main 
reaction product. The observed hydrogen ion effect 
was attributed to acid dissociation of the protonated 
hydroxylamine species, NH30H+. 

The oxidation of hydroxylamine by W(CN)i- 
was performed as part of a research project on the 
redox properties of the cyano complexes of MO, W 
and Fe. Although the oxidation of hydroxylamine 

*Present address: Research and Process Development, 
Iscor, Pretoria Oool, Republic of South Africa. 

t Author to whom correspondence should he addressed. 

in acidic solution is well-studied, very little is known 
about the reaction in alkaline medium. For this 
reason the present study was performed over a wide 
pH range to include results of the alkaline oxidation 
of hydroxylamine. 

EXPERIMENTAL 

Cs,W(CN), - 2H20 was prepared as described 
by Leipoldt et aZ.,4*5 and was used as a primary 
standard6 after recrystallization. Hydroxyl- 
ammonium chloride (Merck pro am&i) was used as 
source of hydroxylamine. The hydroxylammonium 
chloride solution was neutralized with sodium 
hydroxide. This solution was renewed daily. All 
other reagents used were analytical-grade and redis- 
tilled water was used throughout. 

Kinetic measurements were made in both alka- 
line and acidic media using Britton-Robinson’ 
buffer mixtures or sodium hydroxide solutions at 
a constant ionic strength. Rate data were obtained 
by monitoring the decrease in [W(CN)i-] on a 
Durrum D-l 10 spectrophotometer (faster runs) and 
a Pye-Unicam SP 1700 spectrophotometer (slower 
runs) at 357 nm. 

Experiments to identify reaction products at 
pH N 6 and [OH-] N 0.05 M were carried out 
by comparing the normal O,:N, ratio of the 
atmosphere directly above a hydroxylamine sol- 
ution with the atmosphere resulting from a reaction 
mixture in a stoppered flask, on a Packard model 
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Table 1. Observed rate constants for the oxidation of hydroxylamine by 
W(CN);-: T=25”C,p=O.lM 

lti[W(CN);-] 102~H20H] 104t-W(CN):-1 [OH-I k obad 

(W (Ml (W 04 PH (s-l) 
5.0 0.50 4.73 2.6 x 1O-3 
3.0 0.50 4.73 2.6 x lo-’ 
2.0 0.50 4.73 2.4 x lo-” 
5.0 0.50 2.0 4.73 2.0 x 10-3 
5.0 0.50 3.0 4.73 1.8 x 10-j 
5.0 0.50 5.0 4.73 1.4 x 10-J 
5.0 1.0 4.73 5.1 x 10-3 
5.0 0.80 4.73 3.9 x 10-J 
5.0 0.50 4.73 2.4 x 1O-3 
5.0 0.40 4.73 2.1 x 10-J 
5.0 1.5 0.045 101 
3.0 1.5 0.045 99 
2.0 1.5 0.045 99 
5.0 1.5 2.0 0.045 100 
5.0 1.5 3.0 0.045 103 
5.0 1.5 5.0 0.045 101 
5.0 1.5 0.045 100 
5.0 1.2 0.045 82 
5.0 0.75 0.045 50 
5.0 0.60 0.@45 39 

472 gas chromatograph. A significant increase in 
Nz was detected. Calculations proved that this 
increase was equal to the stoichiometric amount of 
Nz generated by the reaction between W(CN)i- 
and hydroxylamine. 

RESULTS AND DI!3CUS!3ION 

Pseudo-first-order plots of log m(CN)i-] vs 
time were linear for at least two half-lives. Results 
in Table 1 show that the reaction is first-order in 
both oxidant and reductant in a weakly acidic as 
well as in an alkaline medium. Adding W(CN)z- 
to the reaction mixture caused a decrease in the 
reaction rate in the acidic medium, but no signifi- 
cant effect was observed in the alkaline medium. 
This result is indicative of an equilibrium in the 
reaction pathway in an acidic medium. 

Kinetic measurements over a wide pH range 
(Fig. 1) show the pH dependence of the reaction. 
These results clearly show two dissociation con- 
stants which indicates that three hydroxylamine 
species are present over the observed pH range. 
The equilibria [eqns (1) and (2)J 

K.1 
NH30H+ z$ NHzOH + H+, (1) 

K-2 

NHzOH = NHzO- + H+ (2) 

are thus operative and the relative reactivities of the 

I I 
I 1 I I 

0 5.0 7.0 9.0 I I.0 13.0 

PH 
Fig. 1. pH dependence of the oxidation of hydroxyhunine 
by W(CN);-: w(CN);-] = 5 x 10-4M, mHzOHl = 
5 x lo- 3 M, p = 0.1 M (NaCI), T= 25°C. The solid curve 

is the computer fit. 

species are in the order NH30H+ < NHzOH 
<< NH,O-. 

The product study has shown Nz to be a reaction 
product. From this and the observed kinetic results, 
a reaction mechanism (Scheme 1) is proposed. 
The oxidation of hydroxylamine in acidic medium 
proceeds via the NH20 radical, which decomposes 
to N, and H20. The NH&Y radical was reported 
earlier by Gutch and Waters.’ 
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II 
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k, 
W(CN);- Z W(CN):- + 

k-1 

kz 
W(CN):- = W(CN):- + 

k-a 

k3 
W(CN);- - W(CN);- + 

Scheme 1. 

NH1O' + 

NH1O' + 

.5N2 + 
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2H+ 

H+ 

Hz0 

From the reaction mechanism, the following rate 
law is obtained: 

- dCW(CN): -I= 
dt 

[W(CN),J-] [NH,OH+]r. (3) 

A non-linear least-squares fit of the data 
in Fig. 1 to the rate law (3), yielded kl = 
2+ 1 x lo-‘M-‘s-l, kl=12+4M-ls-l, 
k3 = 8 f 2 x 104M-‘s-l, K,, = 2.5 + 0.5 x 
lO+jM (PK., = 5.6), and K,z = 3.2 + 0.8 x 
lo-l4 M (pKa2 = 13.5) under the approximation 
that [H’] = lo- p”. The obtained pK, values are in 
very good agreement with literature values, i.e. 
pKal = 5.82’ and PK., = 13.7.’ 
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REACTIONS OF M-M BONDED DINUCLEAR ZIRCONIUM(III) 
COMPLEXES WITH VICINAL DIHALOALKANES AND OLEFINS: 

A NEW TYPE OF METAL-OLEFIN COMPLEX 

F. ALBERT CO’ITON* and PIOTR A. KIBALA 

Department of Chemistry and Laboratory for Molecular Structure and Bonding, Texas 
A&M University, College Station, TX 77843, U.S.A. 

(Receioed 28 August 1986; accepted 16 September 1986) 

Abstract-The reaction of Zr,X,(PR,), compounds with uic-dihalides or with olefins gives 
Zr,X,(PR,),(C,R,) compounds in which the mid-point of the olefin lies between the two 
Zr atoms, providing an unprecedented type of metal-olefin complex. 

Dinuclear complexes of types I and II in which 
there are usually metal-metal bonds’ are numerous 
and have been studied from many points of view. 
Those of type I formed by niobium(II1) and tanta- 
lum(III), which contain M=M double bonds have 
proved to be extremely useful starting materials 
for synthesizing a variety of compounds of these 
elements.2 We are conducting studies to extend the 
applicability of this approach to other elements, 
especially by oxidative addition reactions. We 
report here some results with zirconium(II1) com- 
pounds of type II that contain Zr-Zr single bonds 
wherein they readily undergo clean and unusual 
reactions with vicinal dihaloalkanes and olefins. 

Our first observations were unplanned. When 
attempting to employ 1,2-C,H,Cl, as a solvent for 
the bromo analog of Zr2Cl,(PEtJ),,3 we noted that 
the solution spontaneously and rapidly changed 
color from green to orange. A red crystalline 
product (1) was isolated from the reaction mixture. 
Zr,Cl,(PEt,), undergoes a similar reaction with 

L 

L....&pL i i 
L’ \bZ ‘L 

L\M/X\M/L 
L/I’/ ‘L 

L ! 

I II 

*Author to whom correspondence should be addressed. 

ClCH,CH&l to produce yellow solutions from 
which an orange crystalline product (2) could be 
isolated. Both compounds were characterized 
crystallographicallyt and were shown to be of the 
general type Zr,X,(PR3)JCH,CH,), where X = Cl 
or Br, and R = Et. The characteristic feature of 
both molecules is an ethylene bridge perpendicular 
to the Zr-Zr axis. Figure 1 shows an ORTEP 
drawing of a Zr,XsP,(CH&H,) fragment and 
Table 1 lists selected bond distances and angles for 
Zr2C16(PEt&(CH2CH2) (1) and ZrzBrs(PEt3)d 
(CH,CH,) (2). 

With the above results in hand we naturally 
wondered if Zr,X,(PR,), species would react 
directly with olefins to yield compounds 1 and 2 
and similar ones. On reexamining Ref. 3, we fdund 
that reactions of ethylene and propene with 
Zr,Cl,(PEt,), had already been reported; however, 
no crystallographic work had been done and struc- 
tures with Zr-C o-bonds were propose&$ We 
have been able to obtain the compound formulated 

tAtomic positional and thermal parameters have been 
deposited with the Editor, from whom copies are avail- 
able on request. Atomic coordinates have also been sent 
to the Cambridge Crystallographic Data Centre. 

$This proposal of a u-bonded structure seemed to be 
inspired by a previous report concerning 
(Cp,ZrX&H, compounds* in which a very rough 
structure determination was used as the basis for suggest- 
ing the existence of two Zr-C u-bonds. 
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P2 

ORTEP drawing of [ZrX,(PR,),],(CH&!H,) molecule with the atom-labelling scheme. The 
atoms of the PRs ligands are removed for clarity. Atoms are represented by their ellipsoids 

at the 50% probability level. 

Fig. 1. 
carbon 

Table 1. Selected bond distances (A) and angles (“) for 
Zr&ls(PEts)4(CH,CHI) and Zr2Br6(PEt,)4(CH2CH1)* 

x = Cl X = Br 

Zr-C( 10) 
2.422(15) 2.41(2) 

2.44(2) 2.40(2) 
c(lO)-C(lO) 1.69(3) 1.56(4) 

Zr-X.xi.l 2.472(5) 2.629(3) 

Zr-X,,- 
2.428(5) 2.597(3) 
2.430(5) 2.593(3) 

Zr-PI,,, 
2.780(5) 2.798(6) 
2.793(6) 2.785(6) 

C(lO)-ZrqlOr 40.6(7) 37.9(8) 
Cl ,,-Zr-CL- 174.8(2) 172.0(l) 

P_-Zr-P,, 153.0(2) 150.0(2) 

&Numbers in parentheses are estimated standard devi- 
ations in the least significant digits. 

in Ref. 3 as (Et,P)&13ZrCH,CHzZr(PEt),Cl, in 
crystalline form and we find that it is identical to 
our compound 2. 

The reaction of Zr,X,(PR,), compounds with 
1,2-CIH,Cl, (and other vicinal dihalides) is now 
under detailed study. Evidence now available 
suggests that two molecules of Zr,X,(PR,), react 
with 1,2-CzR,,X; to produce [ZrX3(PR3& 
C2R, + 2ZrX,X’(PR,),. 

Molecular-orbital (MO) calculations by the Fen- 
ske-Hall method’ have been carried out to eluci- 
date the bonding in the M,-&-q4-olefin) unit. To 
our knowledge this type of metal-olefin interaction 
has not previously been recognized to exist and has 
not, therefore, been considered from a theoretical 
point of view. If the molecule is considered to be 
assembled from two ZrXJPR& units and the 
H,C=CH, molecule, we can envision that two 

major contributions to the bonding will arise. The 
n-orbital of CIH4 and its pair of electrons can 
interact with a pair of a-type orbitals on the 
two Zr atoms. The calculations show that this 
contribution is spread over a number of b,, MOs 
rather than being clearly identifiable in any one. 
Overlap between suitable dir orbitals (or dn-p 
hybrids) on the metal atoms with the Ir*-orbital of 
C2H4, and the population of the resulting bill 
bonding orbital by two electrons [nominally the 
unpaired electrons on the ZrX,(PR,), fragments] 
should provide a second important contribution. 
The calculation shows that this contribution can 
be clearly identified as the HOMO. Since the 
calculation shows a very large HOMO to LUMO 
gap, we are inclined to believe that analogs to these 
molecules in which there are more electrons may 
not be obtainable. 
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Abstract-Synergistic extraction in mixed substrates has been predicted according to the 
cone-packing model and confirmed in the uranyl extraction with TBP in mixed solutions 
of ammonium chloride and sodium acetate. The molecular structure of UO,(CH,- 
COO)Cl(dmf), (dmf = N,N-dimethylformamide) confirmed the suggested extraction mech- 
anism. 

. 
Although “coordination saturation” is a much used 
idea in solvent extraction, it is quite a confused 
concept in that one could understand it as satu- 
ration with respect either to coordination number 
or to coordination space. From our treatment of 
more than 500 molecular structures of lanthanide 
and actinide compounds, we have found that the 
latter offers the best explanation of the observed 
behaviour in this field.1-5 

The packing saturation rule summarized in our 
previous papers was also applied to the solvent 
extraction of the actinides and lanthanides in order 
to predict the extracted complexes.6 In this com- 
munication we report the prediction and exper- 
imental confirmation of synergistic extraction of 
the uranyl ion in mixed aqueous substrates by 
applying the cone-packing model. 

So far interest in synergistic extraction has been 
concentrated in the following ternary system: 

*Author to whom corxespondena should be addres&. 

substrate + extractant, + extractant,. 

An enhanced extraction efficiency in the mixed 
extraction substrates has been claimed’-” but the 
mechanism was not reported. We expected that 
synergism would also be shown in the following 
system: 

substrate, + substrate, + extractant, 

and chose the UOi+-NH4Cl-Na(CH&OO)-CHJ 
COOH-TBP system to test this assumption. It is 
clear from Fig 1 that the complex UO,(CH&OO)Cl 
(TBP), (I) has the most favourable packing compared 
to the other possible complexes, U02Cl,(TBP), (II), 
UO,Cl,(TBP), (III), UO,-(CH,COO),TBP (Iv), 
and UO,(CH,COO),(TBP), (Y). It is therefore 
expected that a higher extraction efficiency should 
coincide with the formation of the more stable 
compound (I). 

As shown in Fig. 2, a synergistic effect was found 
with an acetate:chloride ratio of ca 1: 3 which shifts 
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UO,X,X,(TBP), 

U02X, X2( TBP), 

UO,X, X,TBP 

CAcl:CCll 

Fig. 1. UO:+-AC-Cl-TBP packing diagram. X, = AC-, 
x, = cl-. 
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Fig. 2. Uranyl extraction by mixed substrates of different 
total concentrations: ( x ) 2.0 N, (0) 1.0 N, and (A)O.2 N. 

UOi+ = 9.94 x 10-4moldm-3. 

only slightly on changing the total concentration 
of the mixed substrates from 2.0 to 0.2N, but 
remains constant on varying the uranyl ion concen- 
tration. The extracted complex was found to be 
mainly UO,(CH,COO)Cl(TBP), by the slope 
method from which the values of log D - log C are 
1.91, 1.00 and 1.05, respectively, for TBP, acetate 
and chloride. By analysing the uranyl ion and 
chloride concentrations in the organic phase it was 
found that [UOi’]/[Cl-] fluctuates in the range 
0.893-1.23 when the [Cl-]:[CH,COO-] ratio in 
the aqueous phase was changed from 1:9 to 91. 

Fig. 3. Structure of UO,(CH,COO)Cl(dmf),: 
Ol...U = 1.714(18)A, 02...IJ = 1.781(21)& 
03..+U = 2.419(16)& 04-.-U = 2.419(17)A, 
OS...U = 2.353(14)& 06.a.U = 2.363(17)& 
Cl...U = 2.678(6)& Cl...U...O6 = 81.3(S)“, 
Cl.*.U...OS = 79.6(S)“, 03...U..+OS = 74.3(6)“, and 

O4...U..+O6 = 87.2(9)“. 

The synergistic effect is most marked in the pH 
range 2.5-3.5 and decreases at lower pH. A similar 
effect was found with other extractants and other 
diluents. 

A structural study of the mixed-ligand complexes 
of this type is still in progress. 

We have prepared and characterized new com- 
pounds UOz(CH,COO)C1(L)r (L = triphenyl- 
phosphine oxide, tributylphosphine oxide, hexa- 
methylphosphoramide or dimethylformamide) and 
have determined the molecular structure of 
U02(CH,COO)Cl(dmf), (Fig. 3), which confirms 
our expectation that the extracted complexes are 
genuine compounds rather than mixtures of uranyl 
chloride and uranyl acetate complexes. 
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Ah&act-The substitution reactions with ethylenediamine of the bidentato-0,O ligand of 
(bidentato-O,O)bis(ethylenediamine)cobalt(III) complex have been studied in a weakly 
alkaline aqueous solution in the presence of tris(2,2’-bipyridine)ruthenium(II) complex 
under photoirradiation. The reaction was catalyzed by the photoexcited ruthenium(I1) 
complex. Enhanced generation of the photoexcited ruthenium(I1) complex and acceleration 
of the reaction of the bidentato-0,N ligand of (bidentato-O,N)bis(ethylenediamine)cobalt(III) 
complex were noticed when the optically active isomer of the ruthenium(I1) complex was 
irradiated by the corresponding circularly polarized light. 

It has been reported that the ligand substitution 
reaction of glycinato ligand in bis(ethylene- 
diamine)glycinatocobalt(III), [Co(gly) (en),12+, 
with ethylene&amine does not proceed at room 
temperature (25°C) but does proceed at an elevated 
temperature (60-70°C)’ or in the presence of triplet 
state excited tris(2,2’-bipyridine)ruthenium(II),*[Ru 

(bw)~12+~ even at room temperature.2 The 
*CWbM2 + -catalyzed ligand substitution reac- 
tion mechanism has been explained in terms of 
labilization of [Co(gly)(en)2]2 + by a charge-transfer 
process between *[Ru(bpy),12+ and [Co(gly) 
(en)2]2+.2 

651 

cobalt(III),[Co(ox)(en),1+, with ethylenediamine 
suggested that the mechanism is general for the 
(bidentato-0,O and -0,N) bis (ethylenediamine) 
cobalt(II1) complexes. Furthermore, it was found 
that the catalytic role of *[Ru(bpy)J]2+ could be 
enhanced for [Co(gly)(en)2]2 + by using the optically 
active isomer of [Ru(bpy)s]2’, and by exciting 
with irradiation by the corresponding circularly 
polarized light. The present article relates to these 
investigations. 

Further investigation of the role of 

*CWwyM2 + on the ligand substitution reaction 
of carbonatobis(ethylenediamine)cobalt(III), [Co 

V%Wen)21 +, and bis(ethylenediamine)oxalato- 

[Co(C0,)(en)2]Cl and [Co(ox)(en)2]C1 * H,O 
were prepared and resolved into optically active 
isomers according to procedures given in the litera- 
ture.3*4 All other complexes and reagents used have 
been described elsewhere.2 

tAutbor to whom correspondence should be addressed. 

EXPERIMENTAL 

The *[Rt~@py),]~+-catalyzed ligand substitution 
reaction was followed by procedures given in a 
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previous paper.2 In addition, excitation of 
CWbwM2 + at 452nm by irradiation by left and 
right circularly polarized light was made by using 
Polaroid Circular Polarizers, Nos HNCP37L-4 and 
HNCP37R-4, which were attached in front of the 
sample holder of the photoirradiation system.2 
Other experimental procedures, including 
fluorescence quenching of *[Ru(bpy)J2’, determi- 
nation of hydroxide ion concentration etc., have 
been carried out as described elsewhere.‘,2 

RESULTS AND DISCUSSION 

Investigation by liquid chromatography [SP- 
Sephadex C-25 column (Na+ form); eluant, 
0.05 mol dm - 3 aqueous NaCl] of the photo- 
irradiation reaction solution {initial conditions: 
1.00 x 10-2 mol dmm3 CWcWen)21 +, 
1.00 x 10-3mol drnm3 [Ru(bpy)J”, 2.OOmol 
dm-3 ethylenediamine, pH 12.0 (buffered), room 
temperature (25”(Z)}, revealed that [Co(CO,) 
(en),]+ changed uniquely to [Co(en),13’. The 
amount of [Co(C03)(en)2]’ was decreased linearly 
with increasing photoirradiation time. Further- 
more, no evidence was noticed of the formation of 
[Co(en)J3’ in the absence of [Ru(bpy)3]2’. When 

CWoxXen)21 + was used in place of 

Cco(co3W021 +, a stoichiometric change of 
[Co(ox)(en)2]+ to [Co(en)3]3+ by *[Ru(bpy),]‘+ 
was also found. However, the relation between 
the decreased amount of [Co(ox)(en)2]+ and the 
photoirradiation time [cf. Fig. 1 (for CD data), 
curves 5 and 61 showed a deviation from linearity. 
This deviation can be ascribed to the photo- 
decomposition process of [Co(ox)(en),]+ (cf. Fig. 
1, curve 7).t Hence it is deduced that the ligand 
substitution reaction of [Co(bidentato-0,0)(en)2]+ 
with ethylenediamine is catalyzed by *[Ru 

@wM2 +v as in the case of [Co(gly)(en)2]2+.2 
Stem-Volmer plots were taken at 25°C by moni- 

toring fluorescence intensities at 607nm of 
1.00 x 10-3moldm-3 [Ru(bpy)3]2’ in relation to 
concentration@--2.00 x 10m2 mol dmb3) of [Co(bi- 
dentato-O,O)(en),]+. Linear relations with an inter- 
cept of unity were obtained for [Co(C03)(en)2]’ 
and [Co(ox)(en)2]+ with Stern-Volmer constants 
of 0.54 x lo2 and 0.50 x lo2 mol-’ dm’, which 
can be converted by applying a lifetime of 

*CRu@m%12 + in water at 25°C of 0.6@*’ to 
quenching rate constants (k,) of 0.90 x 10s and 
0.83 x 10s mol- ’ dm3 s-r, respectively. These data 
compare well with the rate constant of 

t[Co(ox)(en)J+ has been reported not to racemize on 
photoirradiation.’ 

CCoWMen)212 + (1.25 x 108mol-’ dm’s-‘), 
corresponding to a diffusion-controlled, outer-’ 
sphere charge-transfer between *[Ru(bp~)~]~’ and 
[Co(gly)(en)2]2’. It should be noted that the Stem- 
Volmer constant decreases slightly in the following 
order; [Co(gly)(en)2]2’ > [Co(C03)(en)2]’ > [Co 

@Md21 + . 
The yield for the *[Ru(bpy)3]2+-catalyzed ligand 

substitution reaction of [Co(bidentato-0,0)(en)2]+ 
with ethylenediamine against *[Ru(bpy)3]2’ gener- 
ated, wub { = (- d[[Co(bidentato-O,O)(en)J ‘1 
/dt)/l,@‘, where I,@O corresponds to the formation 
rate of *[Ru(bpy)3]2+},2 was determined on both 
racemates as well as optically active isomers, and 
the data are summarized in Table 1. The yield does 
not depend on the stereochemistries of both the 
ruthenium(I1) and the cobalt(II1) complexes; the 
values are about the same magnitude with, how- 
ever, a slight decrease in the following 
order; CWdyMen)212+,2 > CWco3Men)21 + 
k [Co(ox)(en),] + . 

From the evidence given above, it is concluded 
that the mechanism of the *[Ru(bpy),]‘+-catalyzed 
ligand substitution reaction of [Co(bidentato- 
O,O)(en),]+ with ethylenediamine is the same as 
that of [Co(gly)(en)2]2+.2 

According to the discussion above, there remains 
an interesting point left unsolved on the role of 
circularly polarized light on the generation of 
*[Ru(bpy)3]2’. The *[Ru(bpy),]‘+-catalyzed 
ligand substitution reaction was followed under 
irradiation by left or right circularly polarized light 
at 452nm of the optically active isomers of both 

CWbwM2 + and [Co(bidentato-O,O)(en),1+ as 
well as [Co(gly)(en)2]2 + (cf. Fig. 1). Figure 1 demon- 
strates that [Co(gly)(en),12+ clearly shows the effect 
of irradiation by circularly polarized light; the rate 
of the decrease in [Co(gly)(en)2]2’ is enhanced by 
irradiation by right circularly polarized light on a 
solution containing A-( -)s89-[Ru(bpy)3]2+ irres- 
pective of the optical isomerism of [Co(gly)(en),12 +. 
This effect can be explained in terms of an enhanced 
excitation of A-( -)589-[Ru(bpy)3]2+ by right circu- 
larly polarized light because this isomer shows a 
negative CD sign at 452nm. Furthermore, this 
finding supports our conclusion on the mechanism 
of the *[Ru(bpy),12+-catalyzed ligand substitution 
reaction of [Co(gly)(en)2]2+,2 that the overall rate 
of the reaction is governed by the photoexcitation 

step of CWby)31 2+. We could not obtain any 
definite indication of the irradiation effect of circu- 
larly polarized light on [Co(bidentato-O,OMen),1+ 
within our experimental uncertainties. The reason 
is not clear at present, but we can safely state that 
the effect may be less pronounced 

Wo(~~3Men)21’~ or may be influenced by the 
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Fig. 1. CD intensity changes of cobalt(II1) complexes with irradiation time of circularly polarized 
light in relation to the coexisting optically active ruthenium(I1) complex. [[Co(bidentato-0,O or - 

WW&l +Or2+], 1.00 x 10-2moldm-3 (initial state); [[Ru(bpy)s]2’], 1.00 x 10-smoldm-3; [en], 
2.OOmoldm-“; [OH-]. 1.58 x 10-2moldm-3 (buffered); and [Cl-], 1.0moldm-3. T(“C), 25. 
Excitation wavelength of circularly polarized light (nm), 452. Wavelength of CD intensity measurement 

(nm), 509 {CWdyMen)212 + 1, 520 Wo(oxXed21 + I. and 530 {[Co(C03)(en)2]‘}. Notation is as 
follows: 

CWf3WW212 + CWoxMeN21 + CWco3Men)21 + 
A-t-h- h-t + h- ~_(+h- A-t +b39- 

Right CPL 1 2 5 9 
Left CPL 3 4 6 8 
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CPL = circularly polarized light. A-( -)sss-[Ru(bpy)3]2+ was used throughout the runs. Curve 7 is 
a blank run for A-(+)s,,-[Co(ox)(en),]+ in the absence of A-(-),s,-[Ru(bpy)3]2’. 

Table 1. Yield for ligand substitution reaction against *[Ru(bpy)3]2+ generated as determined by the circular 
dichroism snectral method at 25°C 

CWoxM=021 + CWco3Men)21 + CWdyMW212’ 
A_( -h- A_(+hcr A-f-hw- A_( + hsr A-f-)m.- N+h- 

CWb9J2 + 0.33 0.31 0.34 0.35 Q.55b 0.55b 

A_( -h-CWbw),l,2 + 0.33 0.31 0.35 0.34 0.52b 0.55b 

Vub = { -d[[Co(bidentato-0,O or -O,N)(en),] + Or 2’]/dt}/1,$” (consult the text). 
bReference 2. [[Co(bidentato-0,O or -O,N)(en),] + Or2 + 1. 1.00 x 10m2 mol drne3 (initial state); [[Ru(bpy)3]2’], 

1.00 x 10e5 mol dm-‘; [en], 2.00moldm-3; [OH-], 1.58 x 10m2 mol drnw3 (bufferedk and [Cl-], 1.0 mol dmm3. 

photosensitivity of the cobalt(II1) complex { [Co(ox) 3. 
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Abstract-The asymmetric complexes [Hg(LL)(LL’)]’ + (LL and LL’ = dppm, dppe or 
dppp, LL # LL’) are formed in an equilibrium mixture with the corresponding symmetric 
compounds from [Hg(Me$O),](O,SCF& and the corresponding diphosphines. The 
bonding mode of dppe and dppp in the mixed complexes is chelating bidentate. The dppm 
ligands are monodentate and are involved in fast intramolecular exchange of the coordinated 
phosphorus atoms by the free phosphorus atoms. The mercury triphosphine complexes 
show unusual Hg-P coupling constants which are explained by the different s-character 
of the ligand-Hg bonds as a result of the fixed geometry of the chelate ligands differing 
from the ideal geometry of tricoordinate mercury(I1). 

Anomalous metal-phosphorus coupling constants 
have been observed when the actual coordination 
geometry of a metal differs from its ideal geometry.’ 

The platinum tetraphosphine complex [Pt(tri- 
pod)PPh,] [tripod = CH,C(CH,PPh,),] for 
example exhibits very different Pt-P coupling con- 
stants: 3096 Hz for the tridentate ligand but 5400 Hz 
for the monodentate phosphine.’ Approximately 
the average of these coupling constants has been 
observed for [Pt(PPh3)J.2 This has been rational- 
ized as follows: l the P-Pt-P angles involving the 
tripod ligand are 93-94”, i.e. essentially smaller 
than the tetrahedral angle. The Pt-tripod bonds 
will thus have a smaller s-character than tetrahedral 
Pt-P bonds, consistent with a smaller coupling 
constant. The Pt-PPh, bond will be hybridized 
to include more s-character, corresponding to a 
larger coupling constant. 

Similar observations have been reported for 
[Hg(tripod)L]2+‘+, where L stands for a neutral or 

l dppm = PPh,CH2PPh,, dppe = PPh,(CH,),PPh,, 
dppp = PPhl(CHJ3PPh,. 

TAuthor to whom correspondence should be addressed. 

anionic phosphorus donor ligand.’ We present here 
further evidence of this effect in mixed mercury(I1) 
complexes with diphosphine ligands. 

RESULTS AND DISCUSSION 

In a solution of equimolar quantities of 
[Hg(Me,SO),](O,SCF,),, dppm and dppe in 
dichloromethane the new asymmetric complex 
[Hg(~2-dppe)(#dppm)]2+ (1) is formed in an equi- 
librium mixture with the symmetric species [Hg(q2- 
dppe)2]2+ (2)4 and [Hg(r$-dppm)2]2+ (3)_4 The 
coordination sphere of mercury in complexes 1 
and 3 is thought to be completed by Me,SO. 
Equilibrium (1): 

2CHg(t12-dppeMtt’-dppm)l= CWh2-4W212+ 

+ CI-Whbpm)212+ (1) 

occurs rapidly on the preparative time scale, and 
the equilibrium concentrations are almost statistical 
as estimated by the integration of the 31P NMR 
signals. 

At ambient temperature, the 31P NMR signals 
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Fig 1. 31P-{1H} NMR spectra of a solution of [Hg(Me, 
SO),](O,SCF,),, dppm and dppe in a ratio of 1: 1: 1 in 
CH,Cl, at different temperatures (inK): (1) dppe part 

of CHg(rt’-dppmW12-dppe)12’, (2) CWdt12-dwd212+, ad 
(3)dppm part of [Hg(#-dppm)(g2-dppe)]2+ and [Hg($- 

are broadened as a result of intermolecular ligand 
exchange (Fig. 1). At 263 K the 31P NMR spectrum 
of 1 consists of two triplets attributable to coordi- 
nated dppm and dppe together with the corres- 
ponding “‘Hg satellites originating from the isoto- 
pomer containing lggHg atoms (abundance 16.8%). 
The tggHg NMR spectrum at this temperature is 
a triplet of triplets. 

These coupling pattern are not caused by a 
structure CHgtt12-dppeHr12-dppm)12’ but by 

[Hg(q2-dppe)(q’-dppm)12+ involved in intra- 
molecular exchange of the coordinated phosphorus 
atoms with the free phosphorus atoms of the $- 
dppm ligands occurring rapidly on the NMR time 
scale. Upon further cooling the dppm signals 
broaden, and below 173K two broadened peaks 
attributable to the coordinated and the free phos- 
phorus atoms of the $-dppm ligands appear, but 
the slow-exchange limit could not be attained. 

Dean and Srivastava’ reported very recently on 
the compound [Hg(q2-dppe)(q2-dppm)12+ which is 
formed from Hg(SbF,),, dppe and dppm, but in 
the absence of Me,SO. This confirms that the 
Hg(q’-dppm) ring is readily opened by Me,SO. 
This must be caused by the strain of the four- 
membered HgPCP ring since tertiary phosphines 
are much stronger ligands for mercury compared 
to oxygen donor ligands (e.g. Me,SO). The strain 
in four-membered metal-dppm rings is a known 
fact and causes dppm to prefer the bridging biden- 
tate or monodentate bonding mode.6 An analogous 
opening of a Hg-dppm chelate ring by Me,SO has 
been observed for [Hg(q2-dppm),12+ which exists 

as CHd(tt1-dppm)212+ when dissolved in Me2S0.4 
The NMR parameters of 1 are summarized in Table 
1. The lggHg chemical shift largely corresponds 
to that of other cationic Hg complexes of type 

i?-W%)~l 2+.7 On the other hand the 1ggHg-31P 
coupling constants are rather interesting: the one 
bond coupling constant involving dppe (2456Hz) 
is unexpectedly small. The Hg-P coupling con- 
stants of cationic mercury phosphine complexes 

CHB(PRL12 + usually decrease with n: they are 
ca 10,000 Hz for n = 1,’ ca 55OOHz for n = 2, 
ca 3300Hz for n = 3, and ca 21OOHz for n = 4.’ 
The Hg-dppe coupling constant of 2 thus more 
closely resembles that of a mercury tetraphosphine 
complex than that of a triphosphine complex. 

The apparent Hg-dppm coupling at the fast- 
exchange limit of the end-over-end exchange is 
actually the mean of the one- and the three-bond 
mercury-phosphorus couplings. The assumption 

Table 1. NMR parameters of [Hg(LL)(LL’)]2’” 

LL LL T 

LL LL’ s(P) J(Hg-P) s(P) J(Hg-P) s(Hg) (K) 

dppm dppe 10.2’ 2822 32.2 2456 1835 263 

dppm dppp 17.6’ 2338 36.2 2305 1936 300 

done dDDD 18.2” 1893 16.3 2236 2083 300 

“Chemical shifts in ppm to high frequency of 85% H,PO, or 
aqueous Hg(ClO,), [2 mmol HgO (cm3 60% HClO,)- ‘1, coupling 
constants in Hz. 

b2JWWpmVYdppe)l + 4JCP(dppm)-P(dppe)l}/2 = 63. 
c2J@Wvm)-P(dppp)3 + 4JCP(dppm)-P(dppp)lI/2 = 53. 
d2JCP(dppe)_P(dppp)l = 49. 
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of a 3J(Hg-P) of f70Hz leads to a ‘J(Hg-P) of 
ca 5600-57OOHz. This is in the region of Hg-P 
couplings in complexes of type [Hg(PR3)2]2’. The 
average of the coupling constants of Hg to dppm 
and dppe for 2 on the other hand is in the region 
typically observed for [Hg(PR3)J2’ complexes. 
The anomalous coupling constants may be 
explained as those of the Pt(0)’ or Hg(II)3 tripod 
complexes mentioned above. The five-membered 
rings of M(q*-dppe) complexes involve P-M-P 
angles of co 85”. This is essentially smaller than the 
optimal P-Hg-P angle in 1, and results in a 
diminished s-character of the Hg-(q*-dppe) bonds, 
and therefore in a decreased coupling constant. The 
Hg-($-dppm) bonds are hybridized to include 
more s-character and have an enlarged Hg-P 
coupling constant. 

The complex [Hg(q*-dppp)($-dppm)]*+ (4) is 
formed together with the corresponding symmetric 
compounds from [Hg(Me2S0),](03SCF3),, dppp 
and dppm, and behaves similarly to 1. The NMR 
data show the same anomalies as 1, and are included 
in Table 1. 

[Hg(q*-dppe)(q*-dppp)]*+ (5) is formed from 
CHg(Me2S0),1(03SCF3),, dppe and dppp in an 
equilibrium mixture with [Hg(q*-dppe)J*+ and 

U-M*-dnvM 2+. In contrast to 1 and 4,s contains 
four-coordinated phosphorus donor atoms. The 

NMR data of 5 (Table 1) are almost identical to 
that of [Hg(q*-dppe)(q*-dppp)] (SbF,)*, which has 
been reported’ since the acquisition of this data. 

EXPERIMENTAL 

[Hg(Me,SO),](O,SCF,), has been prepared as 
previously described,g and all other reagents are 
commercially available. 

The NMR spectra were recorded in the FT mode 
on a multinuclear Bruker WP-80 spectrometer. 

REFERENCES 

1. J. Chatt, R. Mason and D. W. Meek, J. Am. Chem. 
Sot. 1975,97, 3826. 

2. C. A. Tolman. W. C. Seidel and D. H. Gerlach, J. Am. 
Chem. Sot. 1972,94,2669. 

3. P. Peringer and M. Lusser, Inorg. Chim. Acta, 1986, 
117, L25. 

4. P. Peringer and M. Lusser, Inorg. Chem. 1985, 24, 
109. 

5. P. A. W. Dean and R. S. Srivastava, ‘Can. J. Chem. 
1985,63,2829. 

6. R. J. Puddephatt, Chem. Sot. Rev. 1983,99. 
7. R. Colton and D. Daktemieks, Awt. J. Chem. 1984, 

34, 323. 
8. P. Peringer and M. Lusser, unpublished results. 



f’oi~hrdru~~ Vol. 6, No. 3, pp. 65Y461, IYX7 
Pergamon Journals Ltd. Printed in Great Britain 

BOOK REVIEWS 

Carbosilanes. Synthesis and Reactions. G. Fritz and 
E. Matern, Springer, Berlin, 1986. ISBN 3-540- 
15929-0, xii + 258 pp., 40 figs, 74 tables, DM 189. 

Carbosilanes are compounds containing a molecular 
skeleton based on alternating carbon and silicon atoms. 
The present volume is an authoritative and expert in- 
depth review of a field which has grown up over the last 
40 years. 

After a brief scene-setting chapter comparing the 
chemistries of carbon and silicon, the book proceeds to 
a consideration of the synthetic routes to carbosilanes. 
The first route to be discovered was simple gas-phase 
pyrolysis of methyl silanes. Thus, pyrolysis of SiMe, 
yields some 45 different silicon containing products (and 
a range of hydrocarbons) boiling between 45 and 280°C 
plus higher molecular weight silicon compounds. The 
simplest compounds have linear or one-ring cyclic struc- 
tures, whilst many (but not all) of the polycyclic deriva- 
tives have the “adamantane” type cage, some of these 
being stable to above 400°C. Chlorinated carbosilanes 
are similarly obtained from chlorosilanes. 

An alternative synthetic route to carbosilanes involves 
cold plasma ; this permits the isolation of compounds 
decomposed in the thermal routes, notably linear car- 
bosilanes. Another route involves using a copper catalyst 
to facilitate reaction of silicon with chloromethanes ; 
Lewis acids such as AlCl, also catalyse rearrangement 
reactions of carbosilanes. The text discusses the mech- 
anisms believed to occur in these reactions, as well as 
particular organometallic syntheses. 

Chapter 3 treats the reactions of carbosilanes ; under 
appropriate conditions a number of functional groups 
may be introduced. These include halogenation of Si-H 
and C-H groups, hydrogenation of %-Hal, and alky- 
lation with Grignard reagents and organolithium com- 
pounds. Generally speaking, it is at the silicon atoms that 
reaction occurs, but under the right conditions the carbon 
atoms can be metallated, specific reagents being available 
for --CH,- and SH groups. Metallation with organo- 
metallic moieties such as -Fe(CO)&H,) can also be 
brought about. 

The final chapter contains details of all the molecular 
structures determined for carbosilanes, mainly, of course, 
by X-ray diffraction methods. Clear diagrams show all 
bond lengths and angles. 

All references (212) are given at the end ; a majority of 
the work cited is by Professor Fritz and his coworkers, a 
significant amount of it not having been published before. 

This reviewer confesses to a total ignorance of car- 
bosilanes before reading this book, but he found the 
work thoroughly covered, with plenty of illustrations to 
clarify the often-complicated structures. This is a very 

neatly produced contribution to keeping us abreast of 
the substantial area represented by silicon chemistry. 

Stanground School 
Peterborough 
Cambs, U.K. 

SIMON COTTON 

The Periodic Table of the Elements, 2nd Edition. 
R. J. Puddephatt and P. K. Monaghan, Oxford Uni- 
versity Press, Oxford, 1986. ISBN O-19-855515-6 
(hbk), ISBN O-19-855516-4 (pbk), f6.95 (pbk). 

The arrangement of the chemical elements in the form 
known as the Periodic Table is familiar to all except those 
with a cursory acquaintance with chemistry. Its merits as 
a way of classifying the elements are illustrated by the 
way in which it has survived in essentially the same form 
from a time when many fewer elements were known and 
when notions of atomic structure were extremely sketchy. 

This is the second edition of a book first published 14 
years ago, intended for “first year students in universities 
and technical colleges and for senior secondary school 
students”. Compared with the first edition, it contains 
about one-fifth as many pages in the text, partly 
accounted for by a change in typeface but also having 
significant additions in certain chapters. 

After a brief introductory section (which points out 
that the book is concerned with trends in properties and 
comparisons between elements, rather than being a cata- 
logue of facts) the second chapter is concerned with a 
brief summary of quantum theory, which in Chapter 3 is 
utilized to relate electronic structure to the Periodic 
Table. Both the traditional (I-VIII) and new IUPAC (l- 
18) systems of classifying groups are used. 

The next three chapters (46) treat the main-group 
elements. The first of these chapters, significantly 
expanded from the last edition, introduces ideas like ion- 
ization energy and electron affinity, showing how these 
(and atomic and ionic radii) vary within a group. This 
chapter also outlines some basic principles of chemical 
bonding. Chapter 5 treats the physical and structural 
properties of the main-group elements, indicating the 
relationship between these, both within a group and 
across a period. Chapter 6 (again signitiantly expanded) 
looks at representative compounds (halides, oxides and 
hydrides) of the elements and shows how the properties 
of these compounds are related to the properties (i.e. 
metal/non-metal) of the element itself. The section on the 
hydrides includes a very brief discussion of the VSEPR 
model and of hydrogen bonding. 

Chapter 7 deals with the transition elements. The chlor- 
ides are used to illustrate the property of multiple oxi- 
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dation states, and also how the 4d and 5d metals tend to 
utilize higher oxidation states. Trends across the series in 
ionic and atomic radii, and in properties such as ion- 
ization energy, are illustrated, and there is a discussion 
of hard and soft acids and bases linking with complex 
formation, and of crystal-field theory. Chapter 8 is a brief 
(dpage) account of trends in the lanthanide and actinide 
series. 

This book has many solid virtues and is both easy to 
read and extremely well illustrated. It has no pretence of 
being a textbook on inorganic chemistry and, indeed, 
refers the reader to the standard texts in the field. It is 
also always easy to suggest ways of expanding a short 
book, but there are some areas that this reviewer would 
look for. Although it would be covered by cognate texts, 
a little more account of VSEPR treatment would be 
welcome, as would some more account of variation in 
properties across periods. The authors do not state 
explicitly just which properties are characteristic of tran- 
sition metals as distinct from other elements, and, finally, 
it would be nice to see the very old-fashioned table com- 
paring the known properties of germanium with Men- 
deleev’s predictions, if only to illustrate the power of the 
Periodic system in the hands of a skilled practitioner! 

Stanground School 
Peterborough 

Cambs, U.K. 

SIMON COTTON 

Organotitanium Reagents in Organic Synthesis. 
Manfred T. Reetz, Springer, Berlin, 1986. ISBN 3- 
540-15784-0,236 pp., 23 figs, DM 168. 

This volume is a timely addition to the Springer series 
“Reactivity. and Structure Concepts in Organic Chem- 
istry”. The book is organized in eight concise chapters 
each with its own comprehensive references. Early chap- 
ters cover the preparation and general properties of 
organotitanium compounds, including a brief treatment 
of theoretical and spectroscopic aspects. Subsequent 
chapters describe the major uses of titanium in synthesis. 
Addition reactions of organotitanium reagents to car- 
bony1 compounds are treated in some detail and with 
special regard to chemo- and stereoselectivity, and with 
a separate brief chapter concerning kinetics. 

Other areas treated include the use of titanium species 
as Lewis acid mediators in reactions of enol and ally1 
silanes, titanium enolate chemistry, and methylenation 
reactions using titanium-based reagents. The book 
includes coverage of the literature up to early 1985 along 
with additional unpublished data from Prof. Reetz’s own 
research group. The excellent organization and layout of 
this volume make it an enjoyable read as well as a valu- 
able reference book, and it should prove popular and 
useful to all those involved in organic synthesis. 

Department of Chemistry 

Queen Mary College 
Mile End Road 
London El 4NS, U.K. 

N. S. SIMPKINS 

Gmelin Handbook of Inorganic Chemistry, 8th 
Edition. Sn-Organotin Compounds, Part 13, Other 
RSn-Oxygen Compounds. Compounds with Two 
and Three Different Organic Groups Bonded to the 
Sn Atom. Springer, Berlin, 1986. xii+374 pp., 
DM 1456. 

Organotin chemists will be delighted to see the rapid 
appearance of this 13th volume on organotin 
compounds. Like all the previous volumes, it has been 
compiled by Herbert and Ingeborg Schumann, and it 
maintains the very high standard of the series. 

This volume contains all mononuclear R&r-oxygen 
compounds with R other than methyl, ethyl, propyl and 
butyl, and all R,R’Sn- and RR’R’Sn-oxygen com- 
pounds ; the mononuclear restriction means that tri- 
alkyltin hydroxides are included, but bis(trialkyltin) 
oxides are not. The literature is covered up to the end of 
1982. 

For example, 8 pp. are devoted to the tribenzyltin- 
oxygen compounds, and cover the hydroxide, alkoxides, 
phenoxides, ketonates, carboxylates, peroxides, and 
other miscellaneous derivatives. The section on the cor- 
responding triphenyltin-oxygen compounds is of course 
much larger (160 pp.). For each compound, details are 
given of preparations, properties, structure, reactions and 
applications. Much information is tabulated, and ampli- 
fied in extensive footnotes. There is an empirical formula 
index (28 pp.) and a ligand index (59 pp.). 

The printing and production are as impeccable as 
usual. 

Doubly welcome is the promise that additional vol- 
umes describing other R,SnO derivatives and tin-oxygen 
compounds with R,Sn and RSn groups will follow in the 
near future. 

Department of Chemistry 

University College London 
20 Gordon Street 

London WCI H OAJ, U.K. 

A. G. DAVIES 

Gmelin Handbook of Inorganic Chemistry, 8th 
Edition. Sb-Organoantimony Compounds, Part 4, 
Compounds of Pentavalent Antimony with Three 
SbC Bonds. Springer, Berlin, 1986. 250 pp., 
DM 1173. 

The first volume of this series covered organoantimony 
compounds of type R,Sb, the second covered the com- 
pounds R,SbX and RSbX,, and the third dealt prin- 
cipally with the Sb(V) compounds R,Sb. 

This fourth volume describes pentavalent antimony 
compounds of types R,SbX, and R,Sb=X. 

Most readers will be familiar with the Gmelin format. 
The text is now wholly in English. For each compound, 
the preparations are first listed, then the physical and 
spectroscopic properties, with figures of the molecular 
structure if it has been determined by diffraction 
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methods. Finally any applications of the compounds are 
described and references are given at the end of each 
section. Related compounds {e.g. the triorganoantimony 
dibenzoates [R,Sb(O,CAr),]}, or related information 
about a compound (e.g. the preparations of Ph,SbO) are 
frequently tabulated. 

For example trimethylantimony dichloride is described 
in 9 pp. This includes tables of the IR and Raman 
vibration spectra of the solid, of the reactions of 
Me,SbCl,, and of the Raman spectrum of the complex 
Me,SbCll* SbC13, and a figure of the crystal structure of 
this complex. A list of 84 references completes the section. 

Apparently there are now some 1200 publications and 
400 patents on organoantimony compounds, more than 
half of which have been published within the past 10 
years, and over 3000 organoantimony compounds have 
been described. This volume will be invaluable to the 
growing number of chemists who are interested in this 
field. 

Department of Chemistry 
University College London 
20 Gordon Street 

A. G. DAVIES 

London WC1 H OAJ, U.K. 
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INTRODUCTION 

MALCOLM H. CHISHOLM 

The discovery by Cotton and coworkers in the mid will find articles of topical interest in the field of 
1960s that metal atoms could form quadruple metal-metal multiple bonds varying from extensive 
bonds with one another heralded a new chapter in reviews of an area to short contributions dealing 
inorganic chemistry. Now, after more than 20 years, with a very specific topic. Clearly the field is 
multiple bonds between metal atoms still provide maturing. The chemistry is getting richer and more 
challenges in terms of theory, spectroscopy and diverse and should prosper well for another two 
reactivity. In this collection of papers the reader decades or more. 
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Department of Chemistry and Laboratory for Molecular Structure and Bonding, Texas 
A&M University, College Station, TX 77843, U.S.A. 

(Received 19 November 1986) 

The edge-sharing bioctahedron presents a broadly 
applicable and flexible framework within which to 
examine the interaction between adjacent metal 
(M) atoms.iV2 The basic unit is shown in general 
form in Fig. 1. 

The flexibility of this structure motif is due to 
the following factors: 

(1) M may be varied in three ways: (a) atomic 
number (hence, size); (b) charge; and (c)number of 
d-electrons. 

(2) There are at least three non-equivalent types 
of ligands which may be varied independently: 

(a)The terminal ligands X and Z may be the 
same or different, anionic or neutral, and they may 
be connected in various ways, viz. Z to Z, X to X 
or Z to X. 

(b) The bridging ligands Y can be varied in size, 
e.g. 0 vs S or Se, Cl vs Br or I etc. These size 
changes by themselves can have a major influence 
on the strength of the M-M interaction. 

(c) The linking of Z to adjacent Z, for example 
if a ligand such as RCO; or R2PCH2PR2 is used, 
also influences the M-M distance since in this way 
the repulsive forces between independent Zs are 
reduced (a point first stressed by Shaik et a1.3). 

It should be noted that the highest possible 
symmetry for compounds of this class is DZb, even 
if X = Y = Z. The maintenance of this symmetry 
does -not require any special values of the various 

angles, e.g. X-M-X, Y-M-Y, M-Y-M, Z-M-X 
or Z-M-Y. It does, however, depend on the exist- 
ence of two mutually perpendicular planar units, 
one comprised of the X,M(,u-Y),MX, set and the 
other of the M2Z, set. There must also be another 
plane of symmetry perpendicularly bisecting the 
M .a. M line and containing the Y ligands. 

There are a number of cases in which small twists 
about the M ... M axis degrade the D,,-symmetry. 
This is understandable since such a twist can 
increase the two Z .*a Z distances and the four 
X ..a Y distances, thus diminishing the repulsive 
energy in the molecule. An example is shown in 
Fig. 2. However, the twist angles are generally small 
(< 100) and in considering the M-M bonding and 
other aspects of the electronic structure these twists 
are generally ignored, and calculations are perform- 
ed as though D,,-symmetry were fully displayed. 

One further prefactory observation concerns the 
relationship of the various bond angles at the metal 
atoms to the nature and strength of the M-M 
interaction. If two regular octahedra are simply 
joined on a common edge, all angles are 90” 
(or 2 x 90”), including the M-Y-M angles. This 
situation is not, however, of any special significance 
in real cases, and will not be seen except by pure 
coincidence. In the absence of an M-M bond, 
numerous repulsive forces, including (and perhaps 

Z Z 

Fig. 1. Generalized, schematic representation of the edge- 
sharing bioctahedron. 

Fig. 2. View of the Nb,Cl,(dmpm), molecule along the 
Nb-Nb bond axis. The staggering of the chlorine atoms 

is clearly shown. 

667 
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Table 1. M2Cl,o structures 

M-M Mean M--+-Cl) Mean M-Cl, 
M (A) (A) (A) 

(P-cU-(~)+Cl) 
Reference 

Nb 3.951(2) 2.55 2.28 78.7 5 
MO 3.84(2) 2.53 2.24 81.4 6 
W 3.814(2) 2.52 2.25 81.5 7 
Re 3.739(2) 2.47 2.25 81.3 8 

especially) the repulsion between the two M atoms 
themselves, will elongate the structure so as to 
make the Y-M-Y angles ~90” and the M-Y-M 
angles >90”. This will probably indirectly cause 
the X-M-X angles to become >90”. 

On the other hand, the drawing together of the 
metal atoms resulting from a direct M-M bond 
will have consequences that are the opposite of 
those just mentioned, i.e. Y-M-Y > 90”, M-Y- 
M < 90”, and probably X-M-X < 90”. 

It is likely that even the formation of an M-M 
single bond will cause a net contraction of the 
structure; thus only contracted structures with M- 
M bonds or extended structures with no M-M 
bonds are likely to be seen. This is true for all 
structures presently known. The exact balancing of 
an attractive (i.e. M-M-bonding) force and the 
repulsive forces to result in the ideal structure 
derived from two conjoined octahedra is not to be 
expected in any real compound. Thus, in general, 
the existence of an M-M bond will be evident from 
the structure. Similar considerations were outlined 
and illustrated many years ago for con- 
facial bioctahedral complexes.4 

With these considerations in mind, we turn now 
to a tabulation of the majority of the edge-sharing 
bioctahedral structures known. We have intention- 
ally excluded from this tabulation compounds with 
large numbers of strongly x-accepting ligands, e.g. 
(OC),MnCl,Mn(CO),, as well as a few other com- 
pounds having odd features that place them outside 
of a mainstream discussion. 

METAL PENTAHALIDE DIMERS 

We consider these molecules separately because 
they lack M-M bonds. In general the higher the 
oxidation state of the M atoms the less likely they 
are to form M-M bonds, and this is especially true 
when the bridging atoms are as large as Cl, or 
larger. The four structurally characterized M2Xio 
compounds are the chlorides of Nb (do), MO (d’), 
W(d’), and Re (d*). Their structural parameters are 
listed in Table 1. 

It can be seen that these non-bonded M-M 

distances are all very long, ca 3.8 f 0.1 A, and that 
the stretching out of the central rhombus results 
in @-Cl )---M-+-Cl) angles of ca 80”. Another 
consistent characteristic of these structures is the 
great difference between the M-@-Cl) and M- 
Cl, bond lengths (ca 0.25A). In the M-M-bonded 
structures to be considered later, we shall see very 
different features. 

Before turning to the large group of structures 
with which this review is mainly concerned, we may 
note that even for an oxidation number of V, M- 
M bond formation is possible if other factors 
are conducive. This point is well illustrated by a 
condensed structure in which there are Re2(V)Olo 
units.g In Nd,Re,O, 1, there are Re,(V)O,, fra - 
ments in which the Re-Re distance is 2.421 a , 
and the assignment of a Re=Re double bond is 
straightforward. The presence of small bridging 
atoms is perhaps the major factor in allowing or 
even encouraging a close approach of the Re atoms. 
It is, however, also worth noting that this factor 
alone does not assure the formation of M-M bonds. 
In the compound PbRez06, there are connections 
to the surrounding structure that tend to draw the 
RezOio unit out and the resulting Re-Re distance 
is 3.102(l) A (compared to 2.77 A calculated for 
idealized edge-sharing ReOs octahedra). Presum- 
ably no significant Re-Re bonding exists in this 
case. 

GENERAL SURVEY OF STRUCTURES 

In Table 2 all of the structural data we wish to 
examine and discuss here are listed. To facilitate 
the use of the table, note that it is organized as 
follows: 

(1) d’-d’ species: (a) + 3, + 3; (b) +4, +4; and 
(c) +5, +5. 

(2) dZ-d* species: (a) + 3, + 3; and (b) + 4, + 4. 
(3) d3-d3 species: (a) + 3, +3; and (b) +4, +4. 
(3/4) d3-d4 species: (a) + 3, +4. 
(4) d4-d4 species: (a) + 3, + 3; and (b) + 4, + 4. 
(5) d5-d5 species: (a) + 3, + 3. 
In each category, complexes are listed in order 

of increasing atomic number, e.g. all MO complexes 
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Table 2. Listing of edge-sharing bioctahedral structures [formula, M-M bond length (A), and reference] 
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Cl Cl 
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3. 

Cl Cl 

Ph2P ‘,, s ’ .,,, . PPh* 
,, $ ,, .p* 

cbbJ 

Re Re 3.809(11 

m2P 
C PPh2 

t1 Cl 

(b) +4, +4 
- 

1. 3.788(3) 

5. d5-d5 m 

NH3 

I. 2.625(l) 

NH3 

1441 

1451 

1461 

H3N ‘ NH3 

before W complexes. Each complex can then be 
cited by a number, such as l(b)5, which immediately 
locates it in the table. 

DISCUSSION 

The many structures listed in Table 2, 52 in all, 
afford a very disparate array. No attempt will be 
made to discuss all of them; instead some important 
trends will be noted and also a few compounds that 
present special features will be highlighted. Before 
doing that, however, we must summarize the elec- 
tronic structure considerations that are important 
in determining the M-M bond orders as a function 
of the number of d-electrons on each metal. In 
doing this we shall be making assertions that arise 
from the calculations and experiments detailed in 
Refs l-3 and 28. 

The M-M bonding in an edge-sharing bioctahed- 
ron can be formulated in a sort of “zero-ith order” 
approximation by assuming that the six a-bonds 
that each metal atom forms to ligands engage the 
usual set of orbitals, viz. s, pX, py, pz, dZ2 and 
d,z_,z (where for the moment we use a local, 
conventional set of Cartesian axes). There are then 
three d-orbitals on each M atom (those convention- 
ally designated as dn or fze orbitals) available to 
form bonds between the M atoms. They are enabled 
by symmetry to form 6, o*, II, n*, 6 and 6* 
combinations. Figure 3(a) shows the three bonding 

2. 

3. 

2.57312) [471 

2.933(l) [21 

Note added in proof. The ligand in the above compound 
S(a)3 should lx Me,PCH,PMe,. 

combinations in a schematic way and Fig. 3(b) the 
relative energies of all the orbitals that would be 
expected purely on the basis of the differing extents 
of overlap. From this simple picture we would 
expect that for complexes of the d”-d” type the 
following bond orders would arise for different 
values of n: n = 1 or 5 single (a), n = 2 or 4 double 
(a + z), and n = 3 triple (a + n + 6). 

Even approximate MO calculations (extended 
Hilckel or Fenske-Hall) immediately show that 
this simple and rigid picture is untrustworthy. 
Because certain M-ligand interactions can compete 
in importance with certain M-M interactions, espe- 
cially at longer M-M distances, the pattern of 
orbital energies in Fig. 3(b) need not be correct. 
For our purpose here it will suffice to say that the 
major ambiguity is in the ordering of the 6- and 
6*-levels. There is reason to believe that both 
orderings, 6 < 6* [as in Fig. 3(b)] and 6* < 6, occur 
in different complexes. In any case, however, the 6- 
orbital is only weakly bonding and the &*-orbital 
only weakly antibonding, at least in most cases. 

With these considerations in mind, we might 
expect that d’-d’ and d5-d5 complexes would have 
the longest M-M bonds, while d2-d2 and ded4 
complexes, having net double bonds, would display 
appreciably shorter M-M distances. The d3-d3 
systems might be expected to have fairly short 
bonds, but exactly how they would relate to those 
in the doubly-bonded systems would depend on 
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Fig. 3. (a) d-d overlaps giving rise to M-M bonding orbitals of u, 7~ and 6 types. (b)Pattem of 
energy levels expected purely on the basis of relative orbital overlaps. 

the ordering of the 6 and 6* levels. 
All of the trends and relationships that are 

suggested by M-M bonding considerations are 
subject to major modification when the sizes, and 
other properties, of the ligands are changed. A 
particularly prominent and consistent effect is that 
the smaller bridging ligands promote shorter and 
stronger M-M bonds, other things (i.e. M charges 
and d”-configurations) being equal. 

laps, approximately double bonds (a2n2a2 or 
~~n~6*~), and with the smallest of bridging ligands, 
it is entirely understandable that these systems have 
the shortest M-M distances. 

(c) E@ct of bridging ligand size 

(a) The longest bonds 

The first compound in the table, l(a)l, has the 
longest M-M bonded distance so far reported, 
namely a Zr-Zr single bond distance of 3.182(l) A. 
This distance probably indicates the approximate 
upper limit for M-M bonds in this structural 
context since all other d’-d’ singly-bonded systems, 
compounds l(b)l-l(b)5 and l(c)l-l(c)8 have 
shorter ones. Only l(b)5 is comparable, with a Ta- 
Ta distance of 3.165(l) A. There are a few M-M 
single bonds formed by d5-d5 systems and no doubt 
more will be discovered, but we might hazard the 
suggestion that these should not be in any case 
longer than the longest d’-d’ single bonds because 
of a general contraction in atomic size as we proceed 
from left to right across the transition series. 

We have just had occasion to cite the influence 
of bridging ligands on M-M distance, particularly 
as a consequence of their size. This is a feature of 
general importance in this class of compounds as 
the following examples, chosen from Table 2, will 
illustrate. 

(b) The shortest bonds 

The series of MO(V) and W(V) complexes, l(c)l- 
l(c)6 all have M-M single bonds with M-M 
distances of about 2.70-2.78 A. This is in contrast 
to the Mo2Cl,,, and W2Cl10 molecules mentioned 
earlier in which there are no M-M bonds and 
the distances are ca 3.7 A. A major factor in this 
contrasting behavior must be the replacement of p- 
Cl groups by p-OR groups, which are much smaller. 
It must be noted, however, that all of these bonded 
complexes also differ from the M2Cli0 species in 
that there are some terminal OR groups replacing 
terminal Cl ligands. This too may favor M-M 
bonding because the n-donating tendency of the 
OR groups will serve to lessen the effective positive 
charge on the M atoms, thus making them more 
able to achieve the necessary d-d overlap for M-M 
bond formation. 

There are several that lie in the range 2.471- The chloro-bridged complexes of Nb(III), e.g. 
2.501 A, namely, those in 2(b)2, 2(b)3, 2(b)4, 2(b)6, 2(a)l-2(a)3 have Nb-Nb distances of ca 2.71 A, 
3(a)5, 3(a)7 and 3(a)lO. As is evident from their while in 2(a)4, where one p-Cl has been replaced 
numbers, these are dz-d2 and d3-d3 systems. These by yOPr’, the distance is reduced to 2.61 A. Admitt- 
complexes also all contain OR or OH groups as edly, there are also changes in the set of terminal 
bridging ligands. Thus, with the electron configura- ligands, so that this comparison is not as unambigu- 
tions suitable for the formation of double bonds ous as one might like. This is but one of the many 
(a2x2) or, considering the weakness of the 6 over- instances in this field where it would be desirable 
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to conduct a synthetic program designed to deliver 
pairs or sets of molecules in which only one feature 
at a time is changed. 

(d) ZnjZuences of terminal ligands 

The strength of the M-M bond can be affected 
by the steric as well as the electronic properties of 
the terminal ligands, both the X and the Z types 
(Fig. 1). Shaik et ~1.~ first called attention to the 
potential importance of the repulsive force between 
opposite pairs of Z ligands. Clearly, it is not possible 
to have M-Z bonds perpendicular to the central 
molecular plane along with M-M distances in the 
bonding range (i.e. < 3.2 A) when the van der Waals’ 
radii of the Z ligands are > 1.6 A, which is the case 
for nearly all ligands. To relieve strain the M-Z 
bonds may bend away from perpendicularity to the 
central plane, but, in addition, some stretching of 
the M-M bond may also be caused. 

In principle the way to minimize and even 
eliminate the Z a.. Z repulsion problem is to have 
the pairs of Z atoms tied together. There are 
examples among the known compounds of at least 
three ways to do this. The use of RIPCH,PR, 
(R = Ph or Me) is quite common. It is noteworthy, 
however, that the effectiveness of this approach is 
open to question. As will be explained under point 
(e) below, there is one instance in which the use of 
Ph2PCH.,PPh2 would appear to be critical to the 
formation of an M-M bond. However, we can also 
argue that on comparison of 2(a)l and 2(a)2, where 
the diphosphine ligands chelate, with 2(a)3, where 
the Me,PCH,PMe2 ligands span the adjacent axial 
positions, the “tying-together” does nothing to 
improve the M-M bonding. Thus, in 2(a)l and 
2(a)2 the Nb=Nb double bonds are 2.70 and 2.73 A 
in length, while in 2(a)3 it is 2.71 A in length. The 
same relationship is seen for 2(a)6 and 2(a)7 where 
the Ta=Ta distance in the “tied-together” case is 
less than 0.02A shorter than in the case where all 
Z-type positions are occupied by Cl atoms. Still 
another comparison that argues against the effect- 
iveness of the R,PCH*PR, type ligand in enhancing 
M-M bonding is afforded by 3(a)l where there 
are bridging Ph2PCH,PPh2 ligands (and Mo- 
MO = 2.79,A) and 3(a)2-3(a)4, where there is no 
“tying together”, and the MO-MO distances are in 
fact appreciably shorter, viz. 2.68-2.74 A. Again, 
however, the comparison is marred by the fact that 
other features also differ and it would be safer to 
prepare and study some more conservatively altered 
pairs. 

The presence of a P~-$ RCO; ligand across an 
adjacent pair of Z positions is illustrated by 3(a)7, 
3(b)l and 3/4-2. However, the absence of any 

appropriate molecules that lack this feature but are 
otherwise closely similar means that we cannot 
determine whether such a carboxyl ligand is truly 
valuable in promoting M-M bond formation. 

Finally, we note in 2(b)2-2(b)6 that by having an 
ROH and an RO ligand on each of the adjacent Z 
positions a “tying-together” effect arises by intra- 
molecular hydrogen-bond formation. Indeed, in 
several of these molecules the hydrogen bond may 
well be a symmetrical one. Curiously, in l(b)2 which 
is the Nb homolog of 2(b)2, no such intramolecular 
hydrogen bonding occurs; instead the two MeOH 
ligands form hydrogen bonds to neighboring mole- 
cules in the crystal. 

The nature of the other terminal ligands, the 
X ligands in Fig. 1, may be less important than 
that of the Y or Z ligands, but this point remains 
somewhat moot on the basis of the present data. 
However, 4(a)l and 4(a)2 afford evidence that such 
X-ligand effects can be appreciable. In going from 
4(a)l to 4(a)2 the only change in composition is the 
replacement of one terminal Cl ligand by an OEt 
group, but the Re-Re bond length increases from 
2.62 to 2.67 A. The probable reason for this increase 
is that the alkoxide ligand donates more strongly 
from its pa orbitals to the o*- or x*-orbitals of the 
Re, unit, thus weakening the Re-Re bond. 

(e) Comparisons in homologous series 

Because of the marked sensitivity of M-M dis- 
tances to the identities and properties of the ligands 
(X, Y and Z), to the formal charges on the M atoms, 
and to the number of electrons available for M-M 
bonding, a meaningful search for systematic trends 
in M-M interaction can be successful only if we 
examine a series of compounds in which just one 
of these factors at a time is made to vary. We 
will summarize here the work on one suitable 
homologous series; it is actually the only one of 
sufficient extent to be really informative but no 
doubt other such series will be studied soon, as 
synthetic work makes them available. 

The series in question here is comprised of 
complexes 2(a)3, 2(a)7, 3(a)l, 4(a)l and 5(a)3. They 
are all of the type shown in the diagram below. 
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I I I I I I 
2 

3 n 4 
5 

Fig. 4. M-M distances for a series of M,Cl&-dppm), 
or M&l&-dmpm), compounds covering d”-d” inter- 
actions form n from 2 to 5. The two points for n = 2 are 

for Nb and Ta compounds. 

The details of this work will be found in Ref. 2. The 
purpose of the study was to employ structural data 
to infer the ordering of the MOs mainly responsible 
for M-M bonding. The particular point of uncer- 
tainty concerned the relative energies of the 6- and 
6*-levels. As already mentioned, it is not safe to 
assume that 6 must be below 6*, and it has been 
shown’*3 that interaction of filled ligand orbitals 
with the M d-orbitals that contribute to the 6- and 
6*-levels can reverse this order, placing 6* below 
6. 

The way in which M-M bond lengths change 
through a series of compounds with d’-d’, d2-d2, 
d3-d3, d4-d4 and ds-ds M atom pairs will be 
different for the two possible relationships of the 6- 
and 6*-orbitals. On going from d’-d’ to d2-d2 we 
pass from a a2 single bond to a cr2rr2 double bond, 
and this should cause a marked decrease in M-M 
distance. Similarly, at the other end of the series, 
when we pass from the ~~rt~(6/6*)~ configuration 
to the a2rc2(8/a*)4n*2 configuration, there should 
be a marked increase in the M-M distance. What 
happens in between these end pairs, that is, between 
the d2-d2 and d4-d4 cases will depend on the order 
of filling the 6- and 6*-orbitals. If 6 is filled first, 
there should be. a “down followed by up” pattern, 
whereas if 6* is filled first there should be an “up 
followed by down” pattern in the M-M distances. 
These changes in distance should, of course, be 
smaller than those caused by adding the more 
strongly bonding or antibonding rc- or n*-electrons. 

As shown in Fig. 4, the observed variation in 
M-M distances through the series from d’-d1 to 
ds-ds is indicative of a 0, 72, 6*, 6, rt*, Q* sequence 
of levels. 

It should be noted that even in this study, perfect 
homology was not achieved for several reasons. 

First, the type of structure required could not be 
obtained in every case with either 
Ph,PCH,PPh,(dppm) or Me2PCH2PMe2(dmpm); 
instead it was necessary to use one of these in some 
cases and the other one in the remaining cases. It 
is not expected that changes in M-M bond length 
that might be caused by this would be as large as 
the significant variations observed, but this is a 
point that ought to be checked, and efforts to do 
so are underway. Second, the set of complexes used 
includes some from the second transition (4d) series 
and some from the third (5d) series. By examining 
both the niobium and tantalum compounds it was 
found (and can be seen in Fig. 4) that the difference 
is too small to influence the overall pattern of 
changes. 

(f) A puzzling anomaly 

In contradistinction to the type of regular, and 
understandable, behavior just discussed, there is 
one particularly puzzling deviation from regularity 
in a homologous series of complexes. As long ago 
as 1975 it was reported that in 4(a)3 there is no 
Re-Re bond, even though a r_r2rr2d2S*2 configur- 
ation, giving rise to a net double bond, would seem 
quite possible and even likely. In at least partial 
explanation of this, Shaik et a1.3 suggested that 
repulsive forces between the axial (Z-type in Fig. 1) 
Cl atoms might be sufficient to deny the system 
access to the bonded state. They suggested that in 
a similar complex where the Z positions were 
occupied by ligand atoms tied together, the Re=Re 
double bond would be seen. This prediction was 
later confirmed when the structures of 4(a)l and 
4(a)2 were determined. Here, the diphosphine 
ligands are dppms that span the adjacent pairs of 
Z positions. 

However, further work has now shown that this 
apparently satisfying picture must be too simple; 
something of importance is omitted from it. We see 
this by referring to compounds 2(a)l, 2(a)2, 2(a)6, 
3(a)2 and 3(a)3, to mention only the most directly 
pertinent ones. In each of these we have essentially 
the same type of ligand arrangement as in 4(a)3; 
indeed in 2(a)2 the composition is identical and in 
2(a)6 the only difference is replacement of the 
chelating dppe ligands by dmpe ligands. In all 
of these complexes there are M-M bonds with 
lengths in the range 2.68-2.73 A, formed by d2-d2 
or d3-d3 M atom pairs. Thus, it appears that 
simply by adding two more electrons, to reach a 
d4-d4 situation, the formation of an M-M bond 
is abruptly disfavored. 

There is at present no explanation for this discon- 
tinuous behavior. Further experimental data that 
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might serve to define more precisely the properties 
associated with the discontinuity would certainly 
be welcome and efforts in that direction are under- 
way in the author’s laboratory. Some pertinent 
synthetic targets are (dmpe)Cl,Re@-Cl),ReCL, 
(dmpe), as well as the following pairs (where R = CH3 
or C,H,): (dRpe)Cl,W(p-Cl),WCi,(dRpe) and 
(dRpe)Cl,Tc(p-Cl),TcCl,(dRpe). 
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Abstract-The goal of this article is to present a historical perspective to theoretical 
calculations of metal-metal multiple bonds, to explain why calculations on these systems 
are so difficult and to predict the direction of future research in this area. 

From the beginning, theory has played an import- 
ant role in the history of the quadruple bond. The 
first report’ of the structure of K,Re&ls *2H,O 
contains an explanation of the short Re-Re bond 
and the eclipsed Cl ligands in terms of the, now 
familiar, quadruple bond, 02a4S2. Although some 
early extended Hiickel calculations were performed, 
10 years passed before this problem was tackled by 
more accurate calculations. The first of these was 
a scattered-wave X-a (SW-Xa) calculation on the 
Mo,Cl~- ion.2 This calculation confirmed the 
021.r4a2 ordering for the orbitals in this ion. Follow- 
ing the initial discovery of the quadruple bond in 
Re2Cli-, other second- and third-row quadruply 
bonded systems were prepared. In 1970 the struc- 
ture of Cr2(02CCH3)4(H20)2 was determined (Cr- 
Cr = 2.362A) and the molecule was postulated to 
contain a quadruple Cr-Cr bond.3 The first ab 
initio calculation was performed on the related 
Cr,(O,CH), dimer and published in conjunction 
with the gas-phase ultraviolet photoelectron (PE) 
spectrum of Cr2(02CCH3)4.4 In this work the 
authors found that the lowest-energy single-deter- 
minant wavefunction was r~~a~a*~u*~. Thus, they 
predicted that there was no Cr-Cr bond in this 
system. They suggested that this was the reason for 
the somewhat long bond length and they assigned 
all the metal ionizations to the first band in the PE 
spectrum. 

for the bonding o-pair at a substantially higher 
ionization energy (IE)? 

In a scientific sense the first controversy was 
settled rather quickly with the publication of 
configuration interaction (CI) calculations on 
Cr,(O,CH), and related systems.5*6 However, be- 
cause the quadruply bonded configuration, a2n4d2, 
represented such a small part of the wavefunction, 
a semantic argument, about whether or not these 
systems have a quadruple bond, continued to be 
heard. 

The second controversy was only settled recently 
with the publication of the PE spectra of several 
quadruply bonded tungsten derivatives’ and local 
density functional (LDF) calculations on the IE.’ 
Previously, the SW-Xa (a scattered-wave LDF 
approach) results’@) suggested that the u-ionization 
was a high IE and that the first band consisted of 
only the 6- and Ir-ionizations. Early ab initio 
results” suggested that the first band contained all 
three ionizations. The PE work on tungsten and 
the improved LDF calculations confirmed the con- 
clusion of the early ab initio results. 

A similar controversy concerning the assignment 
of the Mo~(O~CH)~ PE spectrum has been resolved 
and the initial assignment from ab initio calcu- 
lations” proved more accurate than that of the 
Xa-SW calculations.9’b’ Again, more sophisticated 
LDF calculations agree with the ab initio results.’ 

These conclusions were the beginning of two Before going on with the progress of theoretical 
controversies. The first centered on the nature of developments in this area, we will present a short 
the Cr-Cr bonding, i.e. was it or wasn’t it a discussion of the fundamentals of ab initio molecular 
quadruple bond? The second centered on the as- electronic structure calculations as they relate to 
signment of the PE spectrum, i.e. were all the Cr the problems in calculating the electronic stiucture 
ionizations in the first band or was the ionization of molecules with metal-metal bonds. 

679 
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Fig. 1. Schematic potential energy curves are shown for 
a typical molecular orbital (MO) and valence bond (VB) 
wavefunction. In comparison with the “experimental” 
(EXP) curve, the MO wavefunction does not dissociate 
properly but parallels the EXP curve at short internuclear 
distances (R), while the VB wavefunction dissociates 

properly but is too repulsive at shorter R. 

THEORETICAL 

We will begin with a discussion of the simple 
diatomic Hz. The two lowest-energy molecular 
orbitals (MOs) of H2 are the la, and the la,. The 
former is the bonding MO, while the latter is the 
antibonding counterpart. In its ground state H, 
has two electrons in the leg, i.e. la:. The total 
wavefunction is the Slater determinant: 

yh.40 = IlfJg~lq$I, (1) 

where GL and /I are the + 4 and the - f spin eigen- 
function, respectively. The wavefunction must be 
a Slater determinant in order to obey the Pauli 
exclusion principle. In the usual linear combination 
of atomic orbitals (LCAO) approach the la, MO 
is expanded as a linear combination of two atomic- 
like orbitals, one on each H atom. If we refer to 
these two functions as a and b, then: 

la, = (a + b)N+ (2) 

lo, = (a - b)N_ (3) 

where N, are the normalization constants. 
If one uses a simple MO wavefunction like ‘PM0 

in eqn (1) to calculate the potential energy curve 
for Hz, one finds that the energy begins to rise 
much too rapidly as the internuclear distance 
increases. This is shown schematically in the curve 
labelled MO in Fig. 1. The reason for this behavior 
can be seen, if we expand eqn (1) and substitute the 
definition of la, given in eqn (2). Expansion yields: 

Y,o = Clap(l)la,B(2) 
- l~,Bw7g4wJz (4) 

where (1) and (2) refer to electron labels. We can 
now factor the space and spin parts 

Yh40 = le,(l)le&2)Ca(l)B(2) 

- 8ubw1/& (5) 
where the latter part (a/I - /%x)/J2 is the singlet 
spin function. Expanding the spatial part of the 
wavefunction by substituting eqn (2) for la,, we 
find that: 

YMO = [a(l) + b(l)1 C&9 + WI 

N:W - Pa)/ J2. (6) 
We will discontinue writing the singlet spin function 
with the understanding that it always multiplies the 
spatial part. Multiplying out the wavefunction, we 
find that: 

Y MO = Ca(l)a(2) + a(l)b(2) + b(l)a(2) 

+ b( l)b(2)]N:. (7) 

The first term represents a contribution to the 
wavefunction with both electrons in orbital a, i.e. 
on one of the H atoms. The second term represents 
a contribution with one electron in orbital a and 
the other electron in orbital b, i.e. on different H 
atoms. The third and fourth terms can be interpre- 
ted in a similar manner. Thus, the MO wavefunction 
suggests that there are equal contributions from 
both electrons on one H atom and from one 
electron on one H atom and the other electron 
on a different H atom. This might be a good 
approximation when both atoms are close together, 
but it is clearly incorrect as the molecule dissociates. 
At a large internuclear distance (R) one should have 
a wavefunction with one election on each atom, i.e.: 

YVB = [u(l)b(2) + b(l)u(2)]N. (8) 

This wavefunction, which is correct at large R, is 
the simple valence bond (VB) or Heitler-London 
function. The potential energy curve for this simple 
VB wavefunction is also shown on Fig. 1. Although 
it dissociates properly into two neutral atoms, it is 
too repulsive as R gets shorter because it has no 
ionic contributions. On the other hand, the MO 
wavefunction is more accurate at short R, but 
dissociates improperly into a mixture of neutral 
and ionic atoms. 

What one needs is a wavefunction that looks like 
an MO function at short R and a VB function at 
long R. One can achieve this by adding a variable 
amount of ionic character to the VB wavefunction 
[eqn (S)]. Alternatively, one can achieve the same 
wavefunction by doing a CI calculation using the 
MOs lo, and la,,. Consider the doubly excited 
configuration la:; its wavefunction: 
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yields the following after substitution of eqn (3) and discrepancy is related to the relative energy of the 
neglect of the singlet spin term: resonance: 

Y&o = [u(l)a(Z) - a(l)b(2) - &l)a(2) 

+ b(l)b(2)]N2_. (10) 

Notice that if one subtracts ‘PLO from ‘PM0 one 
gets Yve. Thus, if we form: 

Y = (1 - L2)1’2ylhno - 1Y;, (11) 

we can use 1 as a variational parameter to minim- 
ize the total energy at each point in the potential 
energy curve. As R gets large, I will approach l/J2. 
Thus, the wavefunction in eqn (11) represents the 
simplest form for a wavefunction which is qualit- 
atively correct over the entire potential-energy 
curve. 

H + H-H+ + H-. (12) 

The simple MO model suggests both sides are 
of equal weight (same energy) while the simple 
MCSCF [eqn (1 I)] suggests that the left side of 
eqn (12) is more important. Although the simple 
MCSCF is basically correct, it underestimates the 
importance of the right side of eqn (12) because it 
has not calculated correctly the electron affinity of 
H. When additional electron correlation is added, 
the relative energies of the two sides of eqn (12) are 
calculated correctly and the potential-energy curve 
now parallels the experimental curve. 

The process of adding to the simple MO wave- 
function configurations which are excited with 
respect to the simple MO function is called CI. If 
one also varies the form of the MOs lo, and lo;, 
as one varies I, one has a multiconfiguration 
self-consistent-field (MCSCF) procedure. For this 
particular case of two electrons and two orbitals, 
the MCSCF wavefunction in eqn (11) is the same 
as the wavefunction obtained from other procedures 
such as generalized molecular orbital (GMO), 
generalized valence bond (GVB), and antisymmetric 
product of strongly-orthogonal geminals (APSG). 

A correlated wavefunction like that in eqn (11) 
presents a problem for the calculation of the bond 
order (BO). The usual scheme for calculating a BO 
in MO theory is: 

BO = *[(No. of e- in bonding MO) 

- (No. of e- in antibonding MO)]. (13) 

Thus, for the simple MO wavefunction the BO = 1, 
but for the wavefunction in eqn (11): 

Although these procedures will not be equivalent 
for more complicated cases, their goal is the same: 
to correct for the deficiencies in the simple MO 
wavefunction by using more than one configuration 
to represent the wavefunction. The overall error in 
the MO wavefunction is usually referred to as the 
electron correlation error. The electrons in the MO 
wavefunction are uncorrelated, i.e. one electron 
does not know about the actual position of the 
other electrons, only about their average position. 
Thus, in the simple MO wavefunction, the electrons 
are equally likely to be found together on the same 
atom [a(l)aQ) like terms] as on different atoms 
[a(l)b(2) like terms]. When the motion of the 
electrons is correlated as in eqn (11) the electrons 
are less likely to be found together in the same 
atom or region of space and are more likely to be 
found in different atoms or regions of space. 

BO = 3[2(1 - 1’) - 2A2] = 1 - 2L2. (14) 

As the molecule dissociates this BO approaches 
zero because at large R the lo, and lo, have an 
equal number of electrons. Even at the equilibrium 
distance the BO c 1.0. A considerably different 
view is apparent if we remember that, when 
rZ. = l/s its value at R = 00, the wavefunction ‘I‘ 
in eqn (11) is identical to the Yvr, in eqn (8). From 
the valence bond viewpoint the wavefunction in 
eqn (8) represents a single bond, i.e. BO = 1. Thus, 
the same wavefunction has a BO(M0) = 0 and 
a BO(VB) = 1. The MO BO, as calculated by 
eqn (13) or (14), changes with R and reflects the 
strength of the bond. On the other hand the VB 
BO is one over the entire potential-energy curve 
and, thus, represents a formal BO. 

RESULTS AND DISCUSSION 

The wavefunction in eqn (11) only represents a 
fraction of the total correlation energy. Because of 
this the potential-energy curve calculated with this 
wavefunction is still not exactly parallel to the 
experimental curve. Generally, the predicted bond 
distance is now too long and the dissociation energy 
is still too small because the wavefunction [eqn (1 l)] 
is more accurate at a large R than at small R. This 

We can now discuss in some detail the “true” 
nature of the bonding in the chromium dimers. 
The first column in Table 1 shows the important 
configurations and occupation numbers from a 
GMO-CI calculation” on Cr,(O,CH), at a Cr-Cr 
distance of 2.3 A. The single most important con- 
figuration is the quadruple bond a2~482, but it only 
makes up about 12% of the wavefunction. The 
remainder of the wavefunction is made of configu- 
rations in which electrons from the bonding orbitals 
occupied in the a2a4d2 configuration are excited 
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Table 1. Comparison of quadruple-bond strength expected to be as strong as a “typical” single Cr- 

Cr2(02CH), Cr~((NH)~CH)~b Cr bond. Naturally, this difference, between a 

Orbital occupations formal (VB) BO of 4 and a much smaller calculated 
BO, led to some disagreement over whether these 

u 1.47 1.73 
2.44 3.33 

systems should be properly termed as having a 

; 1.18 1.51 
quadruple bond.6,‘2 

a* 0.82 0.49 All of the dichromium tetracarboxylates have 

7c* 1.56 0.67 some type of axial coordination. Thus far, attempts 

tr* 0.53 0.27 to prevent this axial ligation have failed. The 

Important configurations’ 
impetus for trying this was the belief that the Cr- 
Cr distance would shorten when the axial ligands 

a%462 0.117 0.482 are removed.13 The first “supershort” Cr-Cr bond 
,&4@2 0.054 0.085 
.W&t*2 

(< 1.9A) was found in Cr,(DMP), (DMP = 2,6- 
0.083 0.094 dimethoxyphenyl anion). In this molecule we have 

?r4&s*2 0.017 0.019 a much more basic bridging ligand, no axial ligands 
‘Values for molecule at 2.3 A. 
bValues for molecule at 1.9A. 

and a Cr-Cr bond length of 1.847 A. The results of 

‘Values represent the sum of the square of the coeffic- 
a theoretical calculation on a model for these 
“supershort” dimers is given in the second column 

ients corresponding to different spin components of the of Table 1. Now, the quadruple bond configuration 
same configuration. 

a2n4d2 makes up nearly 50% of the wavefunction 
and the calculated BO has risen to 2.6. Clearly, 
there has been a dramatic change in the bonding. 

into the antibonding orbitals a*, rr* or 6*. The Our theoretical work14 on Cr,(O,CH),, 
most important configurations are those in which Cr,(O(NH)CH), and Cr2((NH)2CH)4 suggests that 
two electrons from a bonding orbital are excited a major factor influencing the Cr-Cr bond length 
into the corresponding antibonding one was the basicity of the bridging ligand. GMO- 
such as J2 + d*2. These doubly excited configura- CI calculations of the potential-energy curve for 
tions provide an important part of the left-right Cr,(O,CH), and Cr,((NH),CH), reveal minima at 
near-degenerate correlation that was described in 2.41 and 1.93 A, respectively. The implication of 
the previous section. these results is that one must have ligands more 

This Cr-Cr quadruple bond is unusual compared basic than carboxylates to have “supershort” Cr- 
to most chemical bonds at their equilibrium dis- Cr bonds and that removal of the axial ligands 
tance, because the contribution of the leading from a tetracarboxylate will not result in a “super- 
configuration is so small and the importance of short” Cr-Cr bond. Previous CI calculations15 of 
the other configurations is so large. In “typical” Cr,(O,CH), with and without two axially coordi- 
molecules the leading configuration makes up more nated H20 molecules also suggested that little 
than 80% of the wavefunction at the equilibrium change in the Cr-Cr bond length would result from 
distance. It is only as the bond length gets longer removal of the two axial ligands. 
that the importance of the leading configuration The experimental work on the question of the 
(all bonding MOs occupied) decreases and the relative importance of the bridging vs axial ligand 
others increase. Thus, these chromium dimers in determining the Cr-Cr bond length is somewhat 
appear to be similar to a more typical bond at a ambiguous. Cotton and coworkers have clearly 
long bond distance. And, one would expect the Cr- shown that if one adds axial ligands to one of 
Cr bond energy to be rather small and the potential the supershort bonds the bond will lengthen.16 In 
energy to be rather shallow. This theoretical result this study the parent molecule, Cr,[(2-xylyl)- 
is consistent with the long and variable bond NC(CH,)O],, has a Cr-Cr bond length of 1.937 A. 
lengths found in the dichromium tetracarboxylates. Adding one THF axial ligand lengthened the bond 

Another way of presenting the electronic struc- by 0.086& adding a second THF axial ligand 
ture of these dimers is shown also in Table 1 lengthened the previous one by 0.198 A, and replac- 
where the orbital occupations are given. These are ing both THF ligands in the last complex by two 
determined from summations over all configura- pyridine ligands lengthened the bond by another 
tions in the wavefunction. Although the single most 0.133 A. Clearly, the addition of axial ligands to 
important term in the wavefunction is the quadruple one of the molecules with short Cr-Cr bonds will 
bonding configuration a2rt4a2, a calculation of the cause those bonds to lengthen. 
BO from the occupation numbers in Table 1 yields However, will removal of axial ligands from one 
a BO of 1.1. Thus, this quadruple bond is only of the systems with a long bond cause those bonds 



Problems in the theoretical description of metal-metal multiple bonds 683 

to shorten? The answer here is not as clear. Thus potential-energy curve because of a cancellation of 
far all attempts to prepare a tetracarboxylate dimer errors. One may argue that this cancellation is not 
of chromium without axial coordination have been entirely fortuitous and that those previous results 
unsuccessful. If one replaces two axial pyridine are essentially correct. However, it is not very 
ligands by two H,O molecules in the tetraformate satisfying when improved calculations yield inferior 
or tetraacetate derivative one finds a shortening of results. As we mentioned in the theoretical section, 
only 0.041 and 0.007 A, respectively.” This change calculations on small diatomics that result in bond 
in bond distance is much smaller than that observed distances which are too long are a result of the 
for a similar ligand exchange in Cr,[(Zxylyl)- failure to properly account for the difference in 
NC(CH3)0].,L2. Cotton and Wang studied the the atomic IP and EA. Thus, these improved 
structure of a number of CrZ(02CR)4L2 molecules calculations may be neglecting important atomic- 
and plotted the value of the Cr-Cr bond distance like electron correlation as they improve the mo- 
against the pK, of the acid HOzCR and the pK, of lecular correlation (left-right near-degenerate). 
L, where L was pyridine or substituted pyridine.‘* Goddard and coworkers23 have suggested that this 
The correlation for a give class of compounds was is the reason that nearly all previous calculations 
nearly linear and different classes of compounds on the simple diatomic Cr, have failed to obtain 
had parallel lines. The slope of these lines, ACr- the correct bond distances of 1.73 A. These workers 
Cr/ApK,, was -0.04 A/p& for changes in the have empirically adjusted an atomic coulomb repul- 
bridging ligand and + 0.007 A/p&C,, for changes in sion integral to bring theoretical AH for the reac- 
the axial ligand. Thus, strengthening the basicity of tion 2Cr0 = Cr+ + Cr- into line with experiment. 
the bridging ligands was much more effective in Using this adjusted integral they were successful in 
shortening the Cr-Cr bond length than weakening calculating the bond distance in Cr,. Others have 
basicity of the axial ligands. In other words, the emphasized the change in the correlation energy of 
tetracarboxylate dimers seem to be more sensitive the other electrons in the system as one forms the 
to the nature of the bridging ligands than the axial metal-metal bond.24 This is sometimes referred to 
ligands. How much shortening will occur when one as the differential correlation energy and played an 
removes the axial ligands from Cr,(02CR),L2 important role in the calculation of the dissociation 
dimers is not clear. energy of the MoEMo triple bond.25* 

The ultimate experiments would be, of course, 
on Cr,(O,CR), in the gas phase. Two experiments 
of this type have been performed. The electron 
diffraction of Cr,(O&CH& has been reported by 
Ketkar and Fink. lg They reported a Cr-Cr bond 
length of 1.966& but the solution of this problem 
was complicated because the peaks in the radial 
distribution for Cr-Cr and Cr-0 overlapped 
strongly. The gas-phase ultraviolet PE spectra of 
a variety of dichromium species have been re- 
ported. 4*20 If one compares the low-energy region 
of Cr,(O,CCH,), with the same region in the PE 
spectra of “supershort” dimers one finds substantial 
differences that are best explained by assuming that 
the Cr-Cr bond of the tetraacetate is substantially 
longer than that of the “supershort” dimers. Thus, 
the only two gas-phase experiments appear to lead 
to different conclusions on the length ofdichromium 
tetraacetate without axial ligands. 

One unusual feature of theoretical work in this 
area that it is apparently easier to calculate the 
bond energy and bond distance of the heavier 
dimolybdenum systems than dichromium. Usually, 
quantum chemistry is easier on the lighter molecule 
(fewer electrons). However, the overlap between the 
4d orbitals is sufficiently larger than the overlap 
between 3d orbitals that the dimolybdenum system 
can be calculated accurately with a more modest 
treatment of the electron correlation. This theoret- 
ical problem actually manifests itself in the chemis- 
try and structure of these systems. Thus, the 
MoEMo bond distance is essentially constant 
regardless of ligands, while the CrZCr bond dis- 
tance has the largest range of any known bond of 
a given order. 

In principle one could resolve this discrepancy 
through more accurate calculations. To date, 
attempts to improve the theoretical results have 
been less than satisfactory.21q22 As more complete 
MCSCF procedures and CI calculations have been 
performed, the Cr-Cr bond distance in the tetra- 
formate model systems has gotten longer and 
longer. These results essentially mean that all of 
the previous results obtained a minimum in the 

The chapter on CrZCr bonds is not yet closed. 
We do not have a complete understanding of how 
to calculate the bond distance or dissociation energy 
correctly. Furthermore, we do not understand the 
relative importance of all the factors which deter- 
mine the wide variation of CrZXr bond lengths. 

* Although early LDF calculations suggested a larger 
dissociation energy than our ab initio results, the most 
recent and sophisticated LDF calculationsz6 now yield 
dissociation energies similar to our prediction. 



M. B. HALL 

Also, there has been little ab initio theoretical work 12. 
on the excited states of systems such as these. One 
of the few complete studies is that by Hay” on 
Re,Cli-. In this paper I have tried to give the 13. 
reader an appreciation of the problems encountered 14. 
in calculating accurate properties of the dichro- 
mium species. Future theoretical work in this area 
will be directed toward these remaining problems. 
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Abstract-The strength of multiple metal-metal bonds in the metal dimers Mz (M = Cr, 
MO or W) and binuclear complexes Mz(OH)6 (M = Cr, MO or W), M2C14(PH3)., (M = V, 
Cr, Mn, Nb, MO, Tc, Ta, W or Re) has been studied by a non-local density functional 
theory. The method employed here provides metal-metal bond energies [D(M-M)] in 
good accord with experiments for Cr, and MO,, and predicts that Wz of the three dimers 
M, (M = Cr, MO or W) has the strongest metal-metal bond with D(W-W) = 426 kJ 
mol-’ and R(W-W) = 2.03 A. Among the binuclear complexes studied here we find the 
3d elements to form relatively weak metal-metal bonds (4C-100 kJ mol- ‘), compared to 
the 4d and 5d elements with bonding energies ranging from 250 to 450 kJmol_‘. The 
metal-metal bond for a homologous series is calculated to be up to 100 kJ mol- ’ stronger 
for the 5d complex, than for the 4d complex. An energy decomposition of D(M-M) revealed 
that the a-bond is somewhat stronger than each of the x-bonds, and one order of magnitude 
stronger than the &bond. For the same transition metal we find D(M-M) to be larger for 
M2(PH3),Cl, (M = Cr, MO or W) than for M,(OH), (M = Cr, MO or W), and attribute 
this to a stronger z-interaction in the former series. While many of the findings here are 
in agreement with previous HFS studies, the order of stability D(3d-3d) << D(4d- 
4d) < D(5d-5d) differs from the order D(3d-3d) CC D(5d-5d) < D(4d-4d) obtained by the 
HFS method, and the present method provides in general more modest values for D(M- 
M) than the HFS scheme. 

Cotton’s description’ of the metal-metal bond in 
terms of orbitals with local 0, n and 6 axial 
symmetiies has been immensely useful in codifying’ 
the increasing number of synthesized binuclear 
complexes, and account for their chemical and 
spectroscopic properties. It is thus not surprising 
that much effort, both experimentally2- and theor- 
eticallys-* have gone into expanding on Cotton’s 
original scheme by: (a) probing the relative energies 
of the O-, n- and &type orbitals; (b) assessing 
variations in the metal-metal bond lengths with 

* Author to whom correspondence should be addressed. 

changes in the metal-metal bond order; and (c) 
determining the metal-metal bond strength and 
the respective contributions from the P, x- and 6- 
bonds. 

LOW-ENERGY PHOTOELECTRON 
SPECTROSCOPIC STUDIES ON 

BINUCLEAR COMPLEXES, AND THEIR 
THEORETICAL INTERPRETATION 

One of the experimental technics with the strong- 
est bearings on the points raised under (a) is low- 
energy photoelectron (PE) spectroscopy,’ which in 
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conjunction with theoretical calculationss*6 can 
provide information on the relative energies of the 
states corresponding to ionizations of electrons out 
of the u, a and 6 metal-metal bonding orbitals. 
The triple bonded M,L6 (M = MO or W, L = OR 
or NR,)3(c) complexes (la) as well as the quadruple 
bonded complexes M,(O,CR), (M = Cr, MO or 
W)3’“) and MZC14(PR& (M = MO or W)3(b) (2 and 
3) have been particularly well studied3 by PE 
spectroscopy since their volatility makes them well 
suited for this experimental technic. 

We have previously founds(“) in our interpre- 
tation of the recorded PE spectra for the quadruple 
bonded systems, based on HFS calculations, that 
the first three bands corresponded to ionizations 
out of the 6, ‘IC and 6 metal-metal bonding orbitals, 
respectively, with ionization out of the ligand based 
orbitals at somewhat higher energies, and a similar 
assignment has also been reached by ab initio 
calculations6(“) for M2(02CH)4 (M = Cr or MO). 
It is indicated in Fig. 1, where we schematically 
present the energies of the three first-ion states of 
[M,(O,CR),]+ or [MZC14(PR3)J+ relative to the 
ground state of the neutral molecules as a function 
of the metal-metal bond distance (R&, that the 

lb 

\ 

C 

B 

s 
a 

E A 

R MM 

Fig. 1. Schematic representation of the energy for a 
quadruple bonded binuclear complex M,L,, in its 
ground state and first three ion states, corresponding to 
ionizations out of the CT, II and 6 bonding orbitals, as 
a function of the metal-metal bond distance (RYM). 
Schematic representation of the three first PE bands with 
expected shapes are given as A, B and C, respectively. 

first ionization for the quadrupole bonded systems, 
according to our previous calculations takes place 
from the b-orbital, whereas the second ionization, 
which, depending on the system, is l-2eV higher 
in energy, corresponds to the x-orbital. There has 
been some controversy2 over the position of the 
ionization band due to the o-orbital. We find’@) 
the o-ionization to be of higher energy than the IC- 
ionization by 1 eV of less (Fig. 1). 

All theoretical calculations to date3@)*s(c) indicate 
that the first two bands in the recorded PE spectra 
of the triple bonded MzL6 (L = OR or NR,)3’c’ 
complexes correspond to ionizations from the II- 
and o-orbitals, respectively, with the a-ionization 
around 1 eV higher in energy than the n-ionization. 

DEPENDENCE OF Rm ON THE FORMAL 
METAL-METAL BOND ORDER 

Photoelectron spectroscopy can also in principle 
determine the change in RMM on ionization of an 
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electron out of the metal-metal bonding orbitals, 
and thus address the point raised under (b) concern- 
ing the variation in RMM as a function of the formal 
bond order. So far only an estimate of the change 
in RMM from the ionization out of the &orbitals has 
been obtained experimentally.3’e’ The influence of 
the 6*-occupation on RMM has further been studied9 
by X-ray diffraction methods for the series 
[Re,Cl,(PR,),]“+ (n = 2, 1 or 0). 

We have previously calculated”“’ the difference 
in R,, between the ground state and the three first- 
ion states of some quadruple bonded complexes. 
We found, perhaps not surprisingly, that an ioniz- 
ation out of the weakly bonding b-orbital leads to 
a modest elongation of R,, of around O&l/(, 
whereas the ionization out of the strongly bonding 
x-orbital results in a substantial elongation 
(N - 15 A). What was surprising, however, was the 
negligible change in RUM, 0.0 1 A or less, accompany- 
ing the ionization from the strongly metal-metal 
bonding a-orbital (Fig. 1). An analyses of this 
puzzling result revealed that the ionization from 
the a-orbital not only reduces the bond order but 
also the exchange repulsion. The two factors have 
adverse effects on the metal-metal bond distance 
which cancels.5(c) 

The different extent to which R,, is influenced 
by ionizations out of the o-, Z- and b-orbitals should 
have consequences for the shapes of the different 
ionization bands, with band B (Fig. 1) due to the 
n-ionization being rather broad, and band C due 
to the a-ionization being rather narrow. This is in 
fact what has been observed by Bancroft et ~1.~~~) 
in the case of W2(02CCF3)4. For other quadruple 
bonded systems* the width of band B seems to be 
comparable to the a-n separation, resulting in 
overlaps of bands B and C. 

STRENGTH OF THE METAL-METAL 
BOND IN BINUCLEAR COMPLEXES 

The strength of the metal-metal bond, let alone 
the respective a, IC and 6 contributions, has been 
exceedingly difficult to determine experimentally,4 
since calorimetric measurements of the metal-metal 
bond energy [D(M-M)] in M2L, complexes is 
hampered by an uncertainty in the M-L dissoci- 
ation energy, an uncertainty that is multiplied by 
n in the final estimate of D(M-M). 

Attempts on the other hand to estimate D(M-M) 
from ab initio calculations are faced with the 
formidable task of describing the correlated motion 
of the electrons in the metal-metal bond, and only 
a few attempts have so far been reported.’ We have 
recently calculated D(M-M)* with the aid of the 
HFS method according to Baerends et a1.“‘“) for 

some M2L6 and M2C14(Ph3), systems with quad- 
ruple or triple bonds, and decomposed D(M-M) 
into its a-, I[- and b-components. We found’ the a- 
bond to be slightly stronger than each of the rr- 
bonds, and one order of magnitude stronger than 
the b-bond. In absolute terms triple or quadruple 
bond strengths of 3d elements were calculated 
by the HFS method to be in the range 150- 
3OOkJmol-‘, whereas the corresponding bond 
energies for 4d and 5d elements were in the 400- 
600 kJ mol- ’ bracket. Multiple metal-metal bonds, 
even for the heavier 4d and 5d elements are thus 
according to our HFS calculations in strength more 
comparable to the triple bond in P, than the triple 
bond in N,. 

RECENT ADVANCES IN 
DENSITY FUNCTION THEORY 

Experience with the HFS (or Xa) method, accum- 
mulated over the past decade, seems to indicate 
that calculated bond distances and force constants 
as well as spectroscopic energy differences, such 
as ionization potentials and electronic excitation 
energies, are in good to fair agreement with experim- 
ental results, whereas calculated bond energies 
compare less satisfactorily with experiment. 

The HFS method is an approximation to the 
density functional theory of Kohn and Sham”(“) 
in much the same way as ab initio Hartree-Fock 
theory is an approximation to many body theories 
including configuration interaction, since both 
methods completely neglect the correlation between 
electrons of different spins.‘* Recent advances in 
density functional theory,t3 which in many ways 
parallels the development of post-HFS methods, 
has lead to remedies for the lack of correlation 
between electrons of different spins and other short- 
comings of the HFS method by including two 
corrections to the HFS energy expression EHFS: 

E,, = EHFs + E, + EN,‘. (1) 

The first correction term EC in eqn (1) proposed by 
Stoll et CZ~.“‘~’ represents the correlation between 
electrons of different spins, whereas the second 
correction term Et‘, according to Becke,’ ‘(‘) repre- 
sents a non-local correction to the HFS exchange 
energy Ex. 

We shall now demonstrate that the modified 
HFS method, based on the energy expression of 
eqn (l), in the cases of Cr, and MO, provides bond 
energies D(M-M) in good agreement with the 
accurate experimental values for D(Cr-Cr) and 
D(Mo-MO). l4 Following this evaluation of the 
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method based on eqn (l), calculated D(M-M) 
and RMM will be presented for the triple bonded 
compounds M&14(PH3), (M = V, Nb, Ta, Mn, Tc 
or Re) and M2(0H), (M = Cr, MO or V) as well 
as the quadruple bonded complexes M2C14(PR& 
(M = Cr, MO or W). 

COMPUTATIONAL DETAILS 

All calculations were based on the LCAO-HFS 
program system according to Baerends et aLlo@) 
or its relativistic extension due to Snijders et a1.15 
with only minor modifications to allow for Becke’s 
non-local exchange correctioni as well as correl- 
ation between electrons of different spins in the 
formulation by Stoll, 11(b) based on Vosko’s para- 
metrization16 from electron gas data. Bond energies 
were evaluated by the generalized transition-state 
method”(“)* or its relativistic extension.‘7’b) 

A triple [-ST0 basislo(b)~(c) was used for 1s on H, 
3s, 3p on Cl and P, as well as ns, np, nd and (n + l)s, 
(n + 1)p on the transition metals, augmented with 
a single 3d ST0 on P and three (n + l)f STOs on 
the metals. Electrons in shells of lower energy were 
considered as core and treated by the frozen- 
core approximation according to the procedure 
Baerends et al.“‘@ The total molecular electron 
density was fitted in each SCF iteration by an 
auxiliary basis locd) of s, p, d,f and g STOs, centered 
on the different atoms in order to represent the 
Coulomb and exchange potentials accurately.“‘“) 
The SCF part of the calculations, as well as the 
optimizations of RUM, included, of the correction 
terms in eqn (l), only E,, corresponding to the 
correlation between electrons of different spins. The 
wave functions generated from this type of SCF 
calculation were then used to calculate Becke’s non- 
local exchange corrections (ENxL) at the optimized 
R MM9 in order to evaluate EBS of eqn (1) as well as 
the D(M-M). Efforts’* are under way to include 
DtL in the SCF part of the calculations as well as 
in the geometry optimizations. 

THE CALCULATED METAL-METAL BOND 
STRENGTH OF THE DIMERS Crl, MO, 

AND W2 

The metal dimers Cr, and MO, are among the 
few species with multiple metal-metal bonds for 
which quite accurate experimental bond energies 

*The generalized transition state procedure is not only 
applicable to the HFS method but can be extended to 
any energy density functional such as E,,, as we have 
done in the present work. 

Table 1. Calculated bond energies [D(M-M)] (eV) and 
metal-metal bond distances (R& (A) for Cr,, Moz and 

W2 

D(M-M) R MM 

M2 Calc. Exp. Calc. Exp. 

Cr, 1.75 1.56 + 0.2 1.65 1.69 
MO, 4.03 4.18 + 0.2 1.95 1.93 

W2 4.41(3.54)” - 2.03(2.07)” - 

“Non-relativistic results. 
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A 
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Fig. 2. Orbital-level diagram for M,, with orbitals class- 
ified according to D,,-symmetry. 

are available,” and our primary aim here has been 
to compare those values to calculated bond energies 
based on eqn (1) in order to evaluate the accuracy 
of Eas. A more extensive account of the bonding 
in electron-poor metal dimers with multiple metal- 
metal bonds involving group 4-7 transition metals 
is in preparation, ’ * and we note that several theoret- 
ical accounts of the bonding in Cr, and MO, have 
already appeared, based on ab inSol and density 
functional theory. I9 No calculation has, however, 
been reported on WZ, nor are there any experimen- 
tal data available. 

The bond energies presented in Table 1 were 
based on spin-unrestricted calculations using C,,- 
rather than D,,- symmetry constraints, in order to 
allow for the polarization of electrons with different 
spins towards opposite metal centers. Thus, whereas 
the ground-state configuration for M, (M = Cr, 
MO or W) in a single-determint description under 
D,,-symmetry constraints is la,220,27tt6,4 (see 
Fig. 2), a reduction in symmetry to C,, allows for 
the partial occupation of the anti-bonding orbitals 
lcru, 20,, rrg and 6,, where equal occupation of 
bonding and anti-bonding orbitals (Fig. 2) corres- 
ponds to complete polarization of d-valence elec- 
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trons with different spins to the opposite metal 
centers. 

The bond energies in Table 1 were calculated by 
evaluating the energy difference: 

AE = 2*E(‘S) - E(M,) (2) 

between two metal atoms in a ‘S state correspond- 
ing to the nds(n + 1)s’ configuration and M,. AE 
represents for Cr, and MO, the bond energies 
D(Cr-Cr) and &MO-MO), respectively, since Cr 
and MO both have a spherical ‘S ground state. The 
W atom, however, has a 5D ground state with the 
configuration 5d46s2, and we have thus for W2 
subtracted the experimental energy difference 
(0.37 eV)‘O between the ‘0 and ‘S states of W twice 
from AE in order to arrive at D(W-W) in Table 1. 

The calculated bond energies and R,, for Cr, 
and MO, are in good accord with experimental 
values, as can be seen from Table 1. We have, in 
contrast to other calculations based on density 
functional theory,’ 9 in the present work employed 
(n + 1)fpolarization functions. There contributions 
on the bond energies are modest, 0.2-0.4eV, and 
our results conform, among the other density func- 
tional calculations in particular, well to those of 
Baykara et a1.,19 although a slightly different energy 
functional was used in their work. 

We predict that W, after the inclusion of relativis- 
tic effects (Table 1) should have a stronger metal- 
metal bond than MO, with an RUM of 2.03 A. The 
bonding interaction is, even in the non-relativistic 
case, stronger in W2 than in MO, if the two metal 
atoms are referred to the same ‘S reference state. 

The single-determint wave functions for MO, and 
W2 converged at the equilibrium distance under 
C,, constraints to nearly D,, symmetry with a 
lcr,22a,27rt6,4 configuration. The two molecules have 
thus, with a formal bond order of six, a hexuple 
metal-metal bond. For Cr,, where bonding d-d 
overlaps are weaker than in MO, or W2, the 
converged single determinantal wave function had, 
at the equilibrium distance, a broken C,,-symmetry 
with the configuration la~2a~rr~6~‘46;6, indicating 
substantial spin polarization in the b-framework, 
and a formal bond order of less than six. We refer 
to Baykara et al. l9 for an authoratative analyses 
of the bonding in Cr, and MO, at different RYM. 

CALCULATIONS OF D(M-M) FOR Mz(OH)6 
(M = Cr, MO OR W) AND M2C14(PHJ)4 

(M = V, Cr, Mn, Nb, MO, Tc, Ta, W OR Re) 

The Mz(OH)6 (M = MO or W) systems were 
taken as models for the known alkoxy complexes 

M2(OR)6 (M = MO or W), and together with 
Cr2(0H),, for which the alkoxy analogues are 
unknown, given a staggered conformation (la). All 
geometrical parameters, except for RMAM were taken 
from Ref. S(a), where we previously have discussed 
the relative stabilities of Mz(OH), in the staggered 
(ia) and eclipsed (lb) conformations. The many- 
electron wave function for M2(OH)6 of &) sym- 
metry was represented by a single Slater determin- 
ant corresponding to the rr4a2 electronic configur- 
ation. 

360 - p 

4 

The observed structures of M2C14(PR3)4 for 
M = MO, W or Re are those of two deformed 
MC12(PR3)2 fragments (4) combined into a stagg- 
ered conformation (2) with the Cl-M-Cl angle 
(01) close to 130” and the P-M-P angle (B) 
close to 165”. The structures of the model systems 
M2C14(PH3)4 were taken from Ref. 8(b), except for 
RMM, which we have reoptimized for each system. 
The many-electron wave function for the d3-d3 
complexes M2C14(PH3)4 (M = V, Nb or Ta) and 
the d5-d5 complexes M2C14(PH3)4 (M = Mn, Tc or 
Re) were represented by a single Slater determinant 
under D(2,,) symmetry constraints corresponding to 
the a2rr4 and a2rr48’8*’ electronic configurations, 
respectively. The d4-d4 systems M2C14(PH3), 
(M = Cr, MO or W) were represented by a two- 
determint wave function as: 

+-+ - + - +- 
Y = C,~aa7r17r17r27r288~ 

+-+ - + - + - 
+ C21aan,n,n27r26*6*~ (3) 

according to the method by Noodleman et al.,‘l in 
order to allow for spin polarization in the 6 
framework. 

The D(M-M) given in Tables 2-5 were calculated 
as the energy difference between M2L2, and two 
ML, fragments in a high-spin ground-state confi- 
guration. 

We have in previous studies decomposed D(M- 
M) according to: 

D(M-M) = - AE” - AE, - AE, 

- AEd - AET - AE,. (4) 
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Table 2. Optimized metal-metal bond distances, and decomposition 
of calculated bonding energies, for M,(OH), (M = Cr, MO or W) 

R,, E (kJ mol- ‘) 

M,(OW, (A) D(M-M) AE” A& AE, AER 

Cr2VW6 1.91 31.8 644.4 -335.6 -340.6 - 
Mos(GH)6 2.22 258.2 545.6 -347.1 -456.7 - 
W,(GH), 2.30 360.1 473.4 -348.5 -419.7 -65.3” 

‘Contributions to bonding energy from relativistic effects are given 

by -AER. The bonding energy is given as D(M-M) = 
-AE” - AE, - AE, - AE,. 

Table 3. Optimized metal-metal bond distances, and decomposition of 
calculated bonding energies, for MsCl.,(PH,), (M = Cr, MO or W) 

R E (kJ mol-r) 

M$l.+(PH& (A) D;;-M)“ AE” AE, AE, AEd AER 

Cr2C14(PH& 1.89 102 655 -274 -473 - 10 - 
MorCl4(PH& 2.16 371 643 -345 -620 -49 - 
W,CWPH& 2.29 460 419 -316 -525 -24 -14 

‘The bonding energy is given as D(M-M) = 
-AE” - AE, - AE, - AEI - AE,, where -AE, is the contribution 
from relativistic effects to bonding energy. 

Table 4. Optimized metal-metal bond distances, and decomposition of 
calculated bonding energies, for M2Cl,(PHJ), (M = Mn, Tc or Re) 

R MM E (kJ mol-‘) 

(A) D(M-M)“ AE” AE, AE, AEd AER 

Mn&LPH3)4 1.92 99 650 -291 -451 -7 - 
Tc#&(PH3)4 2.17 337 614 -355 -591 -5 - 
Re,Cl,(PH& 2.29 441 427 -328 -520 -9 -11 

“The bonding energy is given as D(M-M) = 
AEO - AE, - AE, - AEd - AER, where -AER is the contribution from 
relativistic effects to bonding energy. 

Table 5. Optimized metal-metal bond distances, and decomposition of 
calculated bonding energies, for M2Cld(PH& (M = V, Nb or Ta) 

R E (kJ mol- ‘) 

MFl,(PH& (A) G-M) AEO AE, AE, AEr AER 

V2CLPHd.3 2.04 67 521 -253 -481 146 - 
Nb,,Cl,(PH,), 2.30 259 562 -328 -651 159 - 
TaXl&‘I% 2.51 297 404 -304 -562 173 -8 

“The bonding energy is given as D(M-M) = 
-BE” - AE, - BE, - AEr - AER, where -AER is the contribution 
from relativistic effects to D(M-M) and AEr twice the energy required 
to promote MC12(PH3)2 from the b:a&~: ground-state configuration to 
b#b: (see text). 

Here AE” is the (steric) interaction energy between positive and destabilizing. The terms AE,, AE, and 
two high-spin ML, fragments of opposite spin AE represent the stabilization of the metal-metal 

polarization at the positions they will take up in bond from the pairing up of electrons with opposite 
the combined MsLs,, complex. The term AE” is spin polarization on the two fragments in orbitals 



A theoretical study on the strength of multiple metal-metal bonds 691 

2al - 

F 
2e -- .-* 

Fig. 3. Orbital-level diagram for M(OH)3 of CJ, 
-symmetry. 
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Fig. 4. Orbital-level diagram for MCll(PHJ)I of CzV- 
symmetry. 

with local 6, IC and 6 axial symmetries, as the 
electron density is allowed to relax to that of the 
first M2Lzn complex. Thus, -AE,, -AE, and 
- AEd represent the respective CJ, K and 6 com- 
ponents of D(M-M). Two M(OH)3 (M = Cr, MO 
or V) fragments with the la:le~lej ground-state 
configurations (see Fig. 3) correlate directly with 
2z4 configuration of the M2(OH)6 complexes, and 
the two MC12(PH,)2 fragments of groups 6 and 7 
metals with la: la:lb:lb: and la: la$lb:lb: confi- 
gurations, respectively (see Fig. 4) correlates also 
directly with the respective a2n4a2 and 827c4S28*2 

ground-state configurations of the combined 

MXL(PH& cemplexes. However, two 
MCl,(PH,), fragments of group 5 metals with the 
la:lu~lb: configuration correlates with the excited 
aza262 configuration of M,Cl,(PH,), rather than 
the ground-state configuration 021t4. We must thus 
before combining them promote ‘the two 
MCl,(PH,), fragments to the lu:lb:lb: configur- 
ation correlating with the a2n4 configuration. The 
energy required for this promotion is AEr of eqn 
(4). The term - AEE, evaluated only’! for complexes 
of 5d elements, constitutes the contribution to D(M- 
M) from relativistic effects. The decomposition of 
D(M-M) in eqn (4), if somewhat arbitrary, should 
hopefully help to pinpoint the factors responsible 
for the difference in the strength of the metal-metal 
bond of the various systems under investigation. 

Our calculations here indicate that the metal- 
metal bond in binuclear complexes between ele- 
ments of the’ first transition series is relatively weak 
(40-100 kJ mol- ‘) in comparison to metal-metal 
bonds between the heavier congeners in the second 
and third transition series (Tables 2-5). This is 
understandable since 3d orbitals are more con- 
tracted than their ti and 5d counterparts, with 
smaller d-d bonding overlaps, and consequently 
small bonding contributions from - AE,, AE, and 
- AEd to D(M-M) (see Tables 2-5). The repulsive 
steric interaction AE’ is further relatively large for 
complexes of 3d elements, since the short metal- 
metal bond distance allows for substantial four- 
electron destabilizing interactions between the 
occupied core-like 3d, 3p orbitals of the two metal 
centers of almost the same radial extent as 3d. 
Known neutral binuclear complexes of 3d elements, 
such as Cr,(O,CR),, have bidentate ligands with 
coordination to both metal centers, and we intend 
to investigate to what extent this arrangement 
might stabilize the metal-metal bond. The order 
of stability WV-V) < D(Cr-Cr) N D(Mn-Mn) 
between M2C14(PH3)4 complexes of 3d elements is 
deceiving in the sense that the interaction between 
two VC12(PH3)2 fragments with the valence confi- 
guration lu:lb:lb: in M2C14(PHJ)4 is stronger 
than the corresponding interactions between two 
CrCl,(PH,), or MnCl,(PH&, complexes in their 
respective ground-state configurations. Thus, in our 
analysis it is the required .promotion energy AET 
which gives rise to the small value for D(V-V). 

We find for a pair of homologous binuclear 
complexes with 4d and 5d elements from the same 
triad, such as Mo,(OH), and W2(OH)6, that the 
complex of the 5d elements invariably has the 
stronger metal-metal bond (Tables 2-5). In going 
from a 4d complex to the 5d homologue one 
observes (Tables 2-5) a reduction in the 0, IL and 
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6 bonding contributions, in particular from - AE,, 
as well as a reduction in AE” due to the four- 
electron destabilizing interactions between ns, np 
core-like orbitals on the two metal centers. Of the 
two reductions, both of which can be explained as 
due to the longer metal-metal bond distance for 
.5d elements in comparison with their lighter 4d 
congeners, the reduction in AE” prevails over the 
reduction in the (r, A and 6 bonding contributions, 
resulting in a stronger metal-metal bond for the 
5d complex than its 4d homologue. We note again 
that the stability orders D(Nb-Nb) << D(Tc- 
Tc) < D(Mo-MO) and D(Ta-Ta) << D(Re-Re)- 
< D(W-W) in M2C14(PH& are deceiving in that 

the smaller values for D(Nb-Nb) and D(Ta-Ta) are 
due to the promotion energies AE,. 

It follows from the deliberation given here that 
the trend in D(M-M) down a triad is set by a 
competition between attractive (-AE,, -AE, and 
-AE,) and repulsive (AE”) interactions. The attrac- 
tive interactions can be increased by shortening the 
metal-metal bond, but not without increasing the 
repulsive interaction AE“ as well. For good metal- 
metal bonding elements we need the nd orbitals to 
be relatively diffuse and the corresponding ns, np 
core-like orbitals in comparison as contracted as 
possible. This criterion is best met by the 5d 
elements. The elements of the first transition series 
have on the other hand relatively contracted 3d 
orbitals as well as 3s, 3p core orbitals of nearly the 
same radial extent as 3d. The 3d elements are 
for this reason poor metal-metal bonders. This 
situation might well change in such cases as CuZ, 
Ag, and Au2, where the metal-metal bond distance 
is long and due primary to the (n + l)s-(n + 1)s 
bonding overlaps. 

There are two important differences between 
Mz(OH)6 complexes and the M2C14(PH3)., systems. 
The first is a greater contribution from relativistic 
effects (- AEJ to D(M-M) in W2(OH)6 compared 
to M$&(PH& (M = Ta, W or Re) as a consequ- 
ence of a larger participation from (n + 1)s in the 
a-orbital of W2(OH)6 compared to the a-orbital of 
the MZC14(PH& (M = Ta, W or Re) systems.* 
The second difference is a stronger n-bond in 
MZC14(PH& compared to Mz(OH)6 for metals of 
the same transition-metal series. In MZC14(PH& 
the n-bond is between the two well-directed frag- 
ment orbitals lb, and lb* (Fig 4 and 6) where in 
particular the lobes of the anti-bonding lb, orbital 
on one fragment is polarized towards lb* of the 
other fragment (6). The n-bonding overlaps in 
M,Cl,(PH& were, for M = Cr, MO or W, calcu- 
lated as 0.19, 0.30 and 0.27, respectively. 

In Mz(OH)6, with two trigonal M(OH)3 frag- 
ments at /I = 80” (la) one finds on the other hand 

the interaction in the x-orbital 7 to be less than 
optimal*‘“’ due to the tilt of the two le fragment 
orbitals involved. The overlaps between the le 
orbitals (7) are as a consequence relatively small, 
0.08, 0.13 and 0.11 for M = Cr, MO and W, respec- 
tively. The weaker n-interaction in M2(OH)6 is the 
major factor responsible for the modest strength of 
the metal-metal bond in M,OH), compared to 
M2C14(Cl), of the same transition metals. 

S = 213 S n- 113 S6 

The present set of calculations, based on the 
energy expression in eqn (l), provides u, x and 6 
bonding interactions as well as RMM comparable to 
those found in previous HFS studies’ on the same 
systems. We note that the o-bond is somewhat 
stronger than each of the x-bonds, and for the 
quadruple bonded complexes one order of magni- 
tude stronger than the &bond. The steric interaction 
energy calculated here is, on the other hand, larger 
than the AE” values evaluated in previous HFS 
studies,* and the D(M-M) based on eqn (1) as a 
consequence smaller than the D(M-M) values due 
to the HFS method. It is a general feature of the 
present method, as demonstrated in recent studies 
on both diatomics”“) and polyatomic molecu- 
les13@) of main-group elements, that the bond 
energies based on eqn (1) are smaller and more in 
line with experiment than the bonding energies 
obtained by the HFS method. The bond energy 
calculated here for Cr,(OH), is further in reason- 
able agreement with the value for D(Cr-Cr) 
obtained in a recent ab initio calculation7(b) on the 
related Cr,H, complex. 
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Since the discovery of the metal-metal (M-M) 
quadruple bond in Re,Cli-, the chemical literature 
has exploded with experimental and theoretical 
investigations into the nature of M-M multiple 
bonding.’ As chemists; we like to think of multiple 
bonds most simply as derived from the overlap of 
atomic orbitals of cr-, x- and S-symmetry, giving 
rise to multiple bonds corresponding to valence 
configurations such as a2x4, a2x4S2, a2x4S2S*2 or 
even n4S2. A major problem is that such descrip- 
tions, although attractive and simple, are over- 
simplifications when applied to the interpretation 
of spectroscopic data. Indeed, the quantitative 
description of M-M multiple bonding has provided 
an exceptional challenge to theoretical electronic 
structure methods. More recently, the problems 
associated with the calculation of the properties of 
transition-metal dimers containing heavy elements, 
most notably the necessity of including relativistic 
effects, have received greater attention. In this 
regard, density functional methods such as the 
various Xa molecular-orbital (MO) formalisms2 
hold an important position in inorganic chemistry 
since they provide a significantly less expensive 
alternative to ab initio methods for complex systems, 
they preserve an orbital description with which 
nontheoretical chemists are most comfortable, and 
they allow for the easy incorporation of relativistic 

*Camille and Henry Dreyfus Teacher-Scholar (1984- 
1989), and Fellow of the Alfred P. Sloan Foundation 
(19851987). Author to whom correspondence should be 
addressed. 

tIndiana University General Electric Fellow (1985- 
1986). 

effects. The X&W method, in particular, has 
had an important role in the development of 
quantitative descriptions of multiple M-M bond 
electronic structure, a role in which it continues 
today, albeit subject to greater criticism than in the 
past. In the spirit of this Symposium-in-Print, we 
wish to critically assess some of the successes and 
failures of the Xa-SW MO method as applied to 
systems involving multiple bonds between trans- 
ition-metal atoms. In doing so, we will draw prim- 
arily, but not exclusively, on the recent results we 
and others have obtained for M2(02CH), systems. 

THE S + S* TRANSITION ENERGY 

For molecules with M-M quadruple bonds with 
an approximate valence MO configuration 
cr2n4S2, and triple bonds of approximate valence 
MO configuration rr4S2, the lowest-energy elec- 
tronic transition is expected to be from the occupied 
S-bonding orbital to the unoccupied S-antibonding 
orbital: the so-called 6 + S* transition. This trans- 
ition is perhaps the most studied electronic phen- 
omenon in such multiply bonded systems and a 
detailed review of the spectroscopy is provided 
by Hopkins and Gray in this symposium. The 
theoretical interest in the 6 + S* transition energy 
has grown in tandem with experimental interest, 
particularly since the factors which influence the 
transition energy are not well understood from first 
principles. There have been major difficulties in the 
calculation of 6 + S* transition energies using MO 
theory, but this is not surprising in view of the 
weakness of the interaction between the two orbitals 
of S-symmetry. The M-M S-orbital overlap is 
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small enough that the two paired electrons may 
substantially localize, one on each metal, rather 
than delocalizing between the two centers as 
assumed in MO theory. The resulting situation is 
thus parallel to the breakdown in MO theory for 
dihydrogen at the dissociation limit, wherein the 
presence of low-lying electronic states of the same 
symmetry as the ground state renders the single 
configuration description of bonding inadequate. 
In fact, interaction of the b-electrons is so weak 
that it is subject to this same problem even at 
the equilibrium internuclear distance! Hay has 
performed a detailed GVB-CI study of the state 
energetics of Re,Cli- and convincingly demon- 
strated that a single-configuration MO wave func- 
tion is quite inadequate for describing the relative 
energetics of the states resulting from the 6- and 
6*-orbitals due to the severity of the correlation 
problem.3 In fact, the GVB-CI treatment predicts 
nearly complete localization of the b-electrons. The 
inadequacy of the single-configuration descriptions 
of the ground (“6”‘) and excited (“#a*i”) states 
has a profound effect on the calculation of the 6 + 
6* transition energy using any MO method. A very 
simple, two Slater determinant CI description of 
the ground state, and singlet and triplet excited 
states of a typical quadruple bond leads to the 
conclusion that the transition is nearly completely 
dominated by two-electron repulsions rather than 
orbital energy (one-electron) terms.4 Thus, the Xx- 
SW method, through Slater’s transition-state for- 
malism, usually underestimates the 6 + 6* trans- 
ition by approximately a factor of two, but adequ- 
ately calculates transitions between the other, more 
strongly bonding orbitals in the M-M bonding 
manifold (see Table 1). It is recognized’ that the 
Xa exchange potential does introduce some 
correlation between electrons of opposite spin, 
and this observation prompted Noodleman and 
Norman to cast the Xa-SW method in a valence- 
bond formalism.6 Their application of this Xa 
valence-bond method to the 6 + 6* transition in 
Mo,Clz- has resulted in a tremendous improve- 
ment in the 6 + 6* transition energy from 9.2 x lo3 
cm-’ (Xa-SW)7 to 15.2 x 103cm-’ (experimental 
value 18.8 x 103cm-‘). 

The 6 + 6* transitions in systems with a bond 
order of 3.5, corresponding to a2a4# or 
a2rr4d28*l configurations are typically in the near 
IR region of the spectrum (ca 6OOOcm-I), much 
lower in energy than the corresponding transition 
in quadruply bonded complexes. MO methods have 
been very successful in the calculation of these 
transition energies,* despite the fact that they result 
from weak S- and S*-interactions (Table 1). The 
reason for this is very clear; the removal or addition 

of one electron from or to the quadruply bonded 
configuration d2S*0 eliminates the low-lying excited 
state with the same symmetry as the ground state, 
and hence mitigates the extent of configuration 
interaction which will occur. 

M-M a-BONDING 

Xa-SW calculations on M2(02CH), molecules 
reveal some interesting differences in M-M u- 
bonding between Cr, MO and W. The Xa-SW 
calculations in general yield two components to the 
M-M a-bond, the 4a,, and the 5a,, molecular 
orbitals. One can envision these orbitals as the 
result of the interaction of a nearly pure dZ2 cg 
orbital of an M:+ fragment with the symmetric 
combination of four formate lone-pair orbitals. This 
interaction gives rise to the 4alg and 5ulg orbitals 
which are M-O bonding and antibonding (respec- 
tively) between the torus (or “doughnut”) of the c8- 
orbital and formate lone-pair orbitals, as depicted 
qualitatively in I. 

&Jo Q 

0 11 

4al, 
I 

aal, 

As expected from simple perturbation theory, the 
amount of mixing between the M:+ erg and formate 
orbitals will depend on the relative energetics and 
magnitude of overlap between the bg and the 
formate levels. Weak 3d-3d bonding in Cr, systems 
results in a sizable energetic separation between the 
Cr-Cr CT and formate orbitals and very little metal- 
ligand (M-L) mixing is observed as depicted qualit- 
atively in Fig. 1. Conversely, stronger 4d-4d and 
5d-5d bonding between Mo2 and W2 centers 
(respectively) lowers the M-M a-orbital in energy, 
allowing for a better energetic match, and hence 
greater M-L mixing occurs between metal and 
formate levels in MO-MO and W-W systems 
(Fig. 1). The extent of M-L mixing can be gauged 
by the percentage of metal contribution to the 5u,, 
and 4~ orbitals of M2(02CH)4 which are 98 and 
20% for M = Cr,9 48 and 75% for M = Mo,~ 59 
and 54% for M = W (nonrelativistic),” and 69 and 
51% for M = W (relativistic).” In the case of 
Cr2(02CH),, the 5u,, orbital is best described as 
the Cr-Cr u-bond (98%Cr), and the 4~ is best 
described as the Cr-0 bonding level. However, 
in Mo2(02CH), and W2(O2CH)4, stronger M-L 
mixing results in two orbitals with substantial M- 
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Table 1. A comparison of experimental and Xc&W 6 + 6* transition 
energies in M-M multiply bonded compounds 

VIII,, (6 + a*) Xa-SW Valence 
Compound ( x lo3 cm- ‘) ( x lo3 cn- ‘) configuration 

Mo,Cl;: - 18.8 9.2 a%462 
Re,Cli- 14.2 7.0 a%462 
Mo,(O&H), 22.9 14.7 a%462 
W2(02CH)4 23.0 12.3 a%462 
Tc,Cl; - 5.9 6.0 &*P6*’ 
CRe2C14PW41+ 6.6 5.6 &4ls6* 
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M c character, and it becomes difficult to label 
either the 4al, or 5a,, orbital as the “principal” 
M-M o-bond. There are clearly two MOs with 
substantial M-M o character, and together they 
are equivalent to one strong metal-metal u-bond. 
The simple description of the quadruple bond as 
u2n462 is thus rendered inadequate due to metal- 
ligand mixing in the orbitals of a,,-symmetry for 
the 4d and 5d metals. 

Another feature evident in the alg M-M a-bond- 
ing orbitals is the involvement of virtual (n + 1)s 
atomic orbitals which contribute further to the 
stabilization of M-M and M-L bonding. There is 
essentially no Cr as 4s atomic orbital participation 
to the 3d-3d a-bond of Cr2(02CH),,’ whereas we 
find a significant contribution of W 6s atomic 
orbital participation to the 5d-5d a-bond of 

W2(02CH)4. lo The increased (n + 1)s contribution 
to M-M a-bonding is a combined result of decre- 
ased nd and (n + 1)s atomic orbital energy differ- 

C r;+ C r2(OzC H), (O&H);- W, (O& H), ‘$” 

o;- -----A-u* 
” 

Fig. 1. Qualitative molecular-orbital diagram comparing 
the interaction of the Cr:’ and W$+ a,-orbitals with the 

symmetric alg carboxylate oxygen lone-pair orbital. 

ences, and the increased importance of relativistic 
effects for third-row relative to first-row transition 
metals. These latter effects will be examined more 
closely in the next section. 

CONSEQUENCES OF RELATIVISTIC 
CORRECTIONS TO M-M a-BONDING 

One of the great advantages of the Xa-SW 
method is the ease with which relativistic correc- 
tions can be incorporated for heavy elements such 
as the third-row transition metals or the actinides. 
We have previously reported the major effects 
of including the “quasi-relativistic” corrections of 
Wood and Boring” on organouranium com- 
plexes,’ ’ and we are finding nearly as profound an 
influence of these on the valence electronic structure 
of metal-metal multiple bonds. Shown in Fig. 2 is 
a comparison of our relativistic and nonrelativistic 
calculations on the W2(02CH), molecule.1° The 
two components of the W-W a-bond are labeled 
along with the percent metal character of the 
predominantly M-based MOs. The relativistic cor- 
rections cause large energy shifts in the W core levels 
and similar shifts in valence orbitals containing 
significant W character, while, as expected, the 
primarily 0-, C- and H-based MOs are scarcely 
affected. The changes induced in the bonding pic- 
ture upon inclusion of relativistic effects are consist- 
ent with the expected influence of mass-velocity 
corrections on the W atomic orbitals.r3 The inner 
s-orbitals, having the highest classical velocities, 
are the most profoundly affected orbitals. The 
relativistic mass increase results in a contraction of 
all the s-orbitals with a concomitant decrease in 
their orbital energies. This effect is mimicked by 
the p-orbitals although the contraction and stabiliz- 
ation is much less pronounced than for the s- 
orbitals. The metal d- and f-electrons, which have 
a much smaller probability of attaining a classical 
velocity close to c, are primarily influenced by the 
contraction of the s- and p-orbitals. The contraction 
of these latter orbitals results in an expansion and 
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rise in energy of the d- and f-orbitals. 
In Fig. 2 it is seen that the relativistic shifts in 

the orbital energies are in the expected directions. 
The valence levels containing significant W 5d 
character rise in energy with the exception of the 
5a1, o-orbital; without relativistic corrections, this 
orbital has 17% W 6s and 38% W 5d character, 
and the substantial 6s character causes this orbital 
to drop in energy upon the inclusion of relativistic 
effects. Upon stabilization, the 5al, a-orbital 
acquires significantly more W 6s character (26%) 
and somewhat less W 5d character (36%). The W 
6s orbital contribution to this orbital represents a 
mixing of the 6s-6s u-bonding orbital, normally 
unoccupied, with the 5d-5d o-bonding orbital. Thus 
the relativistic corrections have their most profound 
effect on orbitals of o-symmetry. 

The importance of increased s-orbital particip- 
ation to the M-M a-bond needs some ampl- 
ification. The s-s a-bonding orbital was shown to 
be important in explaining the extremely short 
bond distances found for naked-metal diatomics 
such as MO, which has a singlet ground state with 
a closed-shell 10: lnz16,42oi configuration.i4*i5 The 
20, orbital of MO, represents the 5s-5s a-bond, 
while the 1~~ represents the 4d-4d o-bond. Contour 
plots of the lo, and 2a, orbitals14 of Mo, are shown 
in comparison with the 4a,, and 5a,, orbitals’O of 
W1(02CH), in Fig. 3. The 2cr# orbital, representing 
the 5s-5s u interaction in MO, shows a striking 
similarity to the 5a1, a-orbital of W2(01CH),, 
further emphasizing the importance of the 6s-6s 
contribution to the 5a,, orbital in Wz(OzCH)4. We 
will show later that s-orbital participation is also 
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Fig. 3. (a) Contour plots of the la, and 2u, orbitals of MO, at 1.929 A. The contour values are + 1; 
+2, +3, f4 and f5 = +0.015, f0.030, &0.060, kO.120 and kO.240 eAm3, respectively. Adapted 
from Ref. 14. (b)Contour plots of the 4a,, and 5a,, molecular orbitals of WJO&H),. These plots 
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values are + 1, f 2, Ifr 3 and f4 = f0.02, kO.04, f 0.08 and f 0.16 e A- 3, respectively. Adapted 

from Ref. 10. 

an important consideration in the electronic effects 
of axial ligation. 

What effect does this valence s and da hybridiz- 
ation have on metal-metal a-bond strength? We 
feel that the answer to this question is parallel to 
that given by Mulliken years ago when considering 
the effect of s and pa hybridization in homonuclear 
diatomics such as N2.16 In the Nz molecule 
(ground-state configuration la: la,22a,22az laz3a,2) 
there is major s and pa hybridization in the 2a,, 
2a, and 30, MOs. Positive s-pa hybridization in 
20, makes the MO strongly bonding, while negative 

s-pa hybridization in 3a, makes it only weakly 
bonding. This “forced hybridization” is a simple 
consequence of the requirement of orthogonality 
among LCAO MOs of the same symmetry. The 
result of the s-pa hybridization is a decrease in the 
overlap population and a resultant loss of bond 
strength in the 3a, orbital. This, of course, does not 
mean that N, has a weak a-bond, for now these 
three a MOs of N, are equivalent to one strong a- 
bond. This situation is not at all unlike that 
observed for M2(02CH), compounds of second- 
and third-row transition metals. 
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THE EFFECTS OF AXIAL LIGATION ON 
THE M-M a-BOND 

Xc+SW calculations on a variety of M2(02CH)4 
and M,(O&!H),L, compounds have helped to 
reveal both quantitative and qualitative details of 
the electronic effects of axial ligation.‘0*‘7-20 We 
will first consider the qualitative picture of axial 
ligation and then discuss the effects for first vs 
third-row metals. 

All of the calculations indicate that the interac- 
tion of the M2(02CH)4 moiety with an axial ligand 
is essentially a o-only interaction. It is found that 
the M-M n, 6, 6*, n* and formate orbitals all 
have nearly identical energies in M,(O,CH), and 
M2(02CH),L2 calculations. Even for axial ligands 
containing 7c lone-pairs, the II lone-pair orbitals are 
found to be essentially noninteracting with the 
M,(O,CH), moiety. The symmetric combination 
of the two ligand e lone-pair orbitals interacts with 
the M-M a-bonding orbitals (4al, and 5a,,); while 
the antisymmetric combination interacts with the 
M-M a*-orbitals, which are of a2,-symmetry. The 
consequences of these interactions depends in part 
on the strength of the original M-M o-bond and 
the energetic placement of the L, orbitals. 

The important first-order M-M bond weakening 
upon axial ligand coordination results from axial 
ligand lone-pair donation into the M-M a*-orbital. 
The magnitude of the donation is reflected by the 
amount of M-M rr* character found in occupied 
MOs and will be related to the strength of the 
original M-M a-bond. In the case of Cr,(O,CH), 
compounds,9*1 ’ weak 3d-3d o-bonding results in a 
low-lying Cr-Cr o*-orbital, whereas the much 
stronger 5d-5d a-bonding in W2(02CH), results 
in a relatively high lying W-W a*-orbital.” This 
criterion would suggest that for the same axial 
ligand (e.g. THF), the L, interaction should be able 
to introduce qualitatively more M-M r_r* character 
into the occupied orbitals of the Cr,L, than the 
W2L2 system. 

The second important interaction is between 
the occupied M-M a-bonding orbital and the 
symmetric combination of the axial L, orbitals. 
The Xc+SW calculations” on Cr2(02CH)4(H20)2 
present the result that weak Cr-Cr a-bonding 
places the symmetric L2 combination lower in 
energy than the Cr-Cr a-orbital. This interaction 
destabilizes the Cr-Cr o-orbital by Cr-L a-anti- 
bonding while the L-localized level is stabilized by 
Cr-L a-bonding. In contrast, the much stronger 
W-W a-bonding is expected to find the W-W a- 
orbitals lower in energy than the symmetric L, 
combination, and interaction will stabilize the W- 
W a-bond. This comparison is shown qualitatively 
in the interaction diagram of Fig. 4, and accounts 

Fig. 4. Qualitative molecular-orbital diagram comparing 
the interaction of a neutral donor ligand L with 
Cr,(O,CH), and W,(O,CH),. Only the Q interactions 

are depicted for clarity. 

qualitatively for the extreme sensitivity and insensi- 
tivity of Cr-Cr and W-W bond lengths (respec- 
tively) in the presence of neutral axial donors. 

In our recent relativistic calculations” on the 
model compound W2(02CH)4(CHJ2 we found that 
the interaction of the symmetric combination of L, 
orbitals with the W-W a-bonding orbitals resulted 
in a significant increase in the contribution of the 
6~6s a-bonding orbital in both W-W and W-L 
a-bonding. The correlation of the MO of 
W2(02CH)4(CH3)2 with those of its component 
fragments W2(02CH)4 and (CH,), is shown in Fig. 
5. One feature emphasized in Fig. 5 is that axial 
ligand interaction is essentially a a-only interaction, 
and as expected, the M-M 7c, 6,6*, 7c*, M-L and 
formate levels in W2(02CH)4(CH3)2 are essentially 
unperturbed by interaction of W2(02CH), with the 
axial ligands. 

The symmetric combination of the (CH,), orbital 
interacts with both the 4a1, and 5a1, components 
of the W-W a-bond. The stronger interaction is 
with the 5ul, component since it is both spatially 
and energetically favored over the 4u,, orbital. This 
interaction results in formation of the W-C a- 
bonding 13u, and a-antibonding 16a, MO which 
are occupied and unoccupied, respectively. The 
filled 13u, orbital has 35% W character of which 
63% is W 6s. As was the case for its 5ul, precursor, 
this represents a contribution of the 6s-6s a- 
bonding orbital in W-CH, a-bonding. The more 
important observation in the a, interaction is that 
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the 4al, MO, the principal component of the 5d- 
5d a-bond, is actually stabilized by the interaction 
and acquires more W 5d character. A contour plot 
of the resulting lOa, orbital of W2(0&H)4(CHJ2 
is shown in Fig. 6, and can be compared to the 
4u,, 5d-5d o component of W,(O&H), shown in 
Fig. 3. 

The antisymmetric combination of the (CH,), 
orbital interacts with the 5aZU W-W o*-orbital of 
W2(02CH)_,, generating the W-C u-bonding and 
a-antibonding orbitals which are occupied and 
unoccupied, respectively (Fig. 6). The filled 15b, 

orbital is 49% C and 23% W, of which this small 
amount of W character is allocated between s, p 
and d angular contributions. For W1(O&H), 
(CH,),, we find a rather peculiar result of strong 
M-M bonding in consort with strong M-L bond- 
ing in the axial position as demonstrated by the 
observation that experimentally both WJO&R’), 
and Wz(OzCR’),,Rz compounds have identical 
W-W bond distances.21 Formally, the 
W2(02CH).,(CHJ2 molecule can be considered as 
having a W$’ core, and thus a d3-d3 triple bond 
of approximate valence MO configuration ~~6~. We 
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W2(0,CH),(CH,), 10a, W,(02CH),(CH3), 13a, 

Fig. 6. Contour plots of the lOu, and 130, molecular orbitals of W2(02CH),(CH&. These plots 
are in the horizontal mirror plane containing the W atoms, two of the formate ligands, the axial C 
atoms, and two of the C-H bonds. Contour values are the same as those in Fig. 3(b). Adapted 

from Ref. 10. 

emphasize that this is simply an approximation, 
and an aesthetically simple way to differentiate 
this type of d3-d3 dimer from one with a c&r4 
configuration. The lr4d2 triple bond however suffers 
from a severe “a-problem”. Extensive mixing 
between W-W, W-CHJ and W-02CH o-bonding 
is so severe that we cannot asign any given orbital 
to any one symmetry type (i.e. M-M e or M-L 0). 
There are clearly occupied MOs with substantial 
W-W CJ character in the n4d2 triple bond as 
emphasized in the contour plots. Using our model 
of axial ligation we can readily see that the strong 
W-W and W-C bonding in W2(02CH)4(CH3)2 is 
the result of several factors. (1) Strong W-W bond- 
ing results in a very high energy W-W a*-orbital 
and little axial ligand donation into the W-W o*- 
orbital is observed. Due to the small amount of 
W-W o* character found in occupied orbitals, the 
W-W bond is not significantly weakened by the 
interaction. (2) The 4a,, component of the 5d-5d 
o-bond is scarcely affected by the axial ligation and 
thus remains a strong, occupied component of W- 
W u-bonding in W2(02CH),(CH,), . (3) The major 
interaction of the symmetric combination of (CH,), 
orbitals is with the 5al, component of the W-W 
a-bond, resulting in a significant contribution of 
the 6~6s u-bonding orbital in both W-W and W- 
C e-bonding. 

It is our belief that the participation of the s-s 
a-bonding orbital is largely responsible for the 

electronic structural differences between first-, sec- 
ond- and third-row multiple M-M-bonded systems. 
The importance of this point needs some ampl- 
ification. If the s-s a-bonding orbital is unimport- 
ant, as it most certainly is in Cr-Cr quadruply 
bonded systems, the interactions of both the sym- 
metric and antisymmetric L2 orbitals with an M- 
M quadruple bond must necessarily weaken and 
lengthen the M-M bond. The antisymmetric com- 
bination donates into the M-M a*-orbital, an 
interaction which obviously will weaken the M-M 
bond. The symmetric combination will interact 
with the M-M a-bond, resulting in M-L bonding 
and antibonding orbitals which are occupied and 
unoccupied, respectively. Thus, a portion of the M- 
M o-bond is found in unoccupied orbitals, again 
weakening the M-M interaction. The importance 
of the s-s o-bonding orbital in W systems, which 
is due in large part to the relativistic stabilization 
of the W 6s orbitals, is that it provides another 
mechanism by which the symmetric L2 orbital can 
interact with the dimetal core. The participation of 
s orbitals has been found to be important in the 
M-M cr- and a*-orbitals of second-row dimers as 
well, although the 5s participation in Mo,(O,CH), 
is not nearly so pronounced as the 6s participation 
in W2(02CH),. It is our belief that this 5s particip- 
ation accounts in part to the insensitivity of the Mo- 
MO bond length in axial adducts of dimolybdenum 
tetracarboxylates as compared to the extreme sensi- 
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tivity of the corresponding Cr dimers. As an illustr- 
ation we note that the W-W distances in 
W2(0,CMe)4 and W,(O&Me),(CH,Bu’), are 
both 2.189&*’ whereas a slight lengthening from 
2.090 to 2.134 8, is observed for the respective Mo- 
analogues,** presumably due to the smaller degree 
of 5s-5s o-participation in the MO, system. 

CALCULATED IONIZATION ENERGIES OF 
THE M-M a-BOND 

The initial assignment23 of the low-energy photo- 
electron (PE) spectrum of W,(O,CCF,), has been 
the focus of considerable attention and, at least 
initially, considerable controversy.24 Of particular 
note was the assignment of a very sharp band at 
9.71 eV in the PE spectrum to ionization from the 
W-W a-bond, an ionization less than 1 eV above 
that assigned to ionization from the n-bond. Recent 
experimental studies of Kober and Lichtenberger25 
have confirmed these assignments, which are some- 
what disheartening in view of our expectations 
based on the relativistic Xa-SW calculations on 
W2(02CH),. The 6-a separation of ca 1.8 eV is in 
good quantitative agreement with the predictions 
(2.0eV) of the Xa-SW calculations. However, the 
calculations place the first 0 ionization (from the 
5ai, orbital) 2.3eV below the n-ionization. This 
is, in fact, a general observation in that Xa-SW 
calculations on M-M quadruply bonded systems 
always place the a-orbitals well below the n-orbitals. 
By contrast, Ziegler’s relativistic Hartree-Fock- 
Slater (DV-Xa) calculation26 on W2(O2CH)4 yields 
a ~--IL splitting of 0.5eV, in good agreement with 
the experimental results. Similarly, Xa-SW calcula- 
tions’ on Mo,(O,CH), give a IT--ll splitting on the 
order of l.OeV, whereas recent DV-Xa calcula- 
tions27 on the same molecule predicts the G- and 
n-ionizations to be almost isoenergetic, a result 
also obtained using multiconfiguration ab initio 
methods.28 It thus appears that discrete variational 
and scattered-wave solutions to the Xa method 
differ with respect to the placement of the a-orbital 
in M2(02CH), compounds. We believe that the 
inability of the Xa-SW method to properly place 
the a-orbitals is due to some of the assumptions 
of the overlapping-sphere formalism which is the 
accepted practice for such calculations. For these 
very short M-M bonds, the atomic spheres of the 
M atoms overlap substantially, and the largest 
errors in the description of the M-M interaction 
are expected to occur for those orbitals which have 
their maximum interatomic interactions in the 
overlap region. This will not be a serious problem 
for the 6- and n-orbitals, but could be (and appar- 
ently is) for the o-orbitals. Sattelberger and Scioly2g 

have found that the Xa-SW energies of the Q- 
orbitals of W2(O2CH)4 are extremely sensitive to 
the choice of sphere radii, consistent with the above 
conjecture. The DV-Xa method, which does not 
employ the scattered-wave method of solution, is 
apparently able to more correctly model the M-M 
a-interaction. It is our expectation that recognition 
of this apparent flaw in the Xa-SW method will 
lead to further examination of its causes and 
corrections. 

CONCLUSIONS 

The Xa-SW method occupies a unique role in 
multiple M-M bond chemistry. Beginning with 
Norman and Kolari’s seminal work on Mo,Cl~- 
and Mo,(O,CH),, 3o the method has been one of 
the most widely used quantitative electronic struc- 
tural tools in this area of chemistry. The application 
of the method to multiple metal-metal bonds was 
not unjustified as the results of the calculations 
more often than not led to new insights about the 
bonding and energetics of these systems. In fact, in 
nearly all cases, the Xa-SW method provides results 
which are in excellent qualitative and very often 
(but not always) excellent quantitative agreement 
with experimental data. 

It must be recognized, however, that the Xa-SW 
method is not a panacea for all aspects of the 
multiple bonding between M atoms. We have tried 
to present not only the successes of the method, 
but also areas in which it fails. Two of these 
are particularly notable for this Symposium: the 
calculation of 6 + 6* transition energies, and the 
energies of M-M a-bonding orbitals. The former 
is, of course, a flaw of MO theory and there is no 
corrective recourse within a single-configuration 
description. The latter must be acknowledged as 
an area in which the Xa-SW method provides poor 
quantitative agreement with experiment. It is our 
hope that these discussions provide the impetus for 
further investigation into the source(s) of these 
problems. 
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Abstract-Attempts to extract estimates of the &bond strength of quadruply metal-metal- 
bonded molecules from their 6 + 6* electronic transitions have been hindered in the past 
by limited understanding of the origins of the energies and intensities of these transitions. 
We show that the energies of the 6 + 6* transitions of a wide variety of these molecules 
are adequately interpreted in terms of a simple zero-differential-overlap model that yields 
one-electron 6-6* splittings of 5000-10,000 cm-’ and two-electron exchange terms 
[K@, S*)] of 5000-8OOOcm-‘. Because of the magnitude of K, singlet-triplet 6 --, 6* 
splittings are very large, and configuration interaction is important for the correct 
description of the ground state. The intrinsic intensity of ‘(6 + 6*) is estimated to be quite 
low. The considerable intensities observed in many cases do not correlate with &bond 
strength, but instead reflect intensity stealing from charge-transfer excited states as a result 
of 6,6*-orbital mixing with ligand orbitals. The intrinsic &bond stabilization is estimated 
to be on the order of 10 kcalmol- ‘. 

In 1964 Cotton proposed’ the existence of a metal- 
metal S-bond for Re,Cli- in order to account for 
its diamagnetism and eclipsed (D.$h) geometry. The 
d4-d4 electron count yields, within this molecular 
orbital framework, a [a2~462] electronic configura- 
tion and a lot+lying empty 6* antibonding orbital, 
with the &HOMO and S*-LUMO being derived 
from metal d,-orbitals. The &bond completes a 
metal-metal quadruple bond. 

A central question in the years following this 
discovery has concerned the strength of the &bond. 
A primary experimental probe in this regard has 
been the determination of the spectroscopic energies 
of the electronic transitions between the 6- and 6*- 
orbitals. The earliest attempts along these lines 

t Contribution No. 7482 from the Arthur Amos Noyes 
Laboratory. 

were adversely affected by the primitive calculation 
methods that were then available,2 and extremely 
inflated estimates of b-bond strength, as well as 
incorrect spectroscopic assignments, resulted. 

Work on three different fronts ushered in a new 
era in this field during 1973-75. On the theoretical 
side, calculations employing the then-novel SCF- 
Xc+SW method were published by Norman and 
Kolari,3 and Mortola et ~1.~ The postulated molecu- 
lar-orbital ordering was confirmed, although the 
splitting of the one-electron 6- and 6*-levels was 
much smaller than had previously been envision- 
ed. Meanwhile, Cowman and Gray’ showed that 
the lowest-energy visible absorption in the elec- 
tronic spectrum of Re,Cli- (v,,, = 14,7OOcm-‘, 
E = 2500) and related quadruply bonded com- 
pounds could be assigned to the ‘(6 + 6*) transition 
on the basis of its molecular z-polarization and 
pronounced vibronic structure in the metal-metal 
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stretching mode vl. While the energy and intensity 
of this transition seemed to indicate a moderate 6 
interaction, the small decrease in v1 in the ‘(66*) 
excited state relative to the ground state suggested 
that this bond was quite weak. Finally, the method 
of resonance Raman spectroscopy was applied by 
Clark and Franks.6 Excitation into the recently 
assigned ‘(6 --* 6*) transition of MozClz- resulted 
in very strong and selective resonance enhancement 
of Vl, which was manifested as long overtone 
progressions in this mode. This result strongly 
indicated a metal-metal-localized transition, con- 
sistent with the single-crystal assignment. 

Numerous subsequent investigations have amply 
supported the 1973-1975 work, while considerably 
expanding upon it. Unfortunately, as has been 
emphasized in two recent papers,‘** the desired 
correlations between ‘(6 + 6*) transition energies 
and intensities and the strength of the d-bond 
have been elusive. A key example is presented by 

Moz(CzCCH,), and related molybdenum 
carboxylates, which have among the shortest 
metal-metal distances of all second and third 
transition-series quadruply bonded dimers.2 
Although the ‘(6 + 6*) transition of this compound 
appears at relatively high energy (23,OOOcm- ‘), 
which seems intuitively consistent with its short 
bond length, it is also weak (E = 150)-so weak, in 
fact, that the vibronically induced, x,y-polarized 
intensity is of comparable magnitude to the orbit- 
ally allowed, z-polarized intensity.’ 

Why is this transition simultaneously of so much 
higher energy and lower intensity for 
Mo2(02CCH3), than for Re,Cli-, and what, if 
any, inferences can be made about &bond strength? 
We attempt to answer these questions in this paper. 

THE ENERGIES 

We adopt a time-tested model, one originally 
developed for the rt + rt* transition of ethylene and 
subsequently applied to many organic molecules. ’ O 
We initially assume that &symmetry orbitals have 
pure metal character; mixing with ligands is ignored. 
The 6- and 6*-orbitals are then derived from 
symmetric and antisymmetric linear combinations 
of face-to-face d,,-orbitals on atoms A and B: 

& = [2(1 + S)]- “2[dX,(A) + d,,(B)] = 6, 

$2 = [2(1 - S)]-“2[dXY(A) - d,,,(B)] = S*, 

where S is the orbital overlap. 

Four states, consistent with the Pauli principle, 
can be constructed from the 6- and 6*-levels: 

01 = kh~ll = ‘(S2h 

a2 = 142421 = ‘(6*2), 

% = 2-1’2wb21 - I4244 = 3(ss*)P 

@” = 2-1’2hh~21 + M,hl> = w*). 

We now write out the state energies, taking care to 
include the off-diagonal interaction between @i and 
Qz: 

Ev = W, + Wz + J12 + K1z, 

E, = W, + W, + J12 - K12, 

Wl 3 Q2): 
2Wl + J,, - tl K12 

K 
12 2W2 + Jz2 - A = ” 

The K are core integrals consisting of one-electron 
terms, Jii and Jii are one- and two-center coulomb 
repulsion integrals, and K12 is the exchange inte- 
gral. 

Invoking the zero-differential-overlap approxim- 
ation, as is well established” for organic molecules, 
results in Jll = J,, = J12. If we additionally adopt 
the average energy of the one-electron 6- and 6*- 
levels, +( W, + W,), as a reference point, we eliminate 
the Js from the expressions and arrive at: 

EY = K, 

ET = -K, 

Wh 9 @,I: 
-AW-l K 

K AW-A =” 

where we have dropped the subscript on K = K,, 
and set AW = W, - W,. We finally note that K is 
given by: 

K = +[(a~ 1 au) - (au ( bb)], 

where (au 1 au) is the energy required to transfer a 
&electron from metal center A to metal center B 
at infinite A-B distance (R). The (au ) bb) term is an 
electrostatic correction”*” to finite R, which is 
approximately given by e2/R in the point-charge 
limit. 

In Fig. 1 we show the internuclear-distance 
dependence of the 6,6*-manifold of states according 
to this simple theory. The strong dependence of 
AW on R(M,) (decreasing to larger R) and the 
weaker but much longer range l/R dependence 
of K (increasing to larger R) have both been 
qualitatively indicated. It is well understood for 
bonding-antibonding transitions in strongly 
bonded dimers that K is large; using the above 
analysis, it is estimated to be on the order of 
30,000 cm- ’ for ethylene.lO(b) The situation for 
weakly bonding cases is less well appreciated, 
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IONIC LIMIT 

------- -_--_-- ______-____ --_-- 

t 2K 

COVALENT 
LIMIT 

Aw s K & <<K 

R(M2) - 

Fig. 1. Dependence of the energies of the 6,6*-manifold of electronic states upon metal-metal 
distance. 

however. Even in the absence of bonding between 
A and B (AW = 0), there will be a singlet “bonding- 
antibonding” (A-to-B charge-transfer) transition of 
energy 2K; for the archetypical weakly metal- 
metal-interacting dimer, namely Cu2(02CCH3),- 
(OH,),, K has been estimated (neglecting ligand 
interactions) to be SO,OOOcm- ‘.I1 The ionic and 
covalent limits indicated in Fig. 1 are most easily 
visualized by contrasting the ionic contribution of 
K to the ‘(66*) state with the a2 and 3(SS*) states: 

In order to attempt to fit this simple theory to 
experiment, we need at least two transition energies, 
but, unfortunately, only ‘(6 + 6*) is well established 
experimentally. However, there are now many 
examples of dimers either one-electron oxidized 
or reduced relative to the full quadruple bond 
configuration, i.e. with a1 or d2S*l ground states. 
At the same theoretical level as our preceding 
analysis, the ‘(8 + 6*) transition of such molecules 
appears at exactly AW, since the contributions of 
the two-electron terms to the transition energy 
cancel each other. Numerous structural studies 
have shown that there is very little effect on metal- 

metal bond length as a result of such one-electron 
oxidation or reduction;2 indeed, even two-electron 
oxidation or reduction does not produce large 
changes. l2 Since AW can accordingly be expected 
to be little affected, we propose to perform theoret- 
ical fits of the ‘(6 + 6*) [‘(S2) ground state] energies 
using values of AW derived from the ‘(S + S*) 
transition energies of their redox congeners. 

Table 1 shows our results for the available 
experimental data. Also included are some compar- 
isons with results from SCF-Xa-SW calculations. 
It has been observed in the past that calculations of 
6-6* orbital energy differences for doublet ground- 
state molecules are in excellent agreement with 
observed 6 --, 6* transition energies, and this can 
be traced to the good accounting of valence one- 
electron terms, but poor accounting of correlation 
energy, that this theory achieves. We note that such 
calculations for 6* ground-state molecules also 
give good agreement with the 2(S + 6*) transition 
energies of one-electron-oxidized or one-electron- 
reduced species, in agreement with one of our 
assumptions. 

The derived parameters in Table 1 are values of 
K and predictions of 3(S + 6*) transition energies. 
As to the former, we observe that, despite a very 
large range of ‘(6 + 6*) transition energies, the 
calculated KS are all roughly similar: -6OOO- 
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Table 1. S + 6* Electronic transition parameters for selected quadruply bonded 
complexes” 

Observed Calculated 

2(S + 6*) AWb 
Compound 

Mo,(O,CPr”):‘+ 
MO&SO,);-‘3- 

MorCUPMe& 

Tc,Cl; -” - 
Re,(02CBu’),Cl~/- 
W,Cl,(PMe&+ 
Re,Cl.,(PMe,Ph):+‘+ 

Re,CI,(PEt,)i’- 

22,7w 
19,420’ 
17,09ti 

14,750’ 
20,200” 
lS,lSo/ 
13,89@ 
13,950” 

13,3w 12,2006 7450 7790 
7140’ - 8400 2630 
- 807vh 6640 3810 

839oh’ 6490 4120 
65m 5820’ 5940 2860 

14,490” 4900 10,390 
7350” 73408p 5790 3570 
73504 565(Y 5000 3890 
6560” - 5430 3090 

‘All energies (cm- ‘) refer to vertical transitions, thus to band maxima. Calculated values 
are based upon the observed 6 --t 6* transition energies except for Mo,Cl,(PMe&, where 
the XaAW values were used together with the ‘(6 + 6*) energy. 

b Calculated values of A W are for the [0%r~6~] electronic configuration, except as noted. 
‘Reference 33(a). 
dReferences 3(b) and 18. Calculated for Mo2(02CH),. 
‘F. A. Cotton, D. S. Martin, P. E. Fanwick, T. J. Peters and T. R. Webb, J. Am. Gem. 

Sot. 1976, 98, 4681; P. E. Fanwick, D. S. Martin, T. R. Webb, G. A. Robbins and R. A. 
Newman, Inorg. Chem. 1978, 17, 2723; D. K. Erwin, G. L. Geoffory, H. B. Gray, G. S. 
Hammond, E. I. Solomon, W. C. Trogler and A. A. Zagars, J. Am. Chem. Sot. 1977, 99, 
3620. 

‘Reference 8. 
@Reference 16(a). 
hCalculated for Mo2C14(PH,),. 
‘Reference 16(b). 
jF. A. Cotton, L. Daniels, A. Davison and C. Orvig, Inorg. Chem. 1981, 28, 3050. 
‘F. A. Cotton, P. E. Fanwick, L. D. Gage, B. J. Kalbacher and D. S. Martin, J. Am. 

Chem. Sot. 1977,98, 5642. 
‘Calculated for the [~~rr~6~6*‘] electronic configuration: F. A. Cotton and B. J. Kalbacher, 

Inorg. Chem. 1977,16,2386. 
“D. S. Martin, H.-W. Huang and R. A. Newman, Inorg. Chem. 1984, 23, 699; D. M. 

Collins, F. A. Cotton and L. D. Gage, ibid. 1979, 18, 1712. 
“K. R. Dunbar and R. A. Walton, Znorg. Chem. 1985, 24, 5. 
“M. D. Hopkins, unpublished results. 
PCalculated for W2C14(PH3)4. 
qReference 12(b). 
‘Calculated for the Re,Cl,(PH,)f ion: B. E. Bursten, F. A. Cotton, P. E. Fanwick, G. 

G. Stanley and R. A. Walton, J. Am. Chem. Sot. 1983, 105,2606. 
“V. M. Miskowski, unpublished results. 

8000 cm- ’ for second transition-series examples, 
and N 5000-6000 cm- ’ for the third row. Inasmuch 
as these values are of comparable magnitude to the 
corresponding A Ws, configuration interaction (CI) 
is clearly of importance in determining the ground- 
state energy. Nonetheless, ‘(S*) is still a fairly good 
representation of the ground state. For example, 
the values of K and AW for Re2C1,(PMe2Ph):+ 
can be used to calculate the CLmixed ground-state 
wavefunction as 0.9560, + -0.295Q2, where Q1 
and m2 are the pure ‘(a*) and ‘(a**) state wave- 
functions defined earlier. The occupation numbers 
(twice the squares of the coefficients) of the 6- and 

6*-orbitals are thus 1.83 and 0.17. 
The 3890~cm-’ triplet 66* energy calculated for 

Re2C1.,(PMe2Ph):+ is in good agreement with an 
ab initio estimate by Hay13 of 3200 cm-’ for Re,- 
Cl:-; Hay’s estimate of the magnitude of CI mixing 
is also similar to ours. There is also experimental 
evidence that bears out the large singlet-triplet 66* 
splitting inferred by these calculations.‘4*‘s As our 
present analysis shows, this is not a consequence of 
CI, but of the large magnitude of K, as is illustrated 
in Fig. 2. While CI leaves the singlet-triplet 66* 
splitting unaffected, the effects on excitation energ- 
ies are dramatic. If it were not for CI, the triplet 
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one-electron two $gC: ron odd 
terms C.I. 

Fig. 2. Relative energies of the @*-manifold of electronic states with and without configuration 
interaction. Parameters used are those for Re$&(PMe,Phfi+ (Table 1.) 

state would be close to being the ground state. But 
CI will’make a singlet the ground state, even in the 
case of almost no 6 interaction,’ ’ such as for copper 
acetate, despite small terms” neglected in our 
analysis that would favor a triplet ground state. 

A second and completely different experimental 
approach to these questions can be taken. When 
diphosphines (e.g. R2PCH2CH2PR2) bridge dimers 
of the form j?-M,X,(P-P),, where X is a halide, 
ligand-backbone strain enforces noneclipsed geo- 
metries. The torsional angle (x) is equal to 0” for 
the eclipsed and 45” for the staggered (AW= 0) 
geometry. A theoretical prediction of the behavior 
of the 6,6* states is very similar to that shown in 
Fig. 1, l5 but K is independent of rotation angle, 
according to the approximations defined earlier. 
The observed singlet “a + a*“* transition energy 
of the nearly staggered (x = 40”) compound 
/?-Mo,Cl’,(dmpe), [dmpe = 1,2-bis(dimethylphos- 
phino)ethane] is 12,45Ocm-‘, which should be 
very near 2K; twe thus estimate K = 62OOcm-‘. 
Moreover, the rigorously eclipsed but otherwise 
very similar compound Mo&l.+(PMe& displays 

*‘(a + 6*) is, of course, an incorrect designation in 
this case since the singlet ground state is nearly an equal 
mixture of ‘(8’) and 1(6*2). The transition actually 
corresponds to metal-to-metal charge transfer. 

t The extinction coefficient is only 210. For rigorous 
D,-symmetry the transition is dipole-forbidden. 

‘@j-+6*) at 17,09Ocm-‘.* In combination with 
the above estimate of K, this value yields 
AW(x = 0’) = 8950cm-‘. The agreement of these 
derived parameters, both with calculated one-elec- 
tron 6--a* splittings of the model complex 
Mo,Cl,(PH&, obtained by the SCF-Xc&W 
(807Ocm- ‘)16(*) and LCAO-HFS transition-state 
methods (8390 cm- 1),16(b) is very good.* 

We now return to the anomalous case of the 
molybdenum carboxylates. Our analysis shows that 
they, and also the Re(II1) carboxylates, are excep- 
tional in having AW about twice as large as the 
other complexes. This has been previously predicted 
by SCF-Xc&W calculations.3’b)*18 Of key import- 
ance is that these calculations indicate that the 
effect is due primarily to the interaction of 6 and 
6* with carboxylate orbitals, rather than to an 
exceptionally large metal-metal b-interaction; we 
shall return to this point shortly. There is an 
interesting prediction in Table 1: the large AW of 
the carboxylates results in all 6 + 6* transitions 
being exceptionally high-energy, including the as 
yet unobserved 3(S + 6*) transition. 

Many attempts have been made in the past to 
correlate ‘(6 + 6*) energies with the strength of 
metal-metal interaction. We conclude that there is 

+ The experimental dependence of the ‘(6 + 6*) energy 
upon torsional angle” is simulated very well by a 
calculation including the simple CI advocated here. 
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Fig. 3. Electronic absorption spectra of Mo,X,(PMe,), in 2-methylpedane solution at 
X=Cl(----),Br( -), or I(-...-). 

3ooK: 

a correlation of the one-electron 6-6* splitting with 
the ‘(6 + 6*) energy, but that it is not a simple 
one because two-electron terms are important. 
Certainly, small shifts in ‘(6-6*) cannot be casually 
attributed solely to variation in metal-metal inter- 
action, and comparisons between compounds of 
metals in different transition series are particularly 
treacherous, since two-electron integrals such as K 
typically decrease down a column.‘g 

Having achieved some conceptual feeling for the 
factors involved in determining the relative energies 
of the @*-manifold of states, we now turn to the 
question of the transition intensities. 

THE INTENSITIES 

In Table 2 we present selected ‘(6 -t 6*) energy 
and intensity data. Groups A-C manifest a consist- 
ent trend: as the halide ligands become more 
reducing, the ‘(6 + 6*) transition both red shifts 
and increases in intensity.’ Such metal-metal bond- 
length data as are available for these halide series 
fail to show a distinct correlation with the ‘(6 + 6*) 
energy or intensity. This is particularly notable for 
group C,* the spectra of which are reproduced in 
Fig. 3. 

We suggest that the observed intensity trends 
are due to mixing of the “zero-order” ‘(6 + 6*) 
transition with X + M charge-transfer (CT) trans- 
itions, rather than to changes in metal-metal inter- 
actions.’ Indeed, calculations show considerable 
(2-25%) halide character in the 6- and 6*-orbitals. 

As the LMCT states shift to lower energy, mixing 
increases. That the effect on intensity should be 
much more dramatic than that on energy is reason- 
able if the inherent intensity of 6 + 6* is small; 
small amounts of mixing with intense LMCT trans- 
itions can then greatly affect intensity. 

We should emphasize that a mixing mechanism 
involving more than nonspecific interactions with 
nearby LMCT states is required. First, the domin- 
ant molecular z-polarization of 6 + 6* requires that 
the interacting LMCT states also be z-polar- 
ized (LMCT states of x,y-polarization might be 
involved in the rather strong x,y-polarized vibronic 
component observed in several cases). Furthermore, 
effective mixing requires 2o that the two transitions 
have a common orbital; the LMCT must therefore 
be a transition of type b,&ligand) + b&5*) (Da,,- 
symmetry). Both the M,X;- and Mo,X,(PMe,), 
compounds have a n(X) orbital of the appropriate 
symmetry, and the proposed mixing mechanism is 
therefore viable. 

There are precedents for such an intensity- 
stealing mechanism among mononuclear trans- 
ition-metal complexes. Well-established examples 
are the CoXi- ions (X = Cl, Br or I), for which ab 
initio calculations2 I(‘) strongly support LMCT mix- 
ing as the explanation for the exceptionally high2rtb) 
(for a d-d transition) oscillator strength of 5.09 x 
10m3 for the 4A2 + 4Tl transition of CoCli- 
at 14,700 cm - I. The oscillator strength of this 
transition for CoIi- is 8.12 x 10-j, the increase 
relative to CoCl:- being consistent with a decreased 
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Table 2. Energies and intensities of ‘(6 + 6*) transitions for selected 
quadruply bonded complexes’ 

711 

GrouD Comnound 
“Ill., 4lU.X R(W) 

(cm-‘) (M-l cm-‘) (A) 

Re,F:- 17,9206 

Re,Cli- 14,700c 

Re$&(PEt& 13,950’ 
Re,Brg- 14,000’ 

Re,It- 12,8w 

MO&~;: - 19,610’ 

Mo,Brt- 19,460’ 

Mo,(NCS);:- 14,500’ 

Mo,Cl,(PMes), 17,090” 

Mo,Br,(PMe& 16,720” 

Mo&PMe& 15,720” 
Ret(02CBu’)&12 20,200” 

Mor(G&H), 22,800p 

Mo,(SG,)t - 19,420’ 

Mo?(aq) 19,800’ 

810 - 

2340 2.222d 
2610 2.222f 
2980 2.226-2.2286 
- 

960 
1170 

2600 
3110 
4060 
5250 

180 
120 
170 
340 

- 

2.129-2.150’ 
2.135’ 
2.162-2.177’ 
2.130” 
2.125” 
2.127” 
2.236“ 
2.0914 
2.110” 

- 

“Reference for E,,, is the same as that for v,,, in each case. 
*G. Peters and W. Preetz, 2. Naturfirsch. 1979, 34b, 1767. 
‘F. A. Cotton, N. F. Curtis, B. F. G. Johnson and W. R. Robinson, Inorg. 

Chem. 1965, 4, 326. 
dF. A. Cotton, B. A. Frenz, B. R. Stults and T. R. Webb, J. Am. Chem. 

Sot. 1976,98, 2768. 
‘V. M. Miskowski, unpublished results. 
fF. A. Cotton and B. M. Foxman, Inorg. Chem. 1968, 7, 2135. 
#F. A. Cotton, B. G. DeBoer and M. Jeremic, Inorg. Chem. 1970,9,2143; 

H.-W. Huang and D. S. Martin, ibid. 1985, 24, 96. 
“W. Preetz and L. Rudzik, Angew. Chem., Int. Ed. Engl. 1979, 18, 150. 
‘W. C. Trogler, D. K. Erwin, G. L. Geoffroy and H. B. Gray, J. Am. 

Chem. Sot. 1978,100, 1160. 
jJ. V. Brencic and F. A. Cotton, Inorg. Chem. 1969, 8, 7; J. V. Brencic 

and F. A. Cotton, ibid. 1969, 8, 2698; J. V. Brencic and F. A. Cotton, ibid. 
1970,9, 346; I. Leben and P. Segedin, Inorg. Chim. Acta 1984,85, 181. 

kJ V. Brencic, I. Leben and P. Segedin, Z. Anorg. Allg. Chem. 1976,427, 
85. ’ 

‘A. Bino, F. A. Cotton and P. E. Fanwick, Inorg. Gem. 1979, 18, 3558. 
“Reference 8. 
“F. A. Cotton, M. W. Extine, T. R. Felthouse, B. W. S. Kolthammer and 

D. G. Lay, J. Am. Gem. Sot. 198 1,103,4040. 
“D. M. Collins, F. A. Cotton and L. D. Gage, Inorg. Chem. 1979, 18, 

1712. 
‘Reference 18. 
PF. A. Cotton, J. G. Norman, Jr, B. R. Stults and T. R. Webb, J. Coord. 

Chem. 1976, 5, 217. 
‘D. K. Erwin, G. L. Geoffroy, H. B. Gray, G. S. Hammond, E. I. Solomon, 

W. C. Trogler and A. A. Zagars, J. Am. Chem. Sot. 1977,99, 3620. 
“F. A. Cotton, B. A. Frenz, E. Pedersen and T. R. Webb, Inorg. Chem. 

1975, 14, 391. 
‘A. R. Bowen and H. Taube, Inorg. Chem. 1974,13,2245. 

energy gap between the ligand-field and LMCT Just what is the intrinsic or “metal-metal” in- 
transitions; the lowest strong bands of the latter tensity of ‘(6 + 6*)? We believe that the answer is 
type [assigned2’(“) to transitions to 4T1 states, so revealed by group D of Table 2. The one-electron 
that mixing is possible] occurzl@) at 42,600 cm-’ 6-6* splitting for the molybdenum carboxylates 
for CoCl:- and 25,OOOcm- l for CoIi-. was earlier indicated to be among the largest 
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known; this low intensity (f c 10w3) represents the 
intrinsic metal-metal-induced intensity. Group D 
also includes examples with smaller A Ws such as 
Mo,(SO,)t-. That the b-interaction (the magnitude 
of which is directly related to this low intrinsic 
intensity) should be so very weak, is, of course, not 
surprising. 

Accordingly, the vast majority of the ‘(6 + 6*) 
intensity for molecules such as Re,Cli- is stolen 
from LMCT transitions. This does not mean that 
‘(6 --t S*) is not a predominantly metal-metal- 
localized transition; excited distortions, as indicated 
by resonance Raman and low-temperature elec- 
tronic spectroscopic studies, unequivocally indicate 
a high degree of metal-metal character. Rather, a 
small amount of LMCT character mixed into the 
transition completely dominates the intensity. It 
is worth considering why there is little LMCT 
intensity-lending for group D of Table 2. We see 
two major reasons. First, complexes with oxygen 
donor ligands should have much higher energy 
LMCT states than Cl-, Br- or I-containing com- 
pounds, according to optical electronegativities.“? 
The low 6 + 6* intensity for Re,Fi- (group A, 
Table 2) has a similar explanation. Second, the 
Mo,(carboxylate), structure imposes O-MO-MO 
angles very near 90”. As a result, z-polarized CT 
transitions will accidentally carry very little intens- 
ity, and CT mixing with 6 + 6* would therefore be 
an ineffective intensity-stealing mechanism, regard- 
less of the amount of ligand character mixed into 
the 6- and 6*-orbitals. 

THE ENERGIES RECONSIDERED 

We will now reconsider our treatment of the 
energies of the S,S*-manifold of states. We analyzed 
them with a model that assumed pure d-orbitals, 
yet, in order to explain intensities, we found it 
necessary to invoke mixing with LMCT trans- 

* In our discussion of intensities, we have emphasized 
mixing of electronic transitions rather than of orbitals 
because it is likely that excited-state mixing is much 
larger than ground-state mixing, as a result of closer 
energetic proximity. Thus, an attempt to analyze these 
effects based solely upon ground-state wavefunctions 
would be incomplete. 

t There appears to be a fairly low energy metal- 
to-ligand charge-transfer band for the M2(02CR)4 
(M = MO, W or Re) comp1exes.23 However, this intense 
CT band is attributed to a transition of the wrong 
polarization (I molecular z) to mix with ‘(6 + 6*), and 
there are, in fact,3(b)*1s no low-lying carboxylate orbitals 
of the right symmetry to yield a z-polarized 6 + carboxyl- 
ate CT transition. 

itions. Are these approaches contradictory? 
Treatments such as we have set out are funda- 

mentally empirical, but no more so than the tradi- 
tional 1ODq one-electron parameter, and B and 
C two-electron parameters of mononuclear d-d 
spectroscopy. That these single-center parameters 
are sensitive to the nature of the ligands is well 
known, and this, of course, is due to the ligand- 
field orbitals not being pure d-orbitals. While d-d 
spectra can be empirically analyzed in terms of 
crystal-field theory, it has been emphasized24 that 
the derived parameters have theoretically nebulous 
meaning because of this mixing with ligand orbitals. 
It has nonetheless historically proven fruitful to 
analyze spectra in this way, and to correlate derived 
parameters with ligand properties. 

Some insight into the ligand dependence of K 
is gained by consideration of the torsionally dis- 
torted compound fi-Mo,Br,(dmpe),, which has 
x = 36”,17@) similar to its chloride analogue (uide 
supra), and a ‘(6 + 6*) transition energy of 
11,8OOcm-‘. Taking this as the zero-&interaction 
limit, we estimate K = 59OOcm-‘, and, from the 
‘(6 --* 6*) energy of Mo,Br,(PMe,),,* (A W 
(x = 0’) = 9070 cm- ‘. The differences of these para- 
meters from those of the chloride analogues (oide 
supra) are quite small, but seem to be concentrated 
in a reduction of K. This results in a reduction of 
the energy of the ‘(S + 6*) transition of about the 
same magnitude for both Mo,X,(PMe,), and 
/3-Mo,X,(dmpe),, upon exchange of bromide for 
chloride, despite the large difference in transition 
energy for eclipsed and staggered conformers. The 
correlations of Cotton et ~l.‘~(~) suggest a rather 
constant ‘(6 + 6*) energy difference between chlor- 
ide and bromide complexes as x is varied, consistent 
with the chloride-bromide energy difference always 
being due to K. That two-electron integrals such 
as K should be smaller for bromide than for 
chloride complexes has precedent for mononuclear 
complexes, and is a manifestation of the nephelaux- 
etic effect.” K for all of these complexes is undoubt- 
edly greatly reduced from the value for a diatomic 
reference (M”,+) because of such ligand interactions. 

What about AW? We have already mentioned 
that its anomalously large value for Mo,(O,CR), 
reflects ligand interactions. Insight into the extent 
of this interaction is provided by examination 
of carboxylate-bridged compounds in which the 
metal-metal antibonding orbitals are partially 
occupied. The n*- and 6*-levels of such species are 
energetically close,25 resulting in high-spin ground 
states of quartet [~*~6*‘] for26(a) Ru,(O,CR), 
Cl (R N 2.28A)27 and triplet [7c*ib*‘] for26’b’ 
0s2(02CR),C1, (R N 2.31 A);28 the bond lengths 
are to be compared to 2.19 and 2.24 A, respectively, 
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for” M2(02CC(CH,),).,C12 (M = Tc or Re). The 
‘(S + 6*) transitions (so termed because of the half- 
occupancy of 6*) of the ruthenium and osmium 
compounds are centered at 91OOcm- ’ (.40) and 
11,8OOcm-’ (.575), respectively.26 These values of 
A W may additionally be compared with calculated 
values of 8942 cm- ’ for Ru,(O~CH)~CI;~~ and 
81OOcm-’ for Rh2(02CH)dOH2)230 (R = 2.39A); 
the n* and 6*-orbitals of the latter are fully occu- 
pied. 

The redrction in AW for these compounds as 
antibonding orbitals are populated and R increases 
seems to reflect decreasing metal-metal b-bonding 
interaction. It does not, however, extrapolate to 
zero as the bond length continues to increase, which 
supports an important role for metal-carboxylate 
interactions in maintaining large 6-6* separations. 
It is interesting that the Rh,(II,II) value is about 
6OOOcm-’ smaller than the values for the carb- 
oxylate-bridged quadruple bond entries of Table 1. 
Since the direct 6 interaction must be very weak 
indeed for the Rh,(II,II) compound, 6OOOcm- ’ 
is a rough estimate of the metal-metal bonding 
contribution to AW for the Mo,(II, II), Tc,(III, III) 
and Re,(III, III) carboxylate compounds, and it is, 
in fact, very similar to the values of A W estimated 
for the noncarboxylate entries of Table 1.30 

CONCLUSIONS AND IMPLICATIONS 

Our treatment of 6 + 6* electronic transitions 
leads to the conclusion that the metal-metal 6- 
bond is quite weak. Intrinsic metal-metal-bonding- 
induced one-electron &-a* splittings for quadruply 
bonded dimers* are only about 6000-9OOOcm- ’ 
(corresponding to a stabilization of N 10 kcal 
mol-‘) and the intrinsic intensity for the bonding- 

* We have emphasized analysis of A W based solely on 
the S + S* transitions themselves. An alternate approach 
is to estimate S-S* splittings as the difference in energy 
between transitions involving S and S* and a third, 
common orbital, as in many cases the two-electron 
contributions should roughly cancel out. We have been 
able to obtain sufficiently reliable spectroscopic 
assignments with which to attempt this approach for 
only one class of compounds: the [azn4S0]-configured 
Mo,(HPO,):- ion and its 6’ and S2 analogues MO, 
(S04):-14-.3’ Assignment of the s + Sand n + S* transi- 
tions leads to estimates of AW of 5100, 7200 and 8500 
cm-’ for the So, 6’ and 6’ compounds, respectively. 
These estimates of AW are quite consistent with those 
of Table 1. That A W varies as S is depopulated indicates 
a shortcoming of one of the approximations used in our 
earlier analysis, but the variation is not so large as to 
invalidate it. 

antibonding 6 + 6* transition is accordingly very 
weak. 

Interpretation of experimental data for 6 + 6* 
electronic transitions has been complicated by two 
previously poorly understood factors. First, there 
is a very large contribution of a two-electron (ionic) 
term to the observed transition energy. Second, 
mixing with ligand orbitals has profound effects 
upon both intensities and energies of 6 + 6* trans- 
itions. With regard to this latter point, it is im- 
portant to note that our emphasis on sensitivity to 
ligands of the formally metal-metal-localized ‘(6 + 
6*) transition is in accord with a previous discus- 
sion.7 However, we differ with the earlier work in 
that we do not infer large changes in the extent of 
b-bonding interactions as a function of ligand 
electronegativity.’ 

We finally consider the consequence of our 
conclusion that the ‘(6 + 6*) excited state has a 
great deal of ionic character. Excited states of this 
type are, in principle, subject to the phenomenon 
of sudden polarization, in which they can distort 
to the localized ionic configuration M+M-.j2 As 
we show elsewhere,33 analyses of the vibronic 
structure of several examples of ‘(6 + 6*) transitions 
support the existence of such excited-state distor- 
tions. Of relevance to our present discussion of 
excited-state energies is that Chakravarty et al. 
recently reportedj4 the preparation of (EtO)2C12Re- 
ReCl,(PPh,),, for which structural data suggest a 
considerable contribution of the polar Re(II)- 
Re(IV) form to the ground state of the formally 
quadruply bonded (eclipsed) molecule. The com- 
pound is reported to show a band at 84OOcm- ’ 
(~2800); we suggest that this band be assigned 
to ‘(6 + a*), where electron-repulsion differences 
between ground and excited state have been greatly 
reduced, thus lowering the transition energy to near 
the one-electron value. 
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Abstract-A simple metal-localized model relating the optical activity of configurationally 
chiral quadruply bonded complexes is presented. The predictions of the model are tested 
against the available data and some applications to structural and electronic assignments 
are discussed. 

The majority of quadruply bonded dimeric metal 
complexes have the eclipsed ligand configuration 
exemplified by the structures’ of [Mo,C1J4- and 
[Re2Cls]2-. Indeed the eclipsed geometry was one 
of the main reasons for the original postulation of 
quadruple bonds in these complexes. There is, 
however, an important minority of quadruply 
bonded complexes where due to ligand constraints 
or crystal packing the molecules have a staggered 
or partially staggered geometry about the metal- 
metal bond. Such molecules are necessarily chiral. 
Because the chromophore (in this case the MO, 
or Re2 unit) is chiral we call such complexes 
chromophorically chiral or more usually configur- 
ationally chiral. Good examples are complexes of 
the type fi-[Mo,X4(PP)J, where X is halide or 
pseudohalide and PP represents a bidentate pho- 
sphine such as dppe or a substituted analogue; the 
B in the formula indicates that the phosphine 
is bridging the two molybdenum atoms and so 
engendering the twist. When the phosphine is 
achiral, such as dppe itself, the metal complex will 
be formed as a racemic mixture of the A and A 
forms (Fig. 1) and a solution of the complex will 
not show optical activity. Sometimes such racemic 

*Ligand abbreviations: en, 1,Zdiaminoethane; R-pn, 
(R)-1,2-diaminopropane; dppe, 1,2_bis(diphenylphos- 
phino)ethane; dppp, 1,3-bis(diphenylphosphino)propane; 
R-dppp, (R)-1,2-bis(diphenylphosphino)propane; S,S- 
dppb, (S,S)-2,3_bis(diphenylphosphino)butane; S-chair- 
phos, (S)-1,3-bis(diphenylphosphino)butane; S,S-skew- 
phos, (S,S)-2,4-bis(diphenylphosphino)pentane; R-phen- 
phos, (R)-1-phenyl-1,2-bis(diphenylphosphino)e.thane; 
S-peap, N,N-bis(diphenylphosphino)-S-a-phenylethyl- 
amine. 

complexes crystallize as enantiomorphic single cry- 
stals in which all the molecules in any particular 
crystal are of the same hand. This happens2 for 
example in B-[Mo,Cl,(dmpe),].* Since the mole- 
cules are kinetically labile, however, they racemize 
rapidly on dissolution of the crystal and the result- 
ing solution is optically inactive. More commonly 
racemic compounds crystallize as racemic crystals 
with equal numbers of A and A forms in the 
unit cell. An example3 of this behaviour is /3- 
[Mo,Cl,(dppe),]. There are a few examples of 
complexes containing bidentate ligands or ligands 
such as dmpe, which usually result in eclipsed 
complexes, where presumably because of packing 
forces the molecule is slightly twisted in the crystal. 
An example of this phenomenon is 
[Mo,(SCN),(dppm),] which has a twist of 13”.4 

If a complex contains chiral ligands it is necess- 
arily chiral. This ligand chirality does not always 
translate itself to the chromophore, however, and 
so produce a configurationally chiral complex. 
Complexes with chiral amino acids such as [Mo~(L- 
leucine),14 + contain’ planar Mo,O,C rings and 
so have either zero or very small twists. The chelated 
(a) isomers of the [Mo~X~(PP)~] type complex, in 
which the ligand forms a five-membered chelate 
with each molybdenum atom, have an eclipsed 
geometry6 and so are not configurationally chiral. 
A final example is the complex [Mo,Cl,(S-peap),]; 
although the structure of this complex has not been 
determined its electronic spectrum is indicative of 
the eclipsed Mo2P4Cl4 chromophore and it shows7 
no measurable circular dichroism (CD) under the 
6 xY + S!J,, transition, indicating again a lack of 
configurational chirality. When chiral ligands of 
the type which cause the chromophore to twist are 
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Fig. 2. Molecular structure of A-[Mo,Cl&S-dppb),]. 

Fig. 1. A (a) and A (b) forms of a twisted [Mo,X,(PP),] complex such as [Mo,Cl,(dppe),]. 

C 

incorporated in a complex, however, we expect the 
conformational preference of the ligands to effect 
an asymmetric synthesis and produce only one of 
the configurational isomers. Thus conformational 
analysis predicts (and crystallography confirms*) 
that reaction of [Mo,CI,]~- with S,S-dppb will 
produce solely A-[Mo,Cl,(S,S-dppb)J. The struc- 
ture of this molecule is shown in Fig. 2. 

In this article we shall concentrate on configur- 
ationally chiral complexes for two reasons. Firstly 
they are expected to show much larger CD spectra 
under the essentially metal-localized transitions; 
indeed as indicated above there is usually no 
detectable CD under the 6,. + S$, transition in 
eclipsed chiral complexes. Secondly it is much easier 

to develop a model which unambiguously relates 
the CD of the chromophore of a configurationally 
chiral complex to the geometry of the complex. 

THE MODEL 

The model we describe is at present a metal- 
localized model and so applies to those transitions 
which can be described without explicitly involving 
ligand orbitals, for example the 6,, + S$, and 
6, -+ 8x~_y~ transitions. It is worth issuing a caveat 
at the start: both the energy and intensity of the 
6 xY + S:, transition depend quite markedly on the 
ligator set which implies that the ligand orbitals 
should not really be ignored in attempting to 
account for these properties. We expect the metal- 
localized model to be most applicable when used 
to compare the spectra of molecules with similar 
ligands and perhaps also to be better at rationalizing 
the signs than the magnitudes of the CD spectra. 
The model has a considerable merit in its simplicity 
but its validity has to be tested and not assumed. 

The 6,, + S& transition 

The transient charge distribution during the 
6 xy + S$ transition of a dimetal complex with 
eclipsed geometry is shown pictorially in Fig. 3. It 
can readily be seen that the movement of charge is 
along the metal-metal bond, i.e. that the transition 
is polarized along the metal-metal bond (z-pola- 
rized using the conventional co-ordinate system) 
and so can be excited only by light propagated 
perpendicular to the metal-metal bond and with 
electric vector directed parallel to it. This polariz- 
ation has been experimentally demonstrated in 
a number of systems,’ although in some cases, 
particularly with carboxylic acid or amino acid 
ligands, there is an additional intensity polarized 
perpendicular to the metal-metal bond (xy polariz- 
ation) based on false origins.” Figure 3 is formally 
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Fig. 3. Transient charge distribution for the 6,, + S& 
transition of an eclipsed chromophore obtained by 

multiplying the phases of the a,,- and b:,.-orbitals. 

equivalent to the group-theoretical statement that 
the produce of the symmetries of the 6,,,(b1,) and 
6,&J orbitals transform as .z(a2J in II,,-symme- 
try; the corresponding representations in DZh (for 
the Mo,P,Cl, chromophore) being b,, (6,,), a, ( 

&&) and L(z). 
When the molecule is configurationally chiral the 

symmetry of the chromophore drops to D4 or D2, 
and the product of the S,, and S$ orbital symmetr- 
ies transform as a2 or bl , respectively. The transition 
thus becomes both electric and magnetic dipole 
allowed along or around the metal-metal bond 
and is optically active. In particular it will show 
the phenomenon of CD, the differential absorption 
of left and right circularly polarized light. This 
situation is shown pictorially in Fig. 4 for the A 
absolute configuration. The direction of the trans- 
ient charge displacement can be obtained by follow- 
ing the signs from + ve to -ve (or vice versa) 
through the shorter spatial path. There are two 
situations: in both cases the charge displacement is 
that of a helix along and around the metal-metal 
bond but when the twist is between 0 and 45” the 
helix is left-handed, while for a twist of between 45 
and 90” there is a right-handed helical charge 
displacement. At angles of 0, 45 and 90”, the 
chromophore is not chiral and the transient charge 
displacements are a translation, a rotation and a 
translation along or about the metal-metal bond, 
respectively. 

The absolute sign of the CD associated with the 
6, + S!& transition may be deduced from the helical 
charge displacements of Fig. 4. We will establish 
the sign for the A absolute configuration and 
a twist of less than 45” [Fig. 4(a); left-handed 
displacement along the metal-metal bond]. The 
6,,, + S:,, transition must be excited by light propa- 
gated perpendicular to the metal-metal bond. Since 
any helix has the opposite helicity when viewed 
along or perpendicular to the helix axis, light 

(a) (b) 

Fig. 4. Transient charge distribution for the 6, + S:,. 
transition of a twisted Mo,L,L; chromophore. (a)On 
rotating the near set of ligators through an angle of 
less than 45” in the counterclockwise (A) direction the 
transient charge distribution is that of a left-handed helix. 
(b)On rotating counterclockwise through an angle of 
greater than 45” the transition gives rise to a right- 

handed helical charge displacement. 

L 

Fig. 5. Sign rule for the CD of the 6, + S$ transition. 
The sign of the CD is that of the sectors containing the 

rear set of ligating atoms. 

propagated perpendicular to the metal-metal bond 
will see and interact with a right-handed helical 
charge displacement. Right circularly polarized 
light interacts more strongly with a right-handed 
helical charge displacement than does left circularly 
polarized light. Thus the exctinction coefficient E, 
is larger than E,, and the differential extinction 
coefficient de (E, - E,) is negative for the geometry 
depicted in Fig. 4(a). The sign of the CD changes 
every 45” and a sign rule can be constructed (Fig. 5) 
in which the sign of the CD is related to the sense 
and magnitude of the twist angle. 

The variation of the magnitude of the CD with 
twist angle can be made at least semi-quantitative. 
The rotational strength of a transition (the area 
under the CD band) is proportional to the product 
of the electric and magnetic dipole transition 
moments: 

R=pxm. 
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Twist (x) to) 

Fig. 6. Variation of dipole strength (D) (and E), rotational 
strength (R) (and AE) and g value with twist angle x (for 
the 6,, + S!& transition of a complex with the A absolute 

configuration). 

The electric dipole transition moment is propor- 
tional to the angular overlap of the d, orbitals and 
is a maximum for the eclipsed configuration; it 
therefore is proportional to cos 2x, where 1 is 
the angle of twist about the metal-metal bond. 
Similarly the magnetic dipole transition moment is 
proportional to sin2X. Thus: 

R = R,,xcos2~sin2~. 

The dipole strength (the area under the absorption 
band) and the g value (g = 2R/D or As/s) can be 
written as functions of x in a similar way: 

D = DMAx cos2 2x, 

g = &AX tan 2xa 

These relations are summarized in Fig. 6. 

The 6,, + &2 _y2 transition 

In many complexes there is a transition to slightly 
higher energy of the a,, + S$ transition which has 
a low extinction coefficient but a very large g value. 
This identifies it as a magnetic dipole transition 
and the current assignment is to the a,, + &z_,,z 
excitation. The transient charge distribution during 
this transition is shown in Fig. 7 for the eclipsed 

-- ;i;, C 
Fig. 7. Transient charge distribution for the 
6,, -+ ax2 _,,2 transition of an eclipsed chromophore 
obtained by multiplying the phases of the a,- and 

&Z _,,z-orbitals. 

geometry and can be seen to involve a rotation of 
charge around the metal-metal bond (A,, + A2# 
in D.+,,, A,, + Ri, in DZh). Twisting the molecule 
about the metal-metal bond makes the transition 
electric as well as magnetic dipole allowed. The 
same analysis as described above for the 6,, -+ S& 
transition gives” a sign rule with the same form 
but with opposite signs to those of Fig. 6. Thus the 
CD of the 6 .+, + 8X~-yl transition is predicted to 
have opposite sign to that of the 6, + S&, transition. 
The c?,, + &_Z _ Ye transition is also expected to have 
a much larger g value than that of the 6, + S& 
transition because the former is magnetic dipole 
allowed in the parent achiral symmetry. 

How well does the model work? 

The main predictions of our model are: 
(1) The absolute sign of the CD of the 6,, + S$ 

transition is related to the absolute configuration 
of the molecule and the twist angle as indicated in 
Fig. 5. 

(2) The way in which the magnitudes of the CD 
and g value of the a,,, --t S!& transition is shown in 
Fig. 6. As mentioned above we expect the variation 
of the g value, being the ratio of the magnetic 
to electric dipole transition moment, to be more 
accurately described by the metal-localized model 
than either the absorption intensity or CD. In 
particular we predict that the g value should be 
very small for small twists away from 0 or 90”, 
should vary rather slowly in the 20-30” region but 
should be large for small deviations from 45”. 

(3) The 6,. + S$, and the 6,, + &z-,,z transition 
should have CD of opposite sign. 

(4) The g value of the a,, + 8X~-y~ transition 
should be much larger than that of the a,,, + S$, 
transition in the same complex. 

So far only two configurationally chiral dimolyb- 
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denum complexes have had their structures deter- 
mined’ by X-ray crystallography: A-[Mo&&(S,S- 
dppb)z] and A-[Mo,Br,(S,S-dppb)J. The structure 
of the former is shown in Fig. 2. It is worth noting 
that the absolute configuration (A) is correctly 
predicted by conformational analysis of the six- 
membered Mo,P,C, ring and that a scale model 
suggests that the twist angle should be in the 20- 
30” region, agreeing well with the experimental 
value of 24”. The bromide complex has a similar 
structure with a very slightly smaller twist angle of 
22”. Our model predicts that both complexes should 
have -ve CD under the 6,, + S& transition and 
+ ve CD under the 6,, + &z-~z transition. The 
spectra are illustrated in Fig. 8 and show that this 
is so. The g values for the 6,, + 8x~_y~ transition 
(7.3 and 8.5 x lo-* for the chloride and bromide 
complexes) are approximately an order of magni- 
tude larger than those for the corresponding 
6 xy + S!J,, transitions and indeed are among the 
largest g values measured for any solution CD 
spectra. The effect of changing the S,S-dppb ligand 
to R-dppp is to produce a complex with A absolute 
configuration, A-[Mo2C1b(R-dppp)2]. The CD 
spectra of this complex and of A-[Mo,Cl,(S,S- 
dppb)*] are shown in Fig. 9, and are seen to 
be essentially enantiomeric apart from a small 
wavelength shift due to slightly different twist 
angles. 

The model is equally applicable to quadruply 
bonded dirhenium complexes. The CD of 
[Re2C1,(S,S-dppb),]’ + produced’* by in situ oxid- 
ation of neutral triply bonded [Re,Cl,(S,S-dppb),] 
is shown in Fig. 10. The sign of the CD associated 
with the 6,, + S$ transition (at 930nm, absent in 
the triply bonded species) is the same as that of 
A-[Mo2C1,(S,S-dppb)2] and has a comparable g 
value. This suggests very strongly that the complex 
(given the A configuration dictated by the S,S-dppb 
ligands) has a twist in the region of 20-30”. The 
fact that the metal-localized model appears to fit 
rhenium complexes is important because calcula- 
tions suggest that the 6,, and SzY orbitals in 
quadruply bonded dirhenium complexes have more 
ligand character than the analagous dimolybdenum 
complexes. 

Those predictions of our model which it has 
been possible to test show good agreement with 
experiment. The one interesting prediction it has 
not yet been possible to explore is the behaviour 
of the g value when the twist angle is close to 45”. 
Figure 6 shows that both the dipole and rotational 
strength tend to zero at 45”. The g value for a pure 
metal-localized transition with only z-polarised 
intensity behaves as a tangent function and tends 
to infinity as R and D tend to zero. What happens 

Fig. 8. Absorption and CD spectra of A-[Mo2Br4(S,S- 
dppb),] (full line) and A-[Mo$&(S,S-dppb)J (dashed 

line), both in dichloromethane solution. 

,' i 

I I I 

400 600 em 
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Fig. 9. Absorption and CD spectra of A-[Mo,Cl,(R- 
dppp),] (full line) and A-[Mo,Cl,(S,S-dppb)J (dashed 

line), both in dichloromethane solution. 
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Fig. 10. Absorption and CD spectra of A-[Re,CI,(S,S- 
dppb),]‘+ (full line) and A-[Re,Cl,(S,S-dppb)J (dashed 

line), both in dichloromethane solution. 

to the g value of the 6, + SzY transition in a real 
molecule at angles close to 45” remains to be seen. 
In the final section we give an indication of the 
possible uses which CD spectra have in structural 
assignments and in the detection and assignment 
of electronic transitions in the spectra of quadruply 
bonded complexes. 

Structural and electronic assignments 

The octant nature of the sign rule connecting the 
CD of the 6, + S:,, transition to the twist about 
the metal-metal bond makes the assignment of 
absolute configuration and/or magnitude of the 
twist angle from CD spectra ambiguous. Examples 
of this ambiguity are illustrated by the complexes 
/I-[Mo,Cl,(S-chairphos)J and /I-[MO&I&S- 
skewphos),]. The ligands have three carbon atoms 
in the backbone chain and so the complexes contain 
seven-membered Mo,P,C, rings. Both complexes 
show negative CD under the 6,, -+ S!& transition 
thus implying either A (O-45”) or A (45-90”) twists 
(spectroscopic data for all the complexes discussed 
in the review are collected in Table 1). Another 
structural tool available is the experimental correl- 
ation between magnitude of the twist angle and 
energy of the 6,, + S!J,, transition due to Campbell 
et aLI3 This too is ambiguous, however, since twists 
of x and (90 - x) will result in the same energy of 
the 6, + S$ transition. For the two seven-memb- 
ered ring complexes, therefore, we can predict 
absolute configurations (twist) of either A (18”) or 
A (72”) for /I-[Mo,Cl,(S-chairphos)J and A (22”) 
or A (68”) for /I-[Mo,Cl,(S,S-skewphos)J. Confor- 

mational analysis suggests the larger angle and A- 
configuration in both cases but a recent structural 
determination14 on /I-[Mo,Cl,(dppp),], which has 
an unsubstituted three carbon backbone, shows 
that this complex has a twist of 22”. Our experience 
with the six-membered ring complexes shows that 
backbone substitution drastically alters the twist 
angle [j?-[Mo,Cl,(dppe)J has a twist of 60” while 
B-[Mo,Cl,(S,S-dppb),] has one of 24”] and so 
we feel that despite the structural results for /I- 
[Mo$l,(dppp)J the twist angles in the methyl- 
substituted complexes must remain ambiguous at 
present. 

We are on much safer ground if we use CD 
spectra to decide whether a complex is or is not 
twisted about the MO-MO bond. The chelated 
complexes a-[Mo&l,(S-chairphos)J and a- 
[Mo,Cl,(R-dppp),] show no measurable c.d. under 
either the 6,, + S:,, or 6,, + 6,~ _Y~ transitions. The 
amino acid complex [Mo2(L-leucine)4]4+ has a 
twist in the crystal of 1.4” and again has no 
measurable c.d. in the solid-state spectrum under 
the 6,, + S$ transition (interestingly it does have 
a weak but measurable CD in solution perhaps 
indicating a larger twist). The implication is, there- 
fore, that if the a,, + S$ transition has a reasonably 
large CD the complex must be configurationally 
chiral. We shall give one example. Until recently 

CMo2@n)414’ was the only examplel’ of a dimoly- 
bdenum complex with saturated amine ligands. The 
crystal structure has not been determined and it 
was not known if the 1,Zdiaminoethane ligands 
are chelating or bridging. The analogous complex 

EMo2(JhN41 4+ has been synthesizedi and its 
absorption and CD spectra are shown in Fig. 11. 
The CD spectrum shows clearly that we have a 
configurationally chiral chromophore; the g value 
for the 6,, + 8X* _ Y2 transition in particular being 
the largest for any dimolybdenum complex we have 
measured. There seems no doubt that [Mo,(R- 

pn)414+y and by extension [MoZ(en)4]4f, has a 
twisted chromophore and so most probably con- 
tains bridging diamine ligands. 

CD spectra are also useful for assigning and 
identifying electronic transitions. We have already 
mentioned the assignment of the magnetic dipole 
S,, + &2-,,2 transition based on the magnitude of 
its g value and there seems little doubt that the 
absorption found around 2 1,000 cm - ’ in complexes 
containing the Mo2P4C14 chromophore is due to 
the 6, + &.z -,,z excitation. As well as this transition 
and the 6,, + S$ transition we can clearly identify 
five more transitions in the c.d. spectrum of A- 
[MO Cl (S,S-dppb) ] in the energy region below 
350nm. These are assigned fully in reference 8b. 
Briefly the very weak feature at 570nm, which can 
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Table 1. Energies (9 and g values for the S,.. + S$ and a,, + 6Xz_yz transitions of chiral 
dimolybdenum and dirhenium complexes. 

721 

6 xy + 6; 6 xy + &+ 

@s/a) 8(Aa/a) 
(x 10-3v’cm-‘) (x 103) (x 10-3v’cm-1) (x 102) 

CMGUWdwW,l 13.70 -5.8 21.05 + 7.3 
CMMU’WvWJ 13.33 + 7.5 21.74 -6.7 
[Mo,CldR-phenphos),] 13.20 + 6.0 21.51 -6.2 
[MozCl,(S-chairphos)z] 14.33 -2.0 21.28 + 1.1 
[Mo,Cl,(S,S-skewphos)z] 13.89 - 10.8 20.83 +3.7 
CMo2B~.4W-dwbL1 13.24 - 3.2 20.70 +8.5 
CM~&@dpwM 12.82 + 3.0 20.83 -4.5 
CMo2(R-pnM4+ 20.96 -9.1 27.78 + 17.0 
CRezC14(S,S-dppb)zlZ+ 10.50 -6.0 - - 

- 400 

X hm) 

Fig. 11. Absorption and CD spectra of [Moz(R-pn)J4+ 
as the chloride salt in 10-2moll- ’ HCl. 

just be discerned in the absorption spectrum and 
which has the same sign and a similar g value to 
the I&,, + S$ transition is assigned as the two- 
electron S& + S$? excitation; the shoulder on the 
high-energy side of the 6, -P &z_,,z transition at 
-440 nm. is assigned to 6, + S$_,Z and the final 
three transitions to the n,_ + S&, rrXY + S!& and 
rtYs --* 8x2 _Y~ excitations in increasing energy order. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 
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Fig. 1. Qualitative valence energy level diagram for 
Mo2(0R),, Mo,(NR),), and MO?(R), adapted from 

Reference 2(b). 

co&me&by photoelectron spectroscopy’,’ and a 
variety of molecular-orbital calculations employing 
the XCL-SW,~(~)~(~) Hartree-Fock-Slater,6 Hartree- 
Fock, ’ generalized molecular orbital,’ and 
extended Hiickelg methods. The Xc&W calcula- 
tions have been performed on Mo2(0H),, 
Mo~(NH~)~, Mo2CNMe2)6 and Mo,(CH&, and 
the projected Xor formalism applied to determine 
accurate orbital populations and atomic charges 
for these systems. 2(b) The latter calculations were 
shown to be in favorable agreement with the results 
of photoelectron spectroscopy, and these results are 
summarized in the form of a qualitative energy level 
diagram shown in Fig. 1. The lowest unoccupied 
molecular orbital (LUMO) in each compound was 
calculated to be a MO-MO rr*-orbital of e,-symme- 
try in the D,, point group.2(b) The highest occupied 
molecular orbital (HOMO) was calculated to be a 
MO-MO a-bonding orbital of e,-symmetry for 
L = CH3 and OH, yet for L = NH2 and NMe, the 
calculated HOMO was predicted to be a nitrogen 
lone-pair orbital of either azg- or a,,-symmetry. 
These calculations have found support from photo- 
electron spectroscopic studies.2’b’*5 For L = OR, 
there is a clear separation in energy between the 
cr2rr4 M=M bonding orbitals and the orbitals of 
the M-L a-bonds, and this shows up very nicely 
in the He(I) and He(I1) photoelectron spectra of 
these compounds. For L = R, extensive mixing is 
observed between M-M and M-L bonding orbitals 
which complicates the simple description of the 
valence electronic structure as c27r4. 

Electronic absorption spectra of M,L, compounds 

A summary of electronic absorption data and 
tentative band assignments for a representative 
series of M2L6 compounds (M = MO or W; 
L = CH2Bu’, NMe, or OBu3 are given in Table 1. 
A series of electronic absorption spectra compar- 
ing homologous MO and W compounds for 
L = CH,Bu’, NMe, and OBu’ are shown in Figs 
2-4. For each ligand set, the lowest-energy trans- 
ition occurs in the UV and tails into the visible 
region of the spectrum, accounting for the charac- 
teristic yellow to red colors of the M2Ls com- 
pounds. 

The ground state of the M,L, systems is ‘Al,, 
and symmetry-allowed transitions are to excited 
states of Azu- and E,-symmetry in the Da,, point 
group. Thus the MEM n + II* (e, + e,) transition 
is orbitally-allowed and expected to be the lowest- 
energy transition for compounds where L = CH,- 
Bu’ or OBu’. For these compounds, the lowest- 
energy transitions are observed as relatively weak 
(E = 120&17OOM-‘cm-‘) bands centered be- 
tween 25,000-27,000 cm- ‘. These absorptions are 
tentatively assigned to the dipole-allowed II + rr* 
(IAl, + ‘E,) transitions in these molecules. The 
relatively weak intensity of these transitions pre- 
sumably arises from a mixing of M-M a and 6 
character in the R- and rr*-orbitals under D3,,- 
symmetry. The PXa results indicate that this 8-x 
mixing in the occupied rr-orbitals is only appreciable 
in magnitude for L = alkyl.2(b) Fenske-Hall calcu- 
lations performed in our laboratory yield the same 
result, but, more important, they reveal that the 
magnitude of 6-n mixing in the rr*-orbitals is 
severe,” and we feel that this will have important 
consequences to the intensity of the 7c -+ n* trans- 
ition in these compounds. Absorption intensity is 
expected to increase as the square of the overlap 
between ground and excited states, and in this 
regard we note that the intrinsically weak, yet fully- 
allowed 6 + 6* transition in quadruply bonded 
dimers has been rationalized by use of the weak 
coupling model. l1 A shoulder on the K + a* trans- 
ition is observed for W2(OBt& but not for W2(CH- 
2Bu’), and we propose that this arises from the 
dipole-allowed, spin-forbidden triplet component 
3(n + rr*) of the IC + II* transition. For heavy atoms 
such as tungsten, the effects of spin-orbit coupling 
become significant and can contribute to the intens- 
ity of forbidden transitions.” A slight mixing of 
triplet character into the ground state, or a mixing 
of singlet character into the triplet state, will contri- 
bute to the intensity of singlet-triplet transitions. 
The lack of a 3(rc + x*) component for W2(CH2, 
Bu’)~ may be the result of the increased mixing of 
M-M and M-C bonding orbitals, resulting in a 
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Table 1. Electronic absorption data for M,L, compounds (M = MO or 
W, L = CH2Bu’, NMe, or OBu’)” 

3, I E Tentative 
Compound (nm) (cm- ‘) (M-l cm-‘) assignment* 

Mo2(CH2B& 368 2.72 x lo4 1.7 x 103 1T + II* 
303 3.30 x lo4 1.2 x 104 aye + z* 
263 3.80 x lo4 1.9 x 104 NA 
230 4.35 x 104 2.2 x 104 NA 

Wz(CHzBu% 387 2.58 x lo4 1.8 x 10” Iz -P 112 
sh 269 3.72 x lo4 6.4 x lo3 NA 

232 4.31 x lo4 1.9 x 104 NA 

Mo,(NMe& 325 3.08 x lo4 1.9 x lo4 N,,-+n* 
sh 265 3.77 x lo4 2.7 x lo4 NA 

240 4.17 x lo4 3.7 x 104 NA 

W,(NMe& sh 360 2.78 x lo4 1.0 x 103 R + x* 
282 3.55 x lo4 1.7 x lo4 N,,+n* 

sh 235 4.26 x lo4 3.0 x 104 NA 

Mo,(OBu’), 392 2.55 x lo4 1.4 x 103 7L + n* 
sh 285 3.50 x 104 6.4 x 10’ NA 

W,(OBu’), sh 460 2.17 x lo4 6.0 x 10’ 3(x * II*) 
378 2.65 x lo4 1.6 x 10’ 1T + II* 

sh 250 4.00 x lo4 3.9 x 103 NA 

‘Spectra recorded in THF solution using matched 1.0~cm quartz cells. 
*IL and II* denote the M-M character of predominantly metal- 

based orbitals. aMc and N,, denote M-C a and N lone-pair orbitals, 
respectively. NA = not assigned. 

250 400 
Wavelength (nm) 

550 

Fig. 2. Comparison of the electronic absorption spectra 
of MoJOBU’)~ (solid line) and W2(0B& (dashed line) 

in THF solutions, at 1.0 x 10m3 and 1.0 x 10e4M. 

lower percent metal character in the M-M II- 
orbitals compared to those of W,(OBU’)~.“~’ 

By contrast, for M2(NMe& compounds the 
lowest-energy transition is expected to be a ligand- 
to-metal charge transfer transition (LMCT) arising 
from a nitrogen lone-pair excitation to the MZM 
x*-orbital (lA,, + ‘E,) (a,, + e,) which is in 
good agreement .with the observed absorption 
energy (30,8OOcm-‘j, and intensity [E = 1.4 x lo4 

[E = 1.4 x 104M-‘cm- ‘; M = MO]. Interestingly 
enough, the LMCT in W2(NMe& is found at 
higher energy (3.55 x 104cm-‘) than the corre- 
sponding transition in Mo,(NMe,),. This shift un- 
covers a shoulder at cu. 360 nm (2.78 x 104cm- l, 
E = 1.0 x 103cm-’ M-l) which is most likely the 
1~ + n* transition. Presumably in Mo,(NMe,), the 
n + ?r* transition is masked by or hidden beneath 
the LMCT. 

M-1 cm-’ (M = MO) and intensity When comparing the spectra of M2(CH2Bu’)6 

1 
350 

Wavelength 

Fig. 3. Comparison of the electronic absorption spectra 
of Mo,(CH,BU~~ (solid line) and W,(CH,Bu% (dashed 
line) in THF solutions, at 5.7 x low4 and 5.7 x lo-’ M. 
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Fig. 4. Comparison of the electronic absorption spectra 
of Mo,(NMe,), (solid line) and W,(NMe& (dashed line) 

in THF solutions, at 3.5 x lo-’ M. 
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compounds, transitions are observed for the molyb- 
denum compound which are not observed for the 
tungsten counterpart. The origin of these absorp- 
tion features, which occur at higher energy than 
the K + n* transitions are admittedly much more 
speculative. However, the Xa-SW calculations and 
photoelectron spectroscopic studies indicate that 
M-C a-bonding orbitals of azU- and e,-symmetry 
are located energetically just below the M-M II- 
bonding orbitals. 2(b) Transitions from these M-C 
cr bonding orbitals into the empty MSM II*- 
orbitals are dipole-allowed under &,-symmetry. 
Furthermore, from photoelectron spectroscopy it 
is known that the metal-metal bonding orbitals for 
tungsten compounds lie higher in energy than those 
of molybdenum counterparts, yet the metal-carbon 
orbitals remain at about the same energy.13 We 
summarize the effect of changing the metal from 
molybdenum to tungsten in the form of a qualitative 
energy level diagram in Fig. 5. Orbitals with large 
amounts of metal character will be raised in energy 
for tungsten relative to molybdenum, whereas orbi- 
tals with large amounts of carbon character will 
be relatively unaffected. Thus, while the A to n* 
separation remains relatively unchanged, the separ- 
ation of M-C c- and M-M n*-orbitals is greatly 
changed. We feel that this diagram qualitatively 
accounts for the observation of M-C 0 + M-M 
7c* transitions at lower energy for molybdenum 
relative to tungsten. 

Concluding remarks 

We have presented a summary of the electronic 
absorption spectra for the prototypical compounds 
containing metal-metal triple bonds of valence 
M-M configuration rr2rr4, namely the M2Ls 
ComDounds of molvbdenum and tungsten. For. 

Fig. 5. Qualitative valence energy level diagram describ- 
ing the differences between MO,(R), and W,(R),. 

M = MO, W; L = CH2Bu’ OBu’ and L = NMe,; 
M = W the lowest-energy absorptions can reason- 
ably be assigned to the rt + II* transition whereas 
for M = MO; L = NMez the lowest-energy absorp- 
tion is most likely LMCT. The overall understand- 
ing of these metal-metal triple bonds from both a 
theoretical and experimental basis seems quite 
satisfactory. Calculations using the Xc&W method 
have proved useful in the interpretation of both the 
electronic absorption spectra and the photoelectron 
spectra. It should be recognized that the valence 
molecular orbital description of c2n4 is only an 
approximation, and that this description is depend- 
ent on the ligands L, and that the degree of M-M 
and M-L mixing increases in the order OBu’ to 
NMe, to CH,Bu’. 

EXPERIMENTAL 

Compounds were prepared using standard 
Schlenk and glove-box techniques as described 
elsewhere* and were purified by either sublimation 

*Mo2(CH,Bur), was prepared from MoCI, and Li- 
CH,Bu’: K. J. Ahmed, Ph.D. thesis, Indiana University. 
W2(CH2Bu’), was prepared from NaW,CI,(THF), and 
LiCH,Bu’: M. H. Chisholm et al., results to be published. 
Mo,(NMe,),: M. H. Chisholm, F. A. Cotton, B. A. Frenz, 
W. W. Reichert, L. W. Shrive and B. R. Stults, J. Am. 
Chem. Sot. 1976, 98, 4469. W2(NMe,), was prepared 
from NaW,Cl,(THF),: M. H. Chisholm et al., results to 
be published. Mo,(OBu’),: M. H. Chisholm, F. A. Cotton, 
C. A. Murillo and W. W. Reichert, Inorg. Chem. 1977, 
16, 1801. W,(OBu’),: M. Akiyama, M. H. Chisholm, F. 
A. Cotton, M. W. Extine, D. A. Haitko, D. Little and P. 
E. Fanwick. Inora. Chem. 197R18.2266. 
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(L = CH2Bu’ and NMe2) or recrystallized from 
hexane (L = OBu’). Prior to examination of the 
electronic absorption measurements, compound 
purity was checked by ‘H NMR spectroscopy. 
Spectral-grade THF was distilled from sodium 
benzophenone and stored over 3-A sieves and 
under nitrogen. Electronic absorption spectra were 
recorded in THF solution on a Hewlett-Packard 
845OA spectrophotometer using matched l.O-cm 
quartz cells. As a check on reproducibility, spectra 
were recorded at various concentrations which 
allow the estimate of accuracy for E (M-‘cm-‘) 
listed in Table 1. 
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Abstract-Recent synthetic and structural studies on multiply bonded complexes of 
stoichiometry M2X&-R2P(CH2),PRJ2 (M = MO, W or Re; X = Cl, Br or I; R = Me, 
Et or Ph; n = 1 or 2), the ditungsten(II1) hydride W,(p-H)(p-Cl)C14(p-dppm), 
(dppm = Ph2PCH,PPh,), Re,Cl,@-dmpm), (dmpm = Me,PCH,PMe,), and M&-Cl), 
Cl., @-R,PCH,PR,), (R = Me or Ph) are surveyed. The first examples of multiply bonded 
complexes that contain the Ph,PCH=CHPPh, ligand (abbreviated dppee) are described, 
viz. the a- and /?-isomers of M,X,(dppee), (M = MO or Re, X = Cl or Br). The reactions 
of RezX,(dppm), (X = Cl or Br) with RNC, RCN and CO ligands that yield complexes 
in which a metal-metal multiple bond is preserved are reviewed. 

Bidentate phosphine ligands of type R,P(CH,),PR, 
can not only chelate or bind in a monodentate 
fashion to a single metal center but, in the case of 
n = 1 or 2, they can also bridge dimetal units to 
give quite stable five- or six-membered rings. Such 
species can have an important and extensive chemis- 
try, e.g. the Ph2PCH,PPh2 (dppm) complexes of 
the platinum metals.’ A few years ago it was 
discovered’-” that multiply bonded di- 
molybdenum(II), ditungsten(I1) and dirhenium(I1) 
complexes could be isolated in which such pho- 
sphines either chelate to the individual metal centers 
within the dinuclear unit or form intramolecular 
bridges between them. In the case of the 
Ph2PCH2CH2PPh2 ligand (dppe), there are inst- 
ances where both structural forms have been iso- 
lated. These compounds, which are designated a- 
(for chelating) and /I- (for bridging), respectively, 
have been shown to display a rich chemistry, many 
aspects of which have been summarized in a text’ l 
and in two very recent review articles.“.’ 3 The 
present article addresses some of the recent develop- 
ments in this field with a particular emphasis upon 
the reactions of these systems with the x-acceptor 
CO and RNC ligands. 

*Author to whom correspondence should be addressed. 

0- 8- 

L-L = PhzP(CHz),PPh2, X = halide 

A. RECENT SYNTHETIC AND 
STRUCTURAL STUDIES ON MIXED 
HALIDE-BIDENTATE PHOSPHINE 

COMPLEXES 

Multiply bonded complexes of type M,X,(LL), 
[X = halide, LL = R2P(CH2),PR,] are limited to 
cases where M = MO, W or Re. Only work carried 
out or reported during the last 2 years or so will 
be summarized here; surveys of earlier studies 
can be found elsewhere (see Refs 1 1 - 13). The quad- 
ruply-bonded dimolybdenum(I1) complexes 
Mo,X,,(dppm), (X = Br or I) can be prepared in 
high yield from Mo2Cl,(dppm), via simple halide- 
exchange reactions (using NaX in acetone).i4 Alter- 

729 
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native routes to the iodide complex have recently 
been devised that involve the decarbonylation of 
Mo,I,(CO), in toluene in the presence of dppm, 
and the reaction of Mo~(O~CCH~)~ with Me,SiI 
in toluene with two equivalents of dppm.” These 
synthetic procedures 14,rs have led to twoindepend- 
ent crystallographic studies of Mo,I,(dppm), 
with a view to comparing its structure with 
those reported for Mo,C14(dppm),4 and 

MozBr4(dppm)? and thereby providing a structu- 
ral comparison of a homologous series of multiply 
bonded dinuclear complexes of the type M,X,(LL), 
(X = Cl, Br or I). Crystals of Mo,I,(dppm), grown 
from toluene were found” to contain the molecule 
in the expected fully eclipsed rotational geometry 
[the MO-MO distance is 2.139(1)1$-j with a trans 
bridging arrangement of dppm ligands as is the 
case for its chloride and bromide analogues.4s’6 
However, crystals of this complex which were 
grown from CH,Cl,-CH,OH are different.” There 
are two independent sets of molecules in the unit 
cell both of which possess a structure in which the 
dppm ligands are present in an intramolecular 
bridging mode with a transoid disposition to one 
another. One molecule, which resides on a crystallo- 
graphic inversion center, has the usual eclipsed 
rotational geometry, while the two symmetry- 
related molecules in general positions have an Mo- 
MO distance of 2.152(2)A and a twist angle [i.e. 
average torsional angle (x)] of 17(2) A.17 This is one 
of the first instances where two quite different 
rotational geometries are present in the solid state 
for a molecule of this general type, a result which 
indicates that crystal packing forces can play an 
important role in determining the exact rotational 
geometry. While there is crystallographic and chem- 
ical evidence that these crystals contain small 
amounts of chloride and that the true composition 
may actually be Mo,I,_.Cl,(dppm),, with x N 0.2, 
this does not appear to influence the structure in 
any significant way. Interestingly, the B-form of 
Mo,I,(dppe), has recently been prepared and struc- 
tually characterized and found’* to possess a struc- 
ture in which independent molecules in the unit cell 
have different rotational geometries. 

The dimolybdenum(I1) complex Mo#.Zl,(dmpm), 
(dmpm = Me,PCH,PMe,) has been prepared by 
the reactions of dmpm with a mixture of 
Mo,(O,CCH,), and Me,SiCl in toluene and with 
a suspension of K,Mo,Cl, in methanol.lg The 
latter of these two procedures has also been used 
to prepare j%Mo,Cl,(depe), (depe = Et2PCH2CH, 
PEt2).20 Crystals of Mo,Cl,(dmpm), have been 
shown to possess the usual phosphine-bridge 
eclipsed structure with an MO-MO distance of 
2.1253f4)A. The structure and oronerties of this 

complex resemble quite closely those of 

Mo2C14(dppm)2. l4 Of special note is the access- 
ibility of several redox processes for 
Mo,Cl,(dmpm), . Thus, solutions in 0.1 M n- 
Bu4NPF6-CH2C12 display a reversible process 

(i,,li,., N 1) at + 0.49 V vs Ag-AgCl, which corres- 
ponds to a one-electron oxidation of the bulk 
complex. An irreversible oxidation is seen at 
E,,, = + 1.25 V vs Ag-AgCl, and an irreversible 
reduction is observed near the solvent limit with 
E,,, = - 1.75 V vs Ag-AgCl. The crystal structure 
determination of B-Mo,Cl,(depe), has confirmed 
its staggered rotational geometry [x = 42.7(2)“].20 
A comparison of this structural data with that 
for the other quadruply bonded dimolybdenum(I1) 
mixed halide-bidentate phosphine complexes of 
this type has revealed an inverse linear relationship 
between the MO-MO bond length and cos 2% 
(correlation coefficient of 0.9547). From this, the 
complete loss of the b-component to the quadruple 
bond (corresponding to a fully staggered geometry) 
is seen to lead to an increase of 0.097 A in the bond 
length. 2o Further refinements in this correlation 
can be expected as more structural data are forth- 
coming. 

In the case of ditungsten(I1) complexes that 
contain R2P(CH2),PR2 ligands, earlier studies have 
reported W2C14(dmpe)2 and W2C14(dppe)2 
(dmpe = Me2PCH2CH2PMe2).s~’ ‘*13 These quad- 
ruply bonded species are prepared by the reactions 
of dmpe and dppe with W2C14(P-n-Bu3)4.s When 
such reactions are carried out between dppm and 
W,Cl,(P-n-Bu,), in toluene, the p-hydrido di- 
tungsten(II1) complex W2(pH)@-Cl)Cl,(dppm), (1) 

is formed.2’ An alternative and more logical syn- 
thetic method utilizes the reaction between 
W,(mhp), (mhp = anion of 2-hydroxyd-methyl- 
pyridine), Me,SiCl, and dppm in methanol. The 
W-W distance in 1 is 2.483(l) A. While the location 
of the hydride ligand is not apparent from the X- 
ray crystal structure analysis, its presence has, 
nonetheless, been confirmed by spectroscopic 
means. Furthermore, the structural details of this 
molecule resemble ciosely those of W,(p-H) 
(/.&1)C14(4-Etpy)4.22 

A most useful development in the area of dirhen- 
iurn chemistrv has been the discoverv that the 
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bis-carboxylate complexes Re2(02CCH&X4 * 2L 
(X = Cl, Br or I; L = Hz0 or y-picoline) react with 
dppm in hot ethanol to give ReZX,(dppm),.23 
When dppe is used in place of dppm, these reactions 
afford /J-RezX,(dppe), (X = Cl, Br or I). In the case 
of X = Cl or Br, the paramagnetic mixed-valent 
intermediates Re,(O,CCH,)XJdppm), have been 
isolated.23 The reactions of lithium acetate with 
mixtures of Re2(02CCH&X4. 2L and dppm or 
with Re2(02CCH3)X,(dppm), in methanol afford 
the species Re,(O,CCH,)zX,(dppm)z in good 
yield.23 These same complexes can be obtained by 
a redox reaction in which Re2(02CCH,),X2 is 
reacted with dppm in refluxing ethanol.23 The full 
characterization of these complexes is currently in 
progress. 

The X-ray crystal structure of Re,Cl,(dppm), 
has confirmed that this complex has a staggered 
rotational geometry. 24 The conformation of the 
two fused metallocyclic rings can be considered to 
be derived from the twist-boat conformation of 
the cyclohexane-like ring. For an Re(II)-Re(II) 
compound in which there is a cr2~4b26*2 triple 
bond that imposes no electronic barrier to rotation, 
the observed staggered arrangement appears to 
correspond to an energy minimum. This is easy to 
visualize in a qualitative sense because a twist 
about the metal-metal axis relieves repulsive steric 
interactions. Attempts to prepare Re,Cl, (dmpm)2 
have led to an unexpected result. The reaction of 
dmpm with (n-Bu,N),Re,Cl, in methanol or with 
Re,Cl,(P-n-Pr,), in ethanol-toluene affords the 
novel complex Re2C14(dmpm)325 that contains 
three intramolecular phosphine bridging ligands. 
The ‘H NMR spectrum of this species displays six 
broad singlets of approximate equal intensity in 
accord with six pairs of inequivalent methyl groups. 
The structure of Re,CL+(dmpm), as revealed by X- 
ray crystallography is shown in Fig. 1. 

When the phosphine complexes Re2C14 
(PMe,),(LL) [LL = dppm or Ph2PNHPPh2 

&w)126 are reacted with dppe or arphos 
(Ph,PCH,CH,AsPh,) in hot n-butanol, the PMe, 
ligands are displaced to give the mixed-ligand 
species Re,Cl,(LL)(LL’) (LL = dppm or dppa, 
LL’ = dppe or arphos). 27 The crystal structure of 
Re,Cl,(dppm)(dppe) has been determined (Fig. 2) 
and the complex shown27 to possess a staggered 
rotational geometry with an Re-Re distance of 
2.237(l) A; this value is intermediate between that 
of Re2C14(dppm)224 and Q-Re2C14(dppe)2 .’ This 
structure can also be compared with that of the 
recently characterized complex @Re2C14(depe), for 
which the Re-Re distance is 2.211(l) A.” The 
reported method for the synthesis of this complex 
produced it in a 20% yield. In order to utilize 

n 

Fig. 1. ORTEP representation of the structure of 
Re2Cl,(dmpm)o. 25 Carbon atoms are represented as 
circles of arbitrary radius. Other atoms are given as their 

35% probability ellipsoids. 

Cl(4) GUI 1 

(2) 

C(3) 

C( I 1 

Cl(2) 

Fig. 2. The ORTEP structure of Re,Cl,(dppm)(dppe) as 
viewed down the Re-Re axis.” One rhenium atom has 
been obscured by the other. Phenyl rings have been 
omitted for clarity and atoms are given as their 50% 

probability ellipsoids. 

this material as a reactant with other ligands, 
an improved synthetic route has recently been 
developed. 2* By using Re,Cl,(P-n-Pr,), in place of 
(n-Bu,N),Re,Cl, and refluxing this with depe in a 
mixture of toluene and ethanol, the yield of /3- 
Re2C14(depe)2 increases to 70%. The bromide 
derivative has also been synthesized in an analogous 
manner but proceeds in much lower yield (-c 10%) 
since a-Re2Br4(depe)2 is the major product. 

The first studies have now been carried out on 
multiply bonded dimetal complexes that contain 
phosphine ligands of the types R2PCH=CHPR2 
and R,PCSCPR,. In the case of the ligand cis- 
Ph2PCH=CHPPh2 (abbreviated cis-dppee),* it 
reacts in refluxing alcohol solvents to give a- 

Mo2C14 (dppee), Or B-Mo,Cl4@ppee),; the fl- 

*Sometimes abbreviated ebdp, dppen or Pf=Pf. 
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isomer is favored by higher reaction temperatures.*’ Re bond, and Re,Cl, (S,S-dppb)* and [Re2C14(S,S- 
Solutions of a-Mo,Cl,(dppee), in CH,Cl, isomer- dppb)2]2+ are the first configurationally chiral 
ize slowly to the B-isomer at room temperature. dirhenium complexes reported. They resemble the 
Both isomers of the analogous dirhenium(I1) com- related dimolybdenum(I1) complex Mo,Cl,(S,S- 
plex have also been isolated using reactions (1) and dppb)* that was studied previously.31 

(2): Some important studies have been carried out 

[Re,X,]*- + dppee 
MeOH-HCl or EtOH 

(X = Cl or Br) .Tp a-Re2X4(dppee)2 (1) 

Re2ClJP-n-BtQ2 + dppee rellux 

Re2X4(PR,)4 + dppee s /I-Re,X,(dppee), (2) 

(X = Cl or Br; R = Et or n-Pr) 

The X-ray crystal structure of /?-Re2C14(dppee)2 
has shown that this molecule has a staggered 
geometry in which the disposition of the pairs of 
tram P-Re-P units is intermediate between that 
found previously in complexes of type Re2C14(PR,)4 
and in Re,Cl,(dppe),. This represents the first 
structure of its kind for a dppee-bridged complex. 
Although the crystal structure of a-Re,X,(dppee), 
has not yet been determined, it is very likely 
analogous to the structures of a-Re2C14(dmpe)224 
and a-Re2C14(dppp)2 Cdppp = Ph,P(CH,), 
PPh,]” both of which possess eclipsed structures 
with chelating bidentate phosphine ligands. The 
latter complexes are prepared from the reactions 
between (n-Bu,N),Re,Cl, and the appropriate pho- 
sphine ligand. 

Both Ph,PCECPPh, and trans-Ph,PCH= 
CHPPh, (trans-dppee) react with (n-Bu,N),Re,Cl, 
in MeOH-HCl to give “dimer of dimers” species 
[(n-Bu4N)Re2C1,(LL),.J2 in which quadruply 
bonded [Re2C17] units are linked by intermolecular 
phosphine bridges. The reaction chemistry of these 
molecules is currently under investigation. 

By using the ligand S,S-dppb (S,S-Ph,PCHMe- 
CHMePPh*), the novel chiral complex Re2C14(S,S- 
dppb)230 has been synthesized and probably has a 
similar structure to /I-Re2C14 (dppe)*,’ namely a 
staggered geometry with a twist between the two 
ReCl,P, units. Oxidation of Re2C14(S,S-dppb)2 
with NOPF6 in acetonitrile solution yields the 
mono- and dications [Re,Cl, (S,S-dppb)2]“+ (n = 1 
or 2).30 Circular-dichroism experiments indicate 
that the dication, which contains a Rez+ core, and 
therefore a quadruple bond, has a twist angle of 
less than 45”. This is the first example of a twisted 
dirhenium complex with a formal quadruple Re- 

on edge shared bioctahedral complexes of the type 
M&Cl)2Cl4(LL)2. Following upon the earlier 
isolation and structural characterization of Re,(,u- 

Cl)2C14(p-dppm)2p 32 the redox chemistry of this 
complex has recently been explored.33834 Reduction 
with cobaltocene yields the monoanion [(q- 
C,H,),Co] [Re,Cl,(dppm),] while oxidation using 
NOPFs yields the cation [Re2Cle(dppm)2]PFs. 
Hydrolysis of the PF; anion in the latter 
complex gives rise to CRe2Wdwm)21- 
H2PO4. H3P04. AH20 which has been structurally 
characterized.33v34 The Re-Re bond length of 
2.682A (compared with that of 2.616A in the 
neutral precursor) is in accord with a bond order 
of 1.5 and the a*rt*S**# electronic configuration. 
Although [(+,H,),Co][Re,Cl,(dppm),] has not 
yet been structurally characterized, its electronic 
configuration is believed to be u*rt*6**6*~*‘, which 
is also representative of a metal-metal bond order 
of 1.5. 

Of relevance to the studies on Re2Cl,(dppm), 
has been the recent isolation and full struc- 
tural characterization of the stoichiometrically 
homologous compounds Nb2Cl,(dmpm)2,35 
Ta,Cl,(dmpm), ,36 MozCl,(dPPm), ,36 and 
Ru,Cl,(dmpm), . 36 The structural features for this 
series of five complexes are very similar and the 
variations in M-M bond lengths through the d*- 
d*(Nb,Ta), d3-d3 (MO), d4-d4(Re) and d5-dS(Ru) 
series of metal atom pairs is consistent with the 
following electronic configurations: a*~*, a*n*S**, 
a*rc*S**6* and e*rr*8**b*r~**.~~ The ditungsten(II1) 
analogue W2C16(dppm)2 has recently been prepared 
by the reaction of W2C16(THF)4 with dppm,37 
but it has not yet been structurally characterized 
although its monohydrido derivative W,(p-H)(p- 
C1)C14(~-dppm)2 has.*’ 
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B. PHOSPHINE-BRIDGED DIMETAL 
COMPLEXES THAT CONTAIN 

ISOCYANIDE, NITRILE AND CARBONYL 
LIGANDS 

Multiply bonded dimetal complexes that contain 
monodentate phosphines react with the n-acceptor 
ligands CO, NO and the alkyl and aryl isocyanides 
to form mononuclear cleavage products.38 Recent 
examples include the carbonylation of [Re,Cl,- 
(PMe,Ph)J”+ (n = 0, 1 or 2) to give the carbonyl 
derivatives ReCl(CO),(PMe,Ph),, ReCl(CO),- 
(PMe,Ph), and ReC1,(CO)(PMe,Ph),3g and the 
mixed isocyanide-phosphine salts of stoichiometry 

CWCN~MWW’F, and [Re(CNR),(PEt- 
Ph&lJPF, (R = t-Bu or cyclohexyl, R’ = Et or 
n-Pr) from the reactions of Re,Cl,(PR,), and 
Re&(PEtPh,),, respectively, with isocyanides.40 
While these cleavage reactions are of considerable 
synthetic value, relatively little information regard- 
ing the mechanisms involved has been gathered 
since these reactions are quite facile and are difficult 
to control. 

By resorting to the phosphine-bridged complexes 
Re2X4[R2P(CH2).PR& (X = halogen, R = alkyl 
or aryl, n = 1 or 2) we have found that cleavage by 
carbonyls, isocyanides and nitriles is prevented, 
presumably due to the very stable 
ke-Re-P(CH,),P rings that are formed,* and we 
have developed the chemistry of these particular 
class of multiply bonded complexes extensively. 

B(i) Isocyanide derioatives 

Re,Cl,(dppm), reacts readily with one equivalent 
of an isocyanide, RNC (R = Me, t-Bu or xylyl), 
to form the mono-isocyanide adducts 
Re,Cl,(dppm),(CNR) in high yield.41 The ‘H NMR 
spectrum of the t-butyl derivative is in accord with 
the complex possessing an A-frame type structure 
(2), and an X-ray crystal structure analysis42 has 
indeed confirmed this. However, refinement of the 
structure was frustrated by a disorder problem 

R = r-Bu 

*Both kinetic and thermodynamic factors presumably 
contribute to the stability of these rings. 

which involves the Cl and t-BuNC ligands trans to 
the bridging Cl ligand. Nevertheless, an Re-Re 
distance of 2.30(l) 8, is indicative of a multiple bond 
which is slightly longer than that in the parent 
complex. 24 A qualitative treatment of the bonding 
in this complex, a member of a rare class of M2@- 
L)Ls species possessing the A-frame type structure, 
predicts a slightly weakened triple bond.42 An 
especially interesting property of these compounds 
is the fact that two v(CGN) modes at frequencies 
characteristic of a terminally coordinated RNC 
ligand are observed in the IR spectra of Nujol mulls, 
CH2C12 and benzene solutions. These findings 
indicate that the complexes exist as a mixture of 
isomers but only one of which forms suitable 
crystals for a crystallographic determination. These 
isomers interconvert rapidly on the NMR time 
scale. 

The bromide derivatives of these isocyanides, viz. 
Re2Br4(dppm),(CNR), have also been prepared42 
and show very similar properties to their chloride 
analogues. Oxidation of these complexes using 
NOPFs forms [Re,X,(dppm),(CNR)]PF, (X = Cl 
or Br)42 which show one v(CZN) mode in their IR 
spectra, indicating that only a single isomer is now 
present in each case. 

The treatment of Re,Cl,(dppm), with two equi- 
valents of t-BuNC in acetone in the presence of 
PF, gives yellow and green isomers of stoichio- 
metry [Re2C1,(dppm)2(CN-t-Bu)2]PF,.4’*43 A 
comparison of their IR, ‘H NMR and 31P-{1H} 
NMR spectra show that these isomers are struc- 
turally very different. Based upon the similarities 
between the electrochemical redox properties, elec- 
tronic absorption spectra and NMR spectral pro- 
perties of these two complexes and related bis- 
nitrile and mixed isocyanide-nitrile species (oide 
infra) they are suggested to have structures 3a and 
3b. A novel complex which contains a CL-iminyl ligand 

-P 1' P 

3b 

L = t-BuNC 
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[Re2C13 (dppm), (&=NH-t-Bu)(CN-t-Bu)zl PFG 
has been isolated as a by-product in the synthesis 
of the green isomer and has been structurally 
characterized.43s44 This blue, paramagnetic com- 
plex exhibits a well-defined X-band ESR spectrum 
which may be explained by the fact that the p- 
C=NH-t-Bu ligand (which symmetrically bridges 
the two rhenium atoms) is bound as an iminyl 
moiety with a net - 1 charge, giving rise to a 
Rez” core that contains one unpaired electron. 

When Re,Cl,(dppm), is reacted with 3 equiva- 
lents of t-BuNC in the presence of KPFs the green 
tris-isocyanide complex [Re,Cl,(dppm),(CN-t- 
Bu),]PF6 is produced.43 This salt and its xylylNC 
derivative can also be prepared via an alternative 
route using a mixed isocyanide-nitrile containing 
species [see Section B(iii)]. While the stoichio- 
metries of these two complexes are identical, their 
electrochemical redox properties are very different. 
This suggests that they may be structural isomers. 
Reduction of the monocation [Re,Cl,(dppm),- 
(CNxylyl),]PF, with cobaltocene yields the neutral 
paramagnetic complex Re,Cl,(dppm),(CNxylyl), 
containing (formally speaking at least) the rare 
Rei+ core, while oxidation with NOPFs gives the 
paramagnetic dication [Re,Cl,(dppm),(CN- 
~ylyl)~](PF& possessing a Rez+ core. The related 
t-BuNC derivative [Re,Cl,(dppm),(CN-t-Bu),]- 
PF, does not possess any reversible redox 
chemistry. 

A study has recently been carried out which 
details the reactions of Mo,X,(dppm), (X = Cl, Br 
or I) with isocyanide ligands.14 With one equivalent 
of RNC (R = i-Pr or t-Bu) in the presence of TIPFs 
(in THF) or KPFs (in acetone), the complexes 
[Mo,X,(dppm),(CNR)]PF, are formed. These are 
the first examples of multiply bonded MO:+ com- 
plexes that contain coordinated n-acceptor RNC 
ligands. Reactions with an excess of RNC lead to 
seven-coordinate mononuclear [MoX(dppm)- 
(CNR),]+ and thence to other mononuclear iso- 
cyanide-containing species.14 

B(ii) Nitrile derivatives 

Nitriles (RCN) also react very readily with 
Re,Cl,(dppm), in the presence of KPFs to yield 
the stable, ionic, bis-nitrile complexes 
[RezC13(dppm)z(NCR),]PF, (R = Me, Et, Ph or 
4-PhC6H4).4s These reactions proceed via the inter- 
mediacy of rather unstable neutral 1: 1 adducts. The 
1: 2 benzonitrile derivative has been structurally 
characterized and has -both nitrile ligands coordi- 
nated to the same rhenium atom (4). The Re-Re 
bond length of 2.270 A is greater than that generally 

1’ 

4 

L = R’CN 

observed in neutral triply bonded dirhenium com- 
pounds, and may be explained by the fact that there 
is a contraction of the Re-Re g and K bonding 
orbitals due to the increased positive charge on the 
molecule, and also the presence of an axially 
coordinated chloride ligand. The molecule is stagg- 
ered with a P-Re-Re-P torsion angle of 22”. 
The bis-nitrile salts react cleanly with NOPFs to 
generate the paramagnetic ESR-active dications 
[Re,C13(dppm),(NCR)z](PF6)Z34 which possess 
the Re:+ core and a cr2n482S*1 ground-state elec- 
tronic configuration. 

B(iii) Mixed isocyanide-nitrile derivatives 

Treatment of the monoisocyanides Re,Cl,- 
(dppm),(CNR) (R = t-Bu or xylyl) with an excess 
of nitrile R’CN (R’ = Me, Et or Ph) and KPF, 
affords the mixed isocyanide-nitrile salts [Re,Cl,- 
(dppm)2(CNR)(NCR’)]PF6/3 These have very 
similar electrochemistry, electronic absorption and 
NMR spectral properties to those of the bis-nitrile 
salts discussed iq Section B(ii). Even though no 
structural information is available at the present 
time, we believe that these complexes have a struc- 
ture similar to the aforementioned bis-nitrile salts 
(4) and the green isomer [Re,Cl,(dppm),(CN-t- 
Bu),]PF, (3a), i.e. the isocyanide and nitrile ligands 
are coordinated to the same rhenium atom. These 
mixed-ligand salts have been oxidized chemically 
with NOPF, to yield the paramagnetic dica- 
tions [Re2C13(dppm)2(CNR)(NCR’)](PF,), which 
show43 complex ESR spectra comparable to those 
of the bis-nitrile species.34 

As mentioned in Section B(i), the tris-isocyanide 
complex [Re2C13(dppm)2(CN-t-Bu)3]PF, is syn- 
thesized readily from Re,Cl,(dppm), and three 
equivalents of t-BuNC. An alternative synthesis is 
provided through the reaction between 
[Re,Cl,(dppm),(CN-t-Bu)(NCEt)]PF, and t- 
BuNC, i.e. substitution of a nitrile by an isocyanide 
along with the addition of another isocyanide. 
There is no evidence for the formation of the 
intermediate [Re,Cl,(dppm),(CN-t-Bu),]PF, 
which would be expected to occur if a simple 
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displacement of a nitrile by an isocyanide were the 
first step in the reaction. Related to this is the 
reaction between CRezCIJ(dppm)Z(CNxylyl)- 
(NCPh)]PF, and 2.5 equivalents of xylylNC to give 
the tris-xylyl isocyanide salt [Re,Cl,(dppm),(CNx- 

~lylLlPF+~~ 
The reactions of Re,Cl,(dppm), with isocyanide 

and nitrile ligands which have been discussed in 
Sections B(i)-(iii) are summarized in Scheme 1. 

B(iv) Carbonyl derivatives 

The isoelectronic nature of CO and isocyanides 
has prompted a thorough investigation of the 
reactions between Re,X,(dppm), (X = Cl or Br) 
and CO.46V47 The red monocarbonyls 
RezX4(dppm)JCO) are formed readily when CO is 
bubbled through a dichloromethane solution of the 
starting complex for 5 min. Two v(C~0) modes 
are observed in the IR spectra (Nujol mull and 
solution) and these vary in their relative intensities 
depending on the solvent used. This information, 
along with NMR spectral data which clearly indi- 
cates that a fluxional process is occuring in solution, 
suggests that isomers are present as is the case for 
the monoisocyanide species ReZX4(dppm),- 
(CNR).41*42 A mechanism which is entirely in 
accord with the ‘H, 13C and 31P NMR spectral 
data has been proposed.46,47 An X-ray crystal 
structure determination of the chloride derivative 
on crystals grown from a mixture of CHzClz and 
benzene (5) reveals the characteristic A-frame-like 

5 

structure in which the CO ligand is trans to the 
bridging chloride. The observed Re-Re distance of 
2.338A is consistent with a triple bond, but an 
accurate appraisal of the electronic configuration 
of this species is not yet at hand. However, a 
qualitative treatment of the bonding4’ in these 
types of molecules is consistent with the presence 
of a slightly weakened triple bond. 

If CO is bubbled into a CH,Cl, solution of 
Re,Cl,(dppm), [or Re,Cl,(dppm),(CO)] for 3 h, 
the green dicarbonyl Re,C14(dppm),(CO)z is for- 
med in which one CO ligand bridges the Re- 
Re bond and the other remains terminal.46 This 
dicarbonyl has been characterized by X-ray 
crystallography, but due to a disorder problem it 

is impossible to say if the two CO ligands are cis 
or trans to each other with respect to the Re-Re 
axis. However, in light of the reactions of this 
dicarbonyl with isocyanides and nitriles (vide injia), 
we suggest that the CO ligands are cis to one 
another and reside on the same side of the molecule 
as in 6. The Re-Re bond distance of 2.584A is 
far longer than bonds observed in triply bonded 
complexes with a Re:+ core. Accordingly, this 
dicarbonyl can be viewed46 as containing a Req+ 
core by regarding the bridging CO as divalent, and 
hence giving rise to a a2.rr26*262 configuration, i.e. 
a double bond. 

B(v) Mixed carbonyl-isocyanide derivatives 

The monocarbonyl Re,Cl,(dppm),(CO) reacts 
with 1 equivalent of an isocyanide to form the 
neutral complexes of stoichiometry Re,Cl,(dppm),- 
(CO)(CNR) (R = i-Pr, t-Bu, xylyl or mesityl).47 A 
comparison of their IR spectral properties shows 
that the alkyl isocyanide derivatives have both K- 
acceptor ligands terminally bound, but the CO 
ligand in the aryl isocyanide derivatives bridges the 
Re-Re bond while the isocyanide remains terminal. 
Their electrochemical properties and hence their 
electronic configurations are very different. An X- 
ray crystal structure of Re,Cl,(dppm),(CO)(CN- 
xyl~l)~’ has shown that the CO and xylylNC ligands 
are cis to one another and the Re-Re bond distance 
of 2.581 A, which is very close to that of the 
dicarbonyl Re,Cl,(dppm),(CO), ,46 is consistent 
with an Re-Re double bond. A twinning problem 
with the crystals of the alkyl isocyanide derivatives 
have so far prevented us from obtaining any structu- 
ral data on these unique complexes. 

The dicarbonyl reacts with isocyanides in the 
presence of TlPF6 to give the salts [Re,Cl,(dppm),- 
(CO),(CNR)]PF, (R = i-P& t-Bu or ~ylyl).~*,~’ No 
structural information is available on these salts 
but we suspect that all three chlorides lie on the 
same side of the molecule, since an X-ray crystal 
structure on the reduced isopropyl isocyanide com- 
plex RezCl,(dppm)2(CO)2(CN-i-Pr)4g (vide infra) 
shows this all-cis arrangement of ligands. These 
dicarbonyl-monoisocyanide complexes may be 
prepared by using two other synthetic procedures, 
viz. either by stirring the monoisocyanide 
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-P 1’ P 

Co, TLPF, 

acetone 

CO, TLPF, 
- Re~CL,(dppmh(CO)(CN-t-Bu) 

CHtCL2 

unsymmetrical arrangement 
with L = RNC, L’ = CO 

I reflux, C1H4C12, 12 h 

CO, TLPFb 
- ~~CL&PPm), (CO) KNxYIY~) 

CH#JLl 

nil - cik arrangement with 

L=CO,L’= RNC 

Scheme 2. Synthesis and isomerization of [RezCl,(dppm)z(CO),(CNR)]PF, (R = t-Bu or xylyl). 
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Re,Cl,(dppm),(CNR) or the mixed carbonyl-iso- 
cyanide Re,Cl,(dppm),(CO)(CNR) under an atmo- 
sphere of CO in the presence of TIPFs .49 However, 
depending on the isocyanide used (t-BuNC or 
xylyl), isomers are formed. The isomer derived 
from Re,Cl,(dppm),(CNR) (R = t-Bu or xylyl) and 
Re,Cl,(dppm),(CO)(CN-t-Bu) possesses an unsym- 
metric arrangement of ligands in the equatorial 
plane as confirmed by an X-ray crystal structure 
of [Re,Cl,(dppm),(CO)z(CN-t-Bu)]PF, (prepared 
from the reaction of Re,Cl,(dppm),(CN-t-Bu) with 
CO-TlPFJ. These results are summarized in Sch- 
eme 2. However, isomerization to the all-& deriva- 
tives occurs upon heating C2H4C12 solutions of 
these species over a period of 12 h. This thermal 
conversion, which leads to some decomposition, 
must involve bond breaking and reforming. We 
conclude, therefore, that the all-cis configuration is 
the thermodynamically stable form. 

Reduction of these mixed carbonyl-isocyanide 
salts to the neutral, paramagnetic species Re,Cl,- 
(dppm)z(CO),(CNR)~8*49 has been achieved either 
chemically using cobaltocene, or electrochemically 
in n-Bu,NPF,-CH,Cl, solutions. The X-ray cry- 
stal structure of Re,Cl,(dppm),(CO)z(CN-i-Pr),49 
derived from the dicarbonyl, shows the all-& 
arrangement of chloride ligands. An Re-Re distance 
of 2.718 A is in accord with the complex possessing 
a a2a26*262x*’ electronic configuration; this gives 
rise to a bond order of 1.5 if we regard the bridging 
CO as divalent, i.e. an Re:+ core complex. 

B(vi) Mixed carbonyl-nitrile derivatives 

Salts of stoichiometry [Re,Cl,(dppm),- 
(CO)(NCR’)2]F647 and CRe2C13(dppm)2(CO)2- 
(NCR’)]PFs4s (R’ = Me, Et or Ph) may be prepared 
by reacting the mono or dicarbonyls, respectively, 
with an excess of nitrile in the presence of TlPF6. 
An X-ray crystal structure of [Re,Cl,- 
(dppm)2(CO)2(NCEt)]PF,48 shows the now fami- 
liar all-cis arrangement of ligands. The Re-Re bond 
length of 2.586 A is almost identical with the value 
of 2.584A found in Re2C14(dppm)2(C0)246 and 
2.581 A in Re2C14(dppm)2(CO)(CNxylyl).47 While 
the salts [Re2Cl,(dppm)2(CO)(NCR’)2]PF6 have 
not yet been subject to any crystallographic charac- 
terization, their ‘H and 31P-{1H} NMR spectral 
propcrties4’ suggest strongly that these complexes 
must also possess the all-cis arrangement of ligands. 
Although the dicarbonyl complexes can be reduced 
by cobaltocene to give the fairly air-stable neutral 
species Re2C13(dppm)2(CO)2(NCR’),48 the bis-ni- 
trile salts are more difficult to reduce and yield the 
highly air-sensitive Re2C13(dppm)2(CO)(NCR’)2.50 
This is in accord with the notion that two II- 
acceptors (in this case CO) are more effective than 
one at stabilizing low oxidation states. 

As discussed in Section B(iii), nitrile ligands have 
been found to undergo substitution by isocyanides. 
We have discovered that [Re,Cl,(dppm),- 
(CO),(NCEt)]PF, reacts with RNC to yield 
[Re2C13(dppm)2(CO)z(CNR)]PF648*50 and free 
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nitrile, and CRezCl,(dppm),(CoXNCR’),l- 
PF,(R’ = Me or Et) reacts with CO to form 
[Re,Cl,(dppm),(CO)2(NCR’)]PF6.50 The latter 
complex does not react further with CO, although 
we are still investigating the possibility of synthesiz- 
ing the tricarbonyl [Re2Cl,(dppm),(CO)JPF, 
and a mixed carbonyl-isocyanide-nitrile 

[Re2Cl,(dppm),(CO)(CNR)(NCR’)]PF, by this 
means. 

Scheme 3 summarizes the reactions of 
Re,Cl,(dppm), with isocyanides, nitriles and CO. 
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Abstract-Reduction of the quadruply-bridged (2C1,2H) tantalum(IV) dimer, Ta,Cl, 
(PMe,),H, (2) with sodium amalgam in glyme or THF at 0°C provides deep green 
Ta,Cl,(PMe,),H, (3) in 70% yield. Dimer 3 has a Dzd Ta,Cl,(PMe,), substructure which 
closely resembles that of the quadruply metal-metal-bonded dimer W2Cl,(PMe&. The 
hydride ligands of 3 are located on a diagonal plane, bridging the two tantalum atoms 
and the Ta-Ta separation is 2.545(1)k 3 reacts cleanly with Clz, HCl and H, in 
diethyl ether to provide the quadruply-bridged dimers 2, Ta,Cl,(PMe,),H, (4), and 
Ta2Cl,(PMe3)4H, (5), respectively, in high yield. Dimer 5 can also be prepared in high 
yield via thermolysis of the tantalum(IV) hydride TaCl,H,(PMe,), (6) in refluxing 
methylcyclohexane. The X-ray structure of 5 shows that the (p-H)., group is staggered by 
45” with respect to the eclipsed pyramidal TaCl,(PMe& end groups. The molecular 
symmetry of 5 is Dzd and the Ta-Ta separation is 2.51 l(2)& Multiple-scattering Xa 
calculations on the model compounds TaZC14(PH3)4H2 and Ta&(PH& are used to 
elucidate the ground-state electronic structures of 3 and 5, and to probe the question of 
b-H), rotation about the metal-metal bonds in these complexes. Crystal data (at 160°C) 
are as follows: for 3, monoclinic space group C2/c, a = 18.371(5)1(, b = 9.520(3)& 
c = 18.942(6) A, B = 125.36(2)“, V = 2701.8 A’, 2 = 4, denle, = 1.991 g cme3; for 5, tetragonal 
space group P4/nbm, a = b = 12.579(2)& c = 10.205(2)& V = 1614.7 A3, 2 = 2, 
d talc. = 1.670gcmm3. 

The great propensity with which molybdenum 
and tungsten form metal-metal-bonded dinuclear 
complexes’ might lead one to expect the same of 
their group 5 neighbors, niobium and tantalum. 
Operating under this assumption, we set out, several 
years ago, to prepare a number of low-valent 

*Metal-metal bonded complexes of the early tran- 
sition metals-XI. For Part X, see Ref. 1. 

~DOW Britton Fellow (1983-1984). 
SAuthor to whom correspondence should be addressed. 

ditantalum complexes. Our choice of target mole- 
cules was influenced by a report’ on the syntheses of 
W2Cl,(PMe3), and W,Cl,(PMe,),. These dimers 
were obtained by sodium amalgam reduction of 
polymeric tungsten(IV) chloride in THF, in the 
presence of trimethylphosphine (PMeJ), and we 
reasoned that their tantalum(II1) and tantalum(I1) 
analogues could be prepared in a similar fashion. 
This logic held up in the case of Ta2Cls(PMe3), 
(1). Reduction of tantalum(V) chloride with sodium 
amalgam (2 equivalents) in toluene-PMe3 provides 
burgundy red 1 in good yield.’ The latter adopts 
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an edge-sharing bioctahedral geometry with axial 
phosphines on one metal center and equatorial 
phosphines on the second, and it contains a formal 
Ta-Ta double bond, represented by a u2n2 ground- 
state electronic configuration. The synthesis of 
Ta,Cl,(PMe& a molecule which should contain 
an unbridged Ta-Ta triple bond (c2a4), has not 
been achieved. Treatment of 1 with a variety of 
powerful reducing agents (e.g. NaNp and Na-K) 
failed to effect its conversion to the desired product. 
This disappointing result was offset by our observ- 
ation that the Ta=Ta bond in 1 could be hydrogen- 
ated under mild conditions (25°C i atm H2).5 The 
hydrogenation product, viz. Ta2CI,(PMe,),H2 (2) 
is a quadruply-bridged (2C1,2H) dimer with pyrami- 
dal TaCl,(PMe,), end groups. Subsequently, we 
discovered that 2 could be reduced to Ta2C14(P- 
Me&H, (3), a doubly hydrogen-bridged tan- 
talum(II1) dimer, which may be viewed as the 
hydrogenation product of the elusive 
Ta2Cl,(PMe&. In this paper, we describe: (1) the 
synthesis, physicochemical properties and X-ray 
structure of 3; (2) the reactions of 3 with C12, HCl 
and H,; (3) the X-ray structure of the hydrogenation 
product, Ta,Cl,(PMe,),H,, a molecule with four 
bridging hydrides; and (4) the electronic structures 
of 3 and Ta2C14(PMe,),H,. Preliminary reports of 
certain aspects of this work have been published.6v7 

solvents, and slightly soluble in hexane. 3 decom- 
poses rapidly in chloroform, mathylene chloride 
and acetonitrile. Well-defined products were not 
obtained from these reactions. The dimeric formul- 
ation was established by an osmometric molecular 
weight measurement in benzene (Calc: 810; Found: 
813). Attempts to obtain electron impact or chem- 
ical ionization mass spectra were unsuccessful. 
PMe, was the only gas-phase species observed. 

The presence, number and location of the hydride 
ligands were established by NMR and IR tech- 
niques. The room-temperature 360-MHz proton 
NMR spectrum of 3 is shown in Fig. 1. The 
binomial quintet (2&, = 13.4 Hz) at 6 8.52 (area 2) 
is assigned to a pair of chemically and magnetically 
equivalent bridging hydride ligands. The resonance 
at 6 1.52 (area 36) is due to the methyl hydrogens 
of virtually coupled pseudo-trans PMe, ligands. 
The 31P-{ ‘H} NMR spectrum consists of a single 
resonance at 6 + 1.3 which splits into a 1:2: 1 triplet 
(2&., = 13.4Hz) upon selective ‘H-decoupling of 
the proton NMR resonance at 6 1.52. No significant 
changes were observed in either the ‘H or ‘lP 
NMR spectra on cooling toluene-ds solutions of 3 
to -90°C. 

RESULTS 

Synthesis and characterization of 3 

Reduction of 2 with 2 equivalents of sodium 
amalgam in ethylene glycol dimethyl ether (glyme) 
or THF [eqn (l)]: 

The location of the hydride ligands in bridging 
positions is supported by the IR spectra (KBr disc) 
of Ta2Cl,(PMe3),H2 and Ta2Cl,(PMe3),D2. The 
former shows a band of moderate intensity at 
1232 cm- ’ which shifts to 860 cm- ’ in the spectrum 
of the deuteride (v&n = 1.43). We assign these 
bands as the Ta-H(D)-Ta vibrations. 

Ta2C16(PMe&H2 + 2Na-Hg 

2 

THF 

4h30c Ta2Cl,(PMe,),H2 + 2NaCl (1) 

3 

at 0°C provides deep green solutions containing 3. 
The latter is isolated as a dark green powder after 
filtration, solvent removal, extraction of the solid 
residue with diethyl ether, filtration, and evapor- 
ation of the filtrate. These operations provide a 
spectroscopically pure product in ca 70% yield. If 
only 1 equivalent of sodium amalgam is used, an 
approximately 1:l mixture of 2 and 3 is obtained. 
There is no spectroscopic evidence (NMR or ESR) 
for the presumed intermediate in the reduction, 
Ta2C15(PMe3),H2. 

With the preceding data in hand, we initially 
assumed that 3 was an edge-sharing bioctahedral 
complex with C,,-symmetry. Such a structure is 
reminiscent of those founds,9 for H,W,(CO)i:- and 
H2Re2(C0)s but it was rejected on steric grounds. 
In 1, which has axial phosphines on one metal 
center and equatorial phosphines on the second, 
there is clear structural evidence for axial crowding, 
i.e. the axial ligands are bent back and the 
TaC12(PMe3)2 end groups twist away from each 
other.4 Placing four phosphines in axial positions 
and (presumably) shortening the metal-metal bond 
(1 + 3) will certainly exacerbate the axial crowding 
problem. Space-filling molecular models show this 
quite clearly. The rejection of the C2h structure, the 
only static model which satisfies the spectroscopic 
data, raised the obvious question and we turned to 
X-ray crystallography for the answer. 

Solid state structure of 3 

Dimer 3 is very air-sensitive in the solid state, In the crystalline state, the compound is com- 
decomposing within seconds after exposure to posed of discrete molecules of 3. Final atomic 
laboratory air. It is soluble in ethereal and aromatic coordinates and isotropic thermal parameters are 
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I I 

852 1.52 

Fig. 1. 360-MHz ‘H NMR spectrum of TazC14(PMe,),H,. In this and the following proton NMR 
spectra, end-on Newman projections are included and the atoms in brackets ([ 1) are associated 

with the back tantalum. 

Table 1. Fractional coordinates and isotropic thermal parame- 
ters for Ta&l~(PMes),H,’ 

Atom X Y L B ilo 

WI) 
-W) 
CU3) 
P(4) 
P(5) 
CY6) 

% 
C(9) 

:::; 
c(l2) 

1oml* 
1OOfKl* 
9743(2) 
8338(2) 
9720(2) 
8566(2) 
7551(9) 
8122(10) 
7863( 10) 

55a(9) 
9737(16) 
8676(11) 

3890(l) 2500. 
656yl) 2500* 
2778(3) 1227(2) 
3323(3) 1816(2) 
7129(3) 1019(2) 
7645(3) 1899(2) 
3978(15) 747(9) 
1453(13) 1708(11) 
3917(17) 2388(11) 
6458(15) 879(9) 
9ooYl5) 836(12) 
6512(18) 7200) 

10 
10 
19 
18 
18 
19 
31 
28 
33 
22 
37 
32 

“Fractional coordinates are x 10“ for nonhydrogen atoms 
and x 10” for hydrogen atoms. B, values are x 10. Isotropic 
values for those atoms refined anisotropically were calculated 
using the formula given in: W. C. Hamilton, Acta Cryst. 1959, 
12,609. Parameters marked with an asterisk (*) were not varied. 

listed in Table 1. Interatomic distances and angles 
are provided in Table 2. An ORTEP drawing of 3, 
indicating the atom-numbering scheme, is shown 
in Fig. 2. A two-fold axis, passing through Ta(1) 
and Ta(2) is required by the space group. 

The structure of 3, excluding the bridging 
hydrides (uide in@), resembles those of the quad- 
ruply metal-metal-bonded group 6 dimers 
MoZC14(PMe3)4 and W2Cl,(PMe3)4.10 The latter 
also have eclipsed pyramidal MCl,(PMe3)2 end 
groups and staggered PMeS ligands. In 3, the Ta- 
Ta-Cl and Ta-Ta-P angles average 115.7[3] and 

102.0[1]“, respectively.* Corresponding values in 
W2C14(PMe3)4 are 111.65[9] and 101.14[4]“. The 
Ta-Cl and Ta-P bond lengths average 2.416[2] 
and 2.596[4] A, respectively. These bond distances 
are comparable to those found for the axial ligands 
in 1. The Ta=Ta bond length of 2.545( 1)A is, by 
a wide margin, the shortest metal-metal double 
bond yet observed in diniobium or ditantalum 
chemistry, and it compares favorably with the 
W=W bond length of 2.530(2)A found in the iso- 
electronic tungsten(IV) dimer W&(S&NEt&” 

The next feature of 3 to consider is the bridge 
region. There are two conceivable locations for the 
hydride ligands, i.e. they are either eclipsed or 
staggered with respect to the terminal ligands. Our 
prejudice for the D2 structure (Fig. 2) is clear but it 
requires some justification. A careful search of the 
final difference Fourier map revealed only one peak 
( m0.8eAV3) which might reasonably be assigned 
as H,,. It was located on the diagonal plane 1.97A 
from Ta( 1) and 1.86 A from Ta(2), and the Ta-Hi,- 
Ta angle was 83.1”. The shortest intramolecular 
contact was H,-P(5) at 2.54A. When the position 
of Hb was rotated 45” into the eclipsed C,,-confor- 
mation, this contact distance shortened to 2.02A. 
These observations favor the D2 structure but there 

*The number in brackets is equal to p,,,Af/m(m - 
l)] “a* where Ai is the deviation of the ith value in a set 
of m such values from the arithmetic mean. 
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Fig. 2. ORTEP drawing of Ta&l,(PMe&H,. Each nonhydrogen atom is represented by a 
vibration ellipsoid enclosing 50% of its electron density. A crystallographic C,-axis runs 

Ta(1) and Ta(2). 

are some complications. These can be summarized 
as follows. (1) Because of experimental difficulties 
(see Experimental), the X-ray data were not cor- 
rected for absorption b = 86.32cm-‘, (MO-K,)]. 
(2) As a consequence of (l), the final difference map 
was not as “clean” as one would like. Several peaks 
of comparable or greater density than H,, were 
observed near the tantalum (152.1eAe3), phos- 
phorus (<0.8e Ae3) and chlorine (< 0.8e Aw3) 
atoms. (3) There are no significant distortions in 
the Ta,Cl,(PMe,), portion of the molecule (Table 
2 and supplementary datat) which might be used 
as corroborating evidence for the location of Ht,. 
In fact, given the number of possible hydride sites, 
one must accept the possibility that the bridging 
hydrides are disordered in the solid state. In view 
of these reservations, H,, was not included in the 
final stages of refinement. 

A static D2 structure cannot account for the 
proton NMR spectrum shown in Fig. 1 unless 
the two P-H coupling constants are accidentally 
degenerate. An alternative explanation for the 
apparent magnetic equivalence of H,(l) and H,(2), 
and the one which we favor, is rapid rotation of 

TTables of anisotropic thermal parameters and 
observed and calculated structure factors for 3 and 5, 
plus hydrogen atom positions and tortion angles for 3 
are available from the Executive Editor, Queen Mary 
College, London, or the Indiana University Molecular 
Structure Center, upon request. 

thermal 
through 

the bridging ligands about the Ta-Ta axis in 
solution. We will return to this point later on in 
the paper. 

Reactivity of 3 

3 is very susceptible to binuclear oxidative- 
addition reactions. Here we describe three repre- 
sentative examples. 

(1) Ether solutions of 3 react readily with chlorine 
at -20°C [eqn(2)]: 

Ta,C14(PMe3),H, + Cl2 

3 

2 

and deposit a sparingly soluble green powder in 
70% yield. The latter has been identified as 2 by 
comparison of its ‘H NMR spectrum [Fig. 3(a)] 
with that of an authentic sample’ prepared by the 
original route (vide supra). As an aside, we note 
that there are two isomers of 2 (one with C,- 
symmetry and one with D+ymmetry) depending 
on the disposition of the bridging ligands. In our 
studies, only the C, isomer has been detected and 
it does not rearrange to the D2 isomer thermally 
or photochemically. 
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Table 2. Selected bond distances (di) and angles (“) for Ta,Cl,(PMe,),H, 

A B Distance A B C Anale 

745 

W) 
TN) 
Wl) 
Ta(2) 
T&9 
P(4) 
P(4) 
P(4) 
P(5) 
P(5) 
P(5) 

T&4 
C](3) 
P(4) 
Cl(6) 
P(5) 

::I 
c(9) 
CUO) 
C(11) 
C(12) 

2.545(l) 
2.418(3) 
2.591(3) 
2.413(3) 
2.600(3) 
1.785(14) 
1.81q12) 
1.831(15) 
1.807(13) 
1.822(14) 
1.805(16) 

Ta(2) 
T@) 
C](3) 
Cl(3) 
P(4) 
Ta(l) 
Ta(l) 
C](6) 
C](6) 
P(5) 
Ta(l) 
Ta(l) 
Ta(l) 
C(7) 

2;; 
Ta(2) 
Ta(2) 
Ta(2) 
C(l0) 
C(l0) 
C(l1) 

Wl) 
‘Ml) 
TN) 
-WI 
TaU) 
T@) 
TN’4 
Ta(2) 
Ta(2) 
W2) 
P(4) 
P(4) 
P(4) 
P(4) 
P(4) 
P(4) 
P(5) 
P(5) 
P(5) 
P(5) 
P(5) 
P(5) 

C](3) 116.0(l) 

P(4) 102.0(l) 
Cl(3) 128.1(l) 
P(4) 85.2(l) 
P(4) 155.9(l) 
C1(6) 115.3(l) 
P(5) 102.0(l) 
Cl(6) 129.5(l) 
P(5) 
P(5) 
cii 
c(8) 
C(9) 
c(8) 

85.6(lj 
156.1(l) 
116.li5j 
112.3(5) 
117.8(5) 
103.6(7) 

c(9, 102.3(7) 
US) 102.9(71 
c@, 

U11) 
C(12) 
C(l1) 
W2) 
c(12) 

i i5.3(5j 
113.1(5) 
115.9(5) 
10X!(8) 
104.0(7) 
104.8(9) 

(2) Ether solutions of 3 also react readily with 
hydrogen chloride at -20°C [eqn(3)]: 

Ta,Cl,(PMe,),H, + HCl 

3 
OEt2 

1 h ?z,,Sc Ta&lJPMeJ,H,. (3) 

4 

A yellow-green solid (4) was isolated by concentr- 
ation of the suspension and cooling to - 40°C (70% 
yield). Elemental analyses and a molecular-weight 
measurement suggested that 4 was Ta,Cl,(P- 
Me,),H,. If HCl adds to 3 in the same fashion as 
Cl*, we expect a dimer with Cz-symmetry. The 
proton and 31P-(1H} NMR spectra are in accord 
with this expectation. In the former [Fig. 3(b)], we 
observe two complex hydride multiplets, one at 6 
9.68 (area 1) and the other at 6 7.69 (area2), and 
two phosphine doublets (each of area 18) at 6 1.60 
and 1.29. The chemically equivalent PMe, ligands 
in the C2 structure are magnetically nonequivalent 
(an AA’XX’ spin system), and this is consistent with 
what we observe in the 31P-(1H} NMR spectrum 
(see Experimental). 

(3) Ether solutions of 3 react slowly with 
hydrogen (40 psi) at 25°C [eqn (4)]: 

Ta2Cl,(PMe3)4H, + H2 

3 
OEt2 

1 z h25Sc Ta,Cl,(PMe3),H,. (4) 

5 

A yellow-green solid (5) was isolated from the 
reaction suspension by concentration and cooling 

to -40°C (85% yield). Elemental analyses and a 
molecular-weight measurement indicated that 5 
was Ta,Cl,(PMe,),H,.* Addition of H, across the 
metal-metal bond of 3 should provide a dimer with 
&-symmetry. The room-temperature ‘H NMR 
spectrum of 5 [Fig. 3(c)] supports this prediction. 
A single hydride multiplet is observed at 6 8.79 
(area 4) together with one phosphine methyl reson- 
ance at 6 1.47 (area 36). Because the hydride reson- 
ance is not a simple first-order pattern, we propose 
that the hydride ligands in 5 are static, i.e. they do 
not rotate about the Ta-Ta axis. There was no 
change in the appearance of the hydride resonance 
up to + 100°C in toluene-d,. Higher temperatures 
led to decomposition. The 31P-{1H} NMR spec- 
trum of 5 (C6D6, 25°C) shows a singlet at 6 - 1.8. 
Selective ‘H-decoupling of the phosphine methyl 
resonance broadened this peak, but we were unable 
to resolve any fine structure. Because the spin 
system is complex (AA’A”A”‘XX’X”X”‘), this result 
is not particularly surprising. Below, we provide 
definitive proof for the proposed structure of 5, but 
first we would like to describe an alternate, and 
more convenient, synthesis of 5. 

Synthesis of 5 from TaCl,H,(PMe,), 

The deep red tantalum(W) hydride complex, 
TaCl,H,(PMe,), (6) can be synthesized, in high 
yield (2 75%) via reduction of TaCl, with sodium 

*This dimer has been prepared independently by 
Fellmanni2(bb and Schrock from monomeric 
Ta(CHCMe,)(H)Cl,(PMe,)J and molecular hydrogen. 
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amalgam (3equivalents) in ether and subsequent 
treatment with molecular hydrogen.13 The reduc- 
reduction step generates the tantalum(I1) monomer, 
trans-TaCl,(PMe,),, which then oxidatively adds 
hydrogen to give the paramagnetic dihydride. The 
latter, as well as its 1,2-bis(dimethylphosphino)- 
ethane analog, TaCl,H,(dmpe),, have been fully 
characterized by solution and solid-state ESR, 
magnetic-susceptibility measurements, and X-ray 
crystallography. 13,14 As we commented earlier,13 
the isolation of 6 was quite unexpected. We thought 
that it would decompose to 5 and free phosphine 
as fast as it was formed. This prejudice was based 
on a popular misconception that paramagnetic 
early transition metal hydrides were simply too 
unstable to permit isolation.15 6 does decompose 
to 5 in solution at 25”C, but the reaction is 
very slow because the liberated trimethylphosphine 
inhibits further decomposition of the monomer 

Ceqn (91: 

2TaCl,H,(PMe,), 

6 

c& 
& Ta,Cl,(PMe,),H, + 4PMe,. (5) 

5 

In an open system at higher temperatures, however, 
6 decomposes readily to 5. Refluxing methylcyclo- 
hexane (b.p. 1Ol’C) is quite suitable for this purpose. 
This route is a considerable improvement over the 
original four-step (TaCl, + 1 + 3 + 5) procedure 
and provides 5 in ca 65% yield based on tantalum 
pentachloride. 

Solid state structure of 5 

In the crystalline state, the compound is com- 
posed of discrete molecules of 5. Final atomic 
coordinates and isotropic thermal parameters are 
listed in Table 3. Interatomic distances and angles 
are provided in Table 4. The molecular geometry 
and atom-numbering scheme are shown in Fig. 4. 
The pseudo-square planes of chloro and PMe, 
ligands are in the eclipsed conformation, the pho- 
sphine ligands are staggered among themselves, 
and the bridging H4 group is staggered by 45” with 
respect to the end groups. The molecular symmetry, 
DZd, is a requirement of the tetragonal space group 
P4/nbm (Z = 2). 

The Ta-Ta-Cl and Ta-Ta-P bond angles in 5 
are 121.6(l) and 110.3(l)“, respectively. Both are 
more obtuse than their counterparts in 3 and the 
increases of 5-8” are almost certainly a reflection 
of the decrease in the metal-metal separation 
going from 3 [Ta = Ta, 2.545(l),&] to 5 [Ta-Ta, 

Table 3. Fractional coordinates and isotropic thermal parame- 
ters for Ta,Cl,(PMe,),H,” 

Atom X Y z B is0 

Ta(l) 7500* 2500* 3770(l) 18 
Cl(Z) 8678(3) 1322* 2505(6) 29 
P(3) 6127(3) 3873* -2886(6) 24 
C(4) 6012(19) 3988’ - 1117(26) 42 
C(5) 638q18) -215(14) 3470(22) 47 
H(1) 669; 82* 73* 53 
H(2) 550* 450* -86, 52 
H(3) 581* -68’ 321* 55 
H(4) 702* -48’ 308* 55 
H(5) 645* -23; 439* 55 
H(6) 750(14) 354(15) 500(13) 21(51) 

“See footnote to Table 1. 

2.51 l(2) 81. In the bridge region, the Ta-H, distance 
is 1.81(21) A and the Ta-H,-Ta angle is 88(4)“. The 
only other structurally characterized (p-H), di.mer 
is RezHs(PEt2Ph)4. ’ 6 Here the metal-metal separi- 
ation is 2.538(4) A, the Re-H, distance is 1.878(7) A, 
and the Re-H,-Re angle is 85.0(3)0 (neutron 
diffraction data). 

Electronic structure calculations 

Why is it that the briding hydrides in 5 do not 
rotate about the metal-metal bond axis? Why do 
the bridging hydrides in 3 rotate rapidly about 
the metal-metal bond axis? In order to answer 
these questions, we calculated the ground-state 
electronic structures of the model compounds 
Ta,Cl,(PH,),H, and Ta,Cl,(PH,),H, using the 
multiple-scattering Xcr method.“* For each of these 
models, the calculation of Xa eigenvalues was first 
carried out nonrelativistically. Relativistic correc- 
tions” were then added, and the calculations were 
reconverged. Additional information on the Cal&la- 
tions is provided in Experimental. 

The results of the calculations are displayed in 
Fig. 5, which shows both the nonrelativistic levels 
and those obtained after approximate relativistic 
corrections were applied. The energies of the rela- 
tivistic levels and the atomic contributions to them 
are presented in Table 5. The levels fall naturally 
into a number of small groups; these will be 
discussed in turn. 

*The programs we used were written by M. Cook, 
Harvard University, and B. E. Bursten and G. G. Stanley, 
Texas A&M University. We are grateful to Professor 
Bruce Bursten (Ohio State University) for a copy of the 
programs. 
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Table 4. Selected bond distances (A) and angles (“) for Ta,CldP- 
Me&H, 

A B Distance A B C Angle 

Ta(l) Ta(1)’ 2.511(2) Ta( 1) Wl) cw 121.6(l) 
Ta( 1) Cl(2) 2.461(5) Ta(1) Wl) P(3) 110.3(l) 
Ta(1) P(3) 2.604(5) Cl(2) WU Cl(Z) 116.7(3) 
P(3) C(4) 1.817(22) Cl(2) W) P(3) ?9.5( 1) 
P(3) C(5) 1.818(16) P(3) TW) P(3) 139.5(2) 
Ta(1) H(6) 1.81(21) Ta(1) P(3) C(4) 116.7(9) 

Ta(l) P(3) C(5) 112.7(5) 
C(4) P(3) C(5) 105.4(8) 
C(5) P(3) C(5) 102.6(12) 
Ta(1) Ta(1) H(6) 46.(3) 
C](2) Ta(l) H(6) 143.(6) 
P(3) TaU) H(6) 136.(6) 
Ta( 1) H(6) Ta(l) 88.(4) 

Fig. 4. ORTEP drawing of Ta,Cl,(PMe,).,H,. Each nonhydrogen atom is represented by a thermal 
vibration ellipsoid enclosing 50% of its electron density. &,-symmetry is a space group requirement 

(see text). 

First, we examine the highest occupied molecular 
orbital (HOMO) and the low-lying virtual orbitals. 
As seen from the breakdown in Table 5, both the 
HOMO @a,) and the lowest unoccupied molecular 
orbital (LUMO) (3~~) are metal localized with 
modest contributions from the chloro and phosph- 
orus ligands. A cross-section of the HOMO is 
shown in Fig. 6. The Ta-Ta interaction is a bonding 
one, arising from overlap of the 5dz3 orbitals. There 
is also evidence of Ta-P bonding and Ta-Cl 
antibonding here. The bridging hydrogens make a 
negligible contribution to this level, which is clearly 
a Ta-Ta a-bond. The LUMO (not pictured here) 
is essentially the 6*-orbital, i.e. the out-of-phase 
combination of the 5d,, orbitals on the tantalum 

centers. The HOMO-LUMO gap is 1.26eV. Other 
virtual orbitals of note are the 7b2 and the 10e. 
These are the Ta-Ta o*- and n*-levels, respectively. 

Lying below the HOMO are four groups of levels 
(see Fig. 5): (1) the Ta-P o-bonding orbitals (9e, 
7a,, 6&; -6.5 to -7.8 eV); (2) the chlorine lone 
pair orbitals (3bl, 8e, 2az, 7e, 5b2, 6a,; -8.1 to 
-8.7eV); (3) the Ta-Cl o-bonding orbitals (6e, 
Sa,, 46,; - 9.0 to - 9.7 eV); (4) the P-H a-bonding 
orbitals (5e, la2, 4e, lb,, 3b2, 4a,; - 11.8 to 
- 12.0 eV). Both the ordering and the energies of 
these levels are in accordance with an earlier MS- 
Xa calculation on W&l,(PH,)d.‘9 

The four remaining occupied levels in Fig. 5 and 
Table 5 are those which describe the c-, IC and 6- 
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Non-Relativistic Relativistic 

I I k-P 
u 

I Cl Ion0 prs. 

I 
Ta-Cl Q 
la-H 6 

Fig. 5. Summary of the nonrelativistic and relativistic eigenvalues for the model complex 
Ta2C14(PH&H4. 

type interactions between the tantalum atoms and 
the four bridging hydride ligands. The lowest-lying 
of these is the 0-(3a,, - 13.9 eV) and a cross-section 
of this level is shown in Fig. 7. The interaction here 
is between the in-phase combination of all four 
hydrogen 1s orbitals, and a pair of tantalum hybrid 
orbitals (62% 6s, 23% 6p, and 14% 5d,~). The 
substantial tantalum 6s character in this level is 
responsible for its marked stabilization. Note also 
that this is the only level which drops dramatically 
in energy when relativistic corrections are intro- 
duced into the calculations (see Fig. 5). This extra 
stabilization of the 3~2, level is a direct consequence 
of its high tantalum s + p character.20 

At somewhat higher energy are the degenerate 
a-type levels (3e, - 12.5 eV), one of which is shown 
in Fig. 8. Here we have another strong, stabilizing 
interaction. This one is primarily between the 
tantalum 5d * I orbitals (note the lobular structure 
about each Ta) and an antisymmetric combination 
of hydrogen 1s orbitals. Finally, at -9.8 eV, we 

find the 2b, or b-type level. In-phase overlap of the 
tantalum 5d,, orbitals with the bridging ligand 
orbita!s is the genesis of this level. A cross-section 
of the 2bl level shows the &symmetry quite clearly 
(Fig. 9). 

Now that we have a good picture of the M-M 
and M-H-M interactions in Ta2C14(PHJ4H4, we 
are in a position to address the question of @- 
H)4 rotation in 5. The O- and n-interactions are 
cylindrically symmetric with respect to the Ta- 
Ta axis and do not engender a conformational 
preference for the bridging hydride ligands. The 
same cannot be said for the TaH,Ta d-interaction. 
This bridge bonding component will stabilize the 
staggered hydride conformation relative to the 
eclipsed hydride conformation.* Unfortunately, 
ground-state calculations of the type reported here 

*Similar conclusions have been reached in the case of 
Re,H,(PH,),, a model for Re2H8(PEtzPh),.16-21 



750 A. J. SCIOLY et al. 

Table 5. MA-Xa eigenvalues (including relativistic corrections) for Ta,Cl,(PH,),H,” 

Energy 
% Contribution 

Level (EY) Ta Cl P Hl H2 H3 Int out Ta angular contributions 

-0.896 15 3 10 1 0 4 60 7 89% D ll%F 4h 
lle 
lOa, 

90, 
86, 

10e 

7h, 
3a, 
80, 
9e 

7ai 
66, 
3h, 
8e 

20, 
7e 

5b, 
60, 
6e 

50, 
4b, 
2bi 
5e 

10, 
4e 

lb, 
36, 
4a1 
3e 

30, 

-1.004 5 3 5 0 1 0 78 
- 1.249 37 9 15 0 0 1 33 
- 1.385 16 7 6 0 1 0 62 
-1.614 44 9 16 0 2 0 26 
- 1.637 69 10 7 1 0 0 12 
- 2.505 65 17 1 0 0 0 16 
-3.671 74 8 2 1 0 0 14 
-4.932 59 14 7 0 1 4 15 
-6.514 11 14 49 5 2 0 18 
- 7.671 36 0 42 5 1 1 13 
- 7.822 26 11 39 6 1 0 16 
-8.166 5 73 0 0 0 10 12 
- 8.376 1 84 0 0 0 1 14 
- 8.559 4 79 2 2 0 0 13 
- 8.684 3 71 7 1 1 0 16 
- 8.692 5 72 5 0 1 0 16 
- 8.728 5 75 1 0 1 1 16 
-9.059 12 77 1 1 0 2 7 
- 9.239 19 73 0 0 0 3 5 
-9.711 16 73 2 0 0 0 8 
-9.814 33 10 4 6 0 39 7 

-11.817 5 1 42 43 5 4 0 
- 11.892 0 1 46 52 0 0 0 
-11.916 4 0 42 24 25 4 0 
- 11.999 2 2 45 50 0 2 0 
- 12.029 0 0 46 18 35 0 0 
- 12.046 1 1 45 18 34 0 0 
- 12.553 35 2 10 4 6 40 3 
- 13.908 41 5 3 0 1 46 4 

9 
5 
7 
3 
1 
0 
0 
0 
1 
1 
1 
0 
0 
0 
0 
0 
0 
1 
1 
0 
0 
0 
0 
1 
0 
1 
0 
0 
0 

l%P 
4%S 
4%P 

99% D 
3%S 

lOO%D 
l%P 

38% P 
2%S 

14% s 

98%D 
95% D 
94% D 

l%F 
3%P 

l%F 
l%F 
2%F 

93%D l%F 

96% D 
58% D 
6%P 

85% D 

3% F 
4%F 

91%D l%F 
l%F 

43%P 54% D 
2%S 22% P 

48% S 9% P 
91%D 9%F 

4%F 
72%D 3%F 
4O%D 3%F 

12% P 83% D 5%F 
62% S 23% P 14% D 

“Chlorine 3s, phosphorus 3s, and core levels have been omitted. The HOMO is 8a,. Hl and H2 refer to the 
out-of-plane and in-plane PHJ hydrogens, respectively (see text). H3 refers to the bridge hydrogens. 

8 al LEVEL (T aC I,(PH3)2)2(~-H)u 

Fig. 6. Cross-section of the 8a, level (HOMO) of 
Ta2Cl,(PHJ,H,. For this and all other diagrams, solid 
lines represent positive wave function values and dashed 
lines represent negative values. The number 1 represents 
0.005 electrons bohr - 3, and each succeeding number 
represents a factor of two increase in electron density, 

except for 7, which stands for 0.22 electron bohrm3. 

do not provide any information on the energetics 
of (P-H)~ rotation about the metal-metal bond. All 
we can say is that our inability to effect an averaging 
of spin couplings in 5 from 25 to 100°C is consistent 
with the presence of a substantial d-interaction 
which effectively “locks” the hydride ligands into 
the staggered conformation. Hoffmann and co- 
workers” have calculated (using extended Hiickel 
methods) a 35 kcal mol- 1 barrier to (P-H)~ rotation 
in Re,H,(PH,),, a model for structurally charac- 
terized RezH,(PEtzPh)d16 whose &H)4 group is 
also staggered by 45” with respect to its eclipsed 
pyramidal ReH,(PEt,Ph), end groups. We do 
not expect a significant difference between @-H)4 
rotation barriers in the rhenium(IV) and tanta- 
lum(IV) dimers because the orbitals which are 
depopulated (Re + Ta) are essentially pure M-M 
c*- and 6*-orbitals and are therefore unaffected by 
(p-H), rotation. Note that a barrier greater than cu 
20 kcal mol- ’ is all that is required to account for 
our failure to observe an averaging of spin couplings 
at +lOOC. 

Ta,Cl,(PH,),H, 

The overall electronic structure of this D2 model 
compound is quite similar to that of the ouadruplv 
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3 a, LEVEL * (T aC I ,(PH,l$,(~-H), 2bl LEVEL + TT aC 12(PH3)2)2kH)u 

L I 

IF&. 7. Cross-section ofthe 34, Leve[Ra-H a-interactio$ 
of Ta2C14(PHJ4H4. 

3e LEVEL * CT aC 12(PH3&(pH), 

Fig. 8. Cross-section of one component of the 3e level 
(Ta-H a-interaction) of Ta2C14(PHJ4H4. 

The relativistic energy eigenvalues obtained for 
Ta,C&~PEf&H, are fisted in Tabfe 6. Figure IO is 
a corre~atian diagram showing scbematictiy bow 
the Ta-H-Ta interactions change in going from 
Ta,Cf4~PH,),H4 fo Ta,Cf4@W,),fX,. I’fie a-inter- 
action remains strong. A cross-section of the 5a 
leveI of the (,I&), ditner is very similar to the 34 
level ofTa,Cf.+(PH,),H, . The most sh%hg Ghaage 
can be seen in Ibe spXYtjng of the n-levels. Ja the 
@-H)4 dimer, we have two equivalent TaH,Ta it- 
interactions. Removal of a pair of rrf2n.s hydrides 

Fig. 9. Cross-section of the 2b, level (Ta-H d-interaction) 
of TaZC14(PH3).+H4, through the four bridging hydride 

ligands. 

from the bridge leaves us with only one and a 
pair of tantalum 5d, i orbitals which overlap to 
form a weak metal-metal n-bond. The Ta-Ta 
a-bonding level [96, (Fig. ll)] is the HOMO of 
Ta2C14(PH3)4H2, lying slightly above the Ta-Ta 
a-bonding 10a level. Finally, we note that the bridge 
hydrogens of Ta,Cl,(PH,),H, no longer possess a 
representation of b-symmetry and, consequently, 
there is no TaH,Ta d-interaction. The &level (2b,) 
of Ta,Cl,(PH,),H, becomes the LUMO (9b,) of 
Ta2C14(PHJ)4H2 and loses all of its hydride char- 
acter. It is now the (virtual) metal-metal b-bonding 
level. The loss of a b-interaction involving the 
bridge hydrogens removes the electronic barrier to 
hydride rotation which was indicated for the @- 
H), dimers (aide supra). As a consequence, we expect 
the barrier for (P-H)~ rotation about the Ta-Ta 
axis of 3 to be lower in energy $haa the ?SrrieX for 
k-E& rotation about the Ta-Ta axis of 5. The 
prawn NMR z.pe&wm d T~~CJ‘#M&!J-l~ 
{Fig, sj aad ow iaal_qJ ro e&x3 hy&h?e mag~e$k 
nonequivalence in the temperature range -90 to 
+ZYC are consistent with this hypothesis and 
in&ate thaS Ibe bakers djger by at Jeast 1Dkca1- 
mol-‘. 

DISCUSION 

The prepara$ion of me$al-metal-bonded nio- 
biumQl1) and tantahmz~~21) dimers by sodium 
amalgam reduction of higher-valent halides or their 
complexes has ample precedent. The synfhesis of 
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Table 6. MS-Xa Eigenvalues (including relativistic corrections) for Ta,ClJPH,),H,” 

Level 
Energy 

(EV) 

% Contribution 

Ta Cl P Hl H2 H3 Int out Ta angular contributions 

lib, 
lob, 
lob, 
lob, 
12a 
lla 

9b, 
96, 

10a 

9b, 
8b, 
9a 
86, 
86, 
8a 

7b, 
7b, 
7b, 
66, 
66, 
70 

6b, 
5b, 
6a 

5b, 
56, 
5a 

4b, 
4b, 
4b, 
36, 
3b, 
4a 
36, 
3a 

- 1.022 
- 1.056 
- 1.056 
- 1.397 
- 1.635 
-2.410 
-2.671 
-4.277 
- 4.947 
- 5.496 
- 5.620 
- 6.697 
-6.821 
- 8.344 
- 8.385 
- 8.447 
- 8.461 
-8.544 
-8.552 
- 8.610 
- 8.672 
- 9.005 
-9.271 
- 9.330 
- 9.879 

-11.139 
-11.297 
- 12.191 
- 12.202 
- 12.255 
- 12.393 
- 12.415 
- 12.461 
- 12.943 
- 13.092 

36 9 6 5 0 0 38 
13 2 10 4 2 0 60 
14 2 10 4 2 0 59 
65 6 0 0 0 0 28 

7 1 11 5 1 1 66 
59 8 3 0 1 2 25 
82 4 0 1 0 0 13 
58 4 12 0 1 0 25 
70 8 3 0 0 6 12 
11 5 55 0 0 0 26 
22 I 46 0 0 0 23 
35 1 43 2 0 0 19 
27 2 46 2 0 0 23 
2 82 0 0 0 2 14 
4 79 1 2 0 1 13 
1 83 0 0 0 0 14 
3 79 2 2 0 0 13 
2 78 3 0 0 0 16 
3 78 3 0 0 0 16 
3 79 1 0 0 0 17 
5 75 2 0 1 1 16 

1276 11 0 3 6 
1776 0 0 0 0 6 
24 62 1 1 0 8 2 
1875 0 0 0 0 6 
29 6 18 9 10 28 0 
27 14 19 13 7 20 0 

1 0 47 21 31 0 0 
1 0 47 16 35 0 0 
1 1 47 36 14 1 0 
1 2 47 51 0 0 0 
0 1 47 48 4 0 0 
2 1 45 28 21 1 1 

13 1 30 22 12 18 4 
13 3 30 25 8 16 5 

“See footnote to Table 5. The HOMO is 9b,. 

7 
9 
9 
1 
9 
1 
0 
1 
0 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
1 
0 
0 
1 
1 
0 
0 
0 
1 
0 
0 

98% D 2%F 
l%P 98% D 
l%P 98% D 
7%P 91%D 

2%S 
lOO%D 

9%P 
5%S 

41%P 
12% P 
4%S 

20% s 

4%P 

9O%D 
91%D 
55% D 
85% D 
4%P 
l%P 

l%F 
l%F 
l%F 

92%D l%F 

l%F 
3%F 
5%F 
3%F 

92% D l%F 
79% D l%F 

56% P 4O%D 4%F 
18%P 79%D 2%F 
19%P 77% D 4% F 
39% s 5%P 53%D 3%F 
7% P 86% D 7% F 

57% s 10% P 29%D 3%F 

20% P 75%D 5%F 
47%S 17%P 33%D 4%F 

9bl -(LUMO) 

9b3b(HOMO) 

6 --+b+bl 

5b2+b- 

(P-H)q (P-H)* 
Fig. 10. Schematic correlation diagram uniting the 

Ta-H interactions in the (p-H), and (P-H)~ dimers. 

Ta,Cl,(PMe,), from TaCl, was mentioned in the 
Introduction, but the approach is due to Maas and 
McCarley.‘* In 1973, these authors prepared a 

9b3 LEVEL * (Ta C 12(PH3)2)2(~-H)2 

Fig. 11. Cross-section of the 9bJ level (HOMO] 
series of Nb2X6(THT), complexes (X = Cl, Br or I; 
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THT = tetrahydrothiophene) by Na-Hg reduction (PH3)4H4 and Ta2C1,(PH,),H2 complement our 
of NbX,(THT), in benzene. The synthesis of 3 structural and spectroscopic studies on 3 and 5. 
reported here is novel only in the sense that We now have some appreciation of the electronic 
precursor 2 is a well-defined, metal-metal-bonded factors which influence hydride rotation in these 
tantalum(IV) dimer. The structure of 3, on the systems, and the calculations support the assign- 
other hand, is unprecedented in niobium(II1) or ments of Ta-Ta bond orders in 3 and 5. The MS- 
tantalum(II1) dimer chemistry. The chloro-bridged 
species, 1 and Ta,Cl,(dmpe)z ,23 adopt edge-sharing 

Xa results can also be used to interpret the optical 
spectra of 3 and 5, but this is another story and 

bioctahedral geometries while the M2X,(SR,), one which we will relate in a future paper in this 
dimers prefer confacial bioctahedral structures.24 series. 

We can understand the structure of 3 in terms 
of the following hypothetical transformation. 
Replacement of the bridging halogens in 1 with 
smaller hydride ligands must shorten the Ta-Ta 
separation because effective Ta-H bonding requires 
that the metals be brought into closer proximity to 
each other. This, in turn, forces the terminal ligands 
into pyramidal arrangements to relieve axial-axial 
interactions. In addition, replacement of the chlor- 
ides destroys the b-interaction shown below, which 
locks 1 into the edge-sharing geometry. Recall 
that the hydride ligands in 3 do not possess a 
representation with &symmetry and, therefore, are 
not constrained to a specific location about the 
Ta-Ta axis. 

The synthesis of 3 and 5 naturally call for a 
comment on the possible existence of Ta2C14- 

(PMe,),, since the (J-H), and (P-H), complexes 
are the sequential hydrogenation products of this 
tantalum(I1) dimer. A priori, we have no reason to 
believe that Ta2C14(PMe,)4 should not exist and 
efforts to prepare it, or an analogue, continue in 
our laboratory at Los Alamos. Neither reduction 
of 1 nor thermolysis of trans-TaC12(PMe,)427t have 
yielded this dimer, but there are other possibilities 
which merit investigation, e.g. thermally induced 
reductive elimination of H, from 3, and these are 
being pursued. 

We would be remiss not to mention the recent 
success of the Cotton group28 in preparing and 
structurally characterizing the face-sharing biocta- 
hedral tantalum(I1) dimer, [Ta2C16(yTHT)J2. 
The isolation of this material, which contains a 
formal metal-metal triple bond [Ta-Ta 2.626( 1) A], 
provides further impetus in the search for molecules 
containing unbridged Ta-Ta triple bonds. 

Dimer 3 is the only metal-metal multiply bonded 
system which reacts readily and cleanly with Cl,, 
HCl and H,.* These substrates add across the 
Ta=Ta bond, decreasing the bond order from two 
to one, and there are none of the gross structural 
rearrangements which usually accompany oxi- 
dative-addition reactions in metal-metal-bonded 
complexes. 26 Our observation that only the C, 
isomer of 2 is formed in the chlorination reaction 
also suggests that the addition of X2 to 3 is a 
concerted process. 

The X-ray structure of dimer 5 confirms that 
H, addition is across the Ta-Ta bond of 3 and 
also shows the combined effect of four strong 
Ta-H-Ta interactions on the Ta-Ta separation. 
The Ta-Ta bond length in 5 is ca 0.03A shorter 
than found in 3, where we have no b-interaction 
and only one n-type TaH,Ta interaction. 

The electronic structure calculations on Ta,Cl,- 

*The M&-MO bond of [CpMo(CO)& will add HI 
and I2 thermally but not HZ.” 

EXPERIMENTAL 

Reagents 

Tantalum pentachloride was purchased from 
Pressure Chemical and sublimed under high 
vacuum to remove nonvolatile impurities. 
Ta2C16(PMe,),H2, Ta2C16(PMe3)4D2 and 
TaC12H2(PMe,), were prepared and purified by 
literature procedures. ‘J Hydrogen (Air products, 
99.995%) and deuterium (Linde, 99.5%) were used 
as received. Chlorine and hydrogen chloride (both 
from Matheson) were dried by passage through 
concentrated sulfuric acid. 

THF, ether and glyme were dried and freed from 
dissolved molecular oxygen by distillation under 
argon from a solution of the solvent, benzophenone, 
and sodium or potassium. n-Hexane was purified 

tThermolysis of trans-TaCl,(PMe& in refluxing cyclo- 
hexane leads to disproportionation and hydride abstrac- 
tion from the solvent.27’b) 
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P(CH,),], 1.29 [d, 18, Jr.” = 8.8 Hz, P’(CH,),]. 
31P NMR (ppm, C,D,, (‘H}): +8.45 [m, 1, 

P(CH,),, JAx + JAx, = 28.7 Hz], - 13.34 [m, 1, 
P’(CH,),, JAx + JAx, = 28.7 Hz]. 

TaKL(PMe3),H, (5) 

Method A. A 1.00-g sample of 3 was dissolved in 
50 cm3 of ether in a 90-cm3 Fischer-Porter pressure 
vessel. The latter was sealed, removed from the 
drybox, and connected to a source of hydrogen and 
vacuum. The bomb was evacuated and back-filled 
with H2 (40 psi). After 12 h, the bomb was vented, 
returned to the drybox and half the ether was 
removed in vucuo. The light green suspension was 
cooled to -40°C for several hours. The product 
was filtered off, washed with hexane (2 x 10cm3) 
and dried in vacua. Yield 0.85 g (85%). An analytical 
sample was obtained by recrystallization from ether 
at -40°C. 

Calc. for Ta,Cl,(PMe,),H,(C,,H,,Cl,P,Ta,): 
C, 17.8; H, 5.0; Cl, 17.5%; M,,812. Found: C, 17.6; 
H, 5.0; Cl, 17.4%; M,, 799. 

IR (cm-‘): 1225 (m, vTa_u_ra). 
‘H NMR (ppm, C,D,): 8.79 (m, 4, H,,), 1.47 [t, 

36, Jup = 4Hz, P(CH,),]. 
31P NMR (ppm, CsD6, {‘H}): - 1.8 (s). 
Method B. A freshly recrystallized sample of 6 

(2.Og, 2.6mmol) was transferred to a lOO-cm3 
Schlenk flask containing ca 40 cm3 of methylcyclo- 
hexane. The flask was fitted with a reflux condenser 
and the red suspension was heated at reflux (1OlC) 
for 2 h under a slow argon flush. Over the course 
of the thermolysis, the color of the suspension 
turned pale green. The suspension was then cooled 
to - 40°C for several hours, filtered, and the product 
was washed with hexane (2 x 5cm3) and dried in 
VCICUO. Yield 1.3 g (89%). The purity of 5 synthesized 
by this route should be checked by proton NMR. 
If any 3 is detected, the entire yield is placed in a 
90 cm3 Fischer-Porter pressure vessel together with 
20 cm3 of ether and the vessel is pressurized (40 psi) 
with Hz for several hours. The pure product is then 
isolated by removal of the solvent in vacua. 

X-ray structure determinations 

General procedures were the same as those 
described previously.*’ 

Ta,Cl,(PMe,),H,. Crystals of 3 were grown by 
slow cooling of concentrated glyme solutions. The 
bulk sample consisted of well-formed green-black 
crystals of various sizes. Attempts to use the smaller 
crystals for data collection were unsuccessful; 
omega scans were in excess of 2”. Several of the 
larger crystals were then fractured and examined. 

In most cases twinning occurred, yielding cells with 
equivalent a- and c-axes, and considerable peak 
splitting. After numerous attempts, an irregularly- 
shaped fragment of maximum dimension 0.06mm 
was obtained which was not twinned, and data 
were collected using it. The sample manipulation 
and mounting were performed in a nitrogen-filled 
glove bag and the sample was transferred to the 
goniostat (under N,) and cooled to - 160°C for char- 
acterization and data collection (see supplementary 
data). 

The structure was solved by a combination of 
direct methods, Patterson techniques, and differ: 
ence Fourier techniques, and refined by full-matrix 
least squares. All nonhydrogen atoms were located, 
and their positional and thermal parameters (aniso- 
tropic) refined. The molecule lies on a crystallo- 
graphic two-fold axis and no disorder is apparent 
in the nonhydrogen positions. Hydrogen atoms, 
excluding the bridging hydride, were located in a 
difference Fourier synthesis and refined isotrop- 
ically. Several of the hydrogen thermal parameters 
are rather large, and the distances and angles 
involving the methyl hydrogens indicate they are 
poorly located. 

A final difference Fourier indicated several peaks 
of density between 0.8 and 2.1eAm3. While one of 
these peaks was located in the bridge region, there 
was sufficient doubt as to preclude its inclusion in 
the refinement. 

Ta,Cl,(PMe,),H,. Crystals of 5 were grown by 
slow cooling of concentrated THF solutions. Inside 
a nitrogen-filled glove bag, a green block was 
mounted on a glass fiber, and then transferred to 
the goniostat where it was cooled to - 165°C. The 
structure was solved by Patterson and Fourier 
techniques, and refined by full-matrix least squares. 
The data were corrected for the effects of absorption. 
All nonhydrogen atoms were located and their 
positional and anisotropic thermal parameters 
refined. A difference Fourier synthesis, phased on 
the nonhydrogen atom parameters, revealed peaks 
which could be assigned as the hydrogens. When 
all of these were included in the refinement, two of 
the methyl group hydrogens failed to converge. For 
this reason, all methyl hydrogens were placed in 
fixed positions and only the bridging hydrogen 
was refined. A final difference Fourier map was 
essentially featureless, the largest peaks being ca 
0.6eAv3, located near the tantalum and chlorine 
atoms. Crystal data are given in Table 7. 

Calculations 

The multiple-scattering Xa method was applied 
to the model compounds Ta,Cl,(PH,),H, and 
Ta,Cl,(PH,),H,. Values of a were taken from 
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Table 7. Crystal data for Ta,CI,(PMe,),H, and 
TaKIAPMeAH, 

3 5 

mol formula 
cplor 

TaKI,P&zHSs Ta,CI,P,C,,H,, 

crystal dimens, mm 
green-black green 
0.06 x 0.06 x 0.05 0.06 x 0.06 x 0.07 

space group c2/c P4/nbm 
temp, “C - 161 - 165 
cell dimens 

a,A 
b,A 

l&371(5) 12.579(2) 

;, Adeg 

9.520(3) 12.579(2) 
18.942(6) 10.205(2) 
125.36(2) 90.00 

molecules/cell 4 2 
d(calcd), g cm - 3 1.991 1.670 
wavelength, A 0.71069 0.71069 
mol wt 810.04 812.06 
linear abs coe& cm- 1 86.32 72.22 
max abs 0.402 
min abs 0.499 
diffractometer Picker 4-circle Picker 4-circle 
mode e-20 0-20 
20 range, deg 6-45 6-55 
quadrants collected + h, + k, 5 1 + h, + k, + 1 
no. of data with 

F, r 2.33 o(F,) 2155 656 
No. of unique data 2399 897 
total data collected 2693 3474 
final residuals 

RF 0.0464 0.0512 
R 

gooziess of fit, 
0.0475 0.0402 

last cycle 1.256 1.363 
max A/u, last cycle 0.05 0.5 

Schwartz,30 except for hydrogen (c1= 0.77725)31 
and tantalum, whose o! value was extrapolated from 
Schwartz as 0.69319.32 For inter- and outer-sphere 
regions, values of a were calculated as valence- 
electron weighted averages of the atomic a values. 

The starting molecular potentials were a super- 
position of the Herman-Skillman atomic poten- 
tials33 of the neutral atoms. Atomic spheres were 
allowed to overlap in accordance with the scheme 
of Norman.34 The final radii were chosen as 89% 
of the atomic number radii. In each calculation, the 
outer sphere was chosen to be tangent to the 
outermost atomic sphere. 

Coordinates were calculated using the crystallo- 
graphic data for the individual trimethyl phosphine 
species. The bond distances and bond angles used 
for Ta2C14(PH3)4H4 were: Ta-Ta, 2.511 A; Ta-Cl, 
2.461 A; Ta-P, 2.604& Ta-H, 1.81 A; Ta-Ta-P, 
110.3”; Ta-Ta-Cl, 121.6”; Ta-H-Ta, 88”; P-H, 
1.415 A; Ta-P-H, 110.3”. The geometry was ideal- 
ized to &,-symmetry. The corresponding data for 
the (p-H), dimer were: Ta-Ta, 2.545& Ta-Cl, 
2.416& Ta-P, 2.596& Ta-H, 1.85 A; Ta-Ta-P, 
102”; Ta-Ta-Cl, 116”; Ta-H-Ta, 87”. The PH, 
data were the same as given above and the geometry 
was idealized to &-symmetry. 

The molecules were each placed in a coordinate 

system with its origin at the midpoint of the Ta- 
Ta bond, the Z-axis colinear with the Ta-Ta bond 
and the X2 and YZ planes each chosen to include 
four terminal ligand atoms. Each PH, ligand was 
oriented about the Ta-P bond such that each distal 
hydrogen atom was in the XZ or YZ plane. 

Partial waves up to I = 0,2,2,3 and 4 were used 
for H, P, Cl, Ta and outer sphere, respectively. 

For each molecule the calculation of the Xa 
eigenvalues was first carried out nonrelativistically, 
until consecutive values of the SCF potential diff- 
ered by less than 0.001 Ry. Relativistic corrections, 
viz. Darwin and mass-velocity terms for both core 
and valence metal orbitals,*l were then added and 
the calculation was reconverged. 
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The structure of 2 has been determined and 
shown to have a bent Cp*-MO-MO-Cp* axis (o = 
168”)” The MOGMO bond length [2.488(3)A] 
is somewhat longer than the 2448(1)A observed 
for 1.2 

The compound originally reported’ ’ as (inden- 
yl),Mo,(CO), has been shown by X-ray crystallo- 
graphy to be the triply:bonded tetracarbonyl 
In,Mo,(CO), (3).12 The overall structure closely 
resembles that of 2 in that only two of the four 
COs are semi-bridging and the InMoMoIn axis 
is nonlinear (Fig. 1). The MO-MO distance is 
2.500(l) A. The triply-bonded tetracarbonyl reacts 
readily with CO at room temperature to give 
authentic In2M02(C0),.‘2 The latter is also 
obtained from ferricenium ion oxidation of 

InMo(C0); [eqn (l)]. 12(b)+) Thermolysis of the 

purified hexacarbonyl dimer gives the highest yields 

of triply-bonded 3 [eqn (211: 

ZlnMo(CO); + 2Cp,Fe+ 

llO-l&C 
In,Mo,(,CO),, - 

- 2co 

- In,Mo,(CO),> (1) 

lOh( (2) 

(3) 

To date, no “indenyl effect” on the reactivity of 
3 vis-his 1 has been observed, probably because 
the unsaturation inherent in the Mo=Mo triple 
bond overides any such effect.r2’“’ 

Oxidation of the TpMo(C0); anion with 
Cp,Fe+ gives the mononuclear, 17e radical 
TpMo(CO), (4) (Tp = hydridotrispyrazolylborato) 
[eqn (3)].13 Refluxing acetonitrile solutions of (4) 
gives the triply-bonded dimer 5 [eqn(4)]: 

TpMo(C0); + Cp,Fe+ - Cp,Fe + l-pMo(CO), (3) 

4 

2TpMo(CO), a_ Tp(CO)IMoEMo(CO),Tp (4) 

5 

Fig. 1. ORTEP plot of (indenyl),Mo,(CO)d(MoEMo). 

The Tp-MO-MO-Tp axis in 5 is also nonlinear 
and only two of the four carbonyl groups are semi- 
bridging. The MoGMo distance is 2.507(1)A. The 
coordination about each MO is quasi-octahedral if 
the metal-metal bond is considered to occupy one 

coordination site. 
The chemistry associated with the MO-MO 

bond in 5 is rather disappointing. No reaction was 
observed with acetylenes, Ph,CN,, CH,N,, Ss, 

propylene sulfide, P(OMe), or H,. Even CO does 
not react with 5 at atmospheric pressure. Prolonged 
reaction of 5 with CO (172 atm, 35°C) gave MO 
(CO), as the only carbonyl-containing product. In 
its reactions with Br, or I,, 5 resembles 2 in that 
CO transfer occurs and RMo(CO),X (R = Tp or 
Cp*) are the only carbonyl products isolated. 

A mixed MosW triply-bonded compound may 
be prepared by refluxing a diglyme solution of 

Cp,Mo,(CO), and Cp,W,(CO), according to eqn 
(5).14 The use of diglyme as solvent also gives an 
improved synthesis of compound 1.14 A mixed Tp- 
Cp dimer could not be prepared either by heating 
a solution of TpMo(CO), and Cp,Mo,(CO), or by 
mixing TpMo(C0); with C~MO(CO),BF,.‘~(~’ In 
the former case, only 1 and unreacted TUMOR 
were recovered, while the latter reaction gave 
TpMo(CO), and Cp,Mo,(CO), by an electron- 
transfer process. 

- co 
Cp,Moz(CO), + Cp,W,(Co),> - CpZM,(CO)a 

A 

+ Cp2MoW(C0& (5) 

M = MO or W 

The R,M,(CO), compounds described in this 
section all display the same basic structure. How- 
ever, the details of their reactivity seem to be 
influenced enormously by subtle changes in the 
steric and electronic properties of the groups R. We 
turn now to a survey of the chemistry associated 

with the metal-metal multiple bonds. Where warr- 
anted, the chemistry of some of the more interesting 
compounds prepared from 1 and its homologs will 
also be described. 

NUCLEOPHILIC ADDITIONS TO THE 
MrM BONDS 

Molecular-orbital basis for reactivity 

In molecular-orbital parlance, a molecule inter- 
acting with a nucleophile must possess a relatively 
low energy acceptor orbital. Both the Fenske-Hall6 
and EHM05*15 calculations on Cp,Mo,(CO), 
show the rr$ MO to be the LUMO when the Cp 
rings are centered on the MO-MO axis. The n!J, 
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orbital lies at slightly higher energy. When the rings 
are tilted off the MO-MO axis as shown in Fig. 2, 
the energy of the rrz! orbital drops and it becomes 
the LUMO. 

An inspection of the structures of the products 
of a variety of nucleophilic additions suggests that 
the regioselectivity of nucleophilic addition may be 
controlled by either rr$ or n$. The energy barrier 
to bending the CpMoMoCp axis is apparently 
quite low,’ so that either path A or path B 
(Scheme 1) may be followed, depending on subtle 
electronic and steric requirements of the reactants. 
Path A seems to be followed by bulkier nucleo- 
philes, e.g. phosphines and phosphites,**r4 whereas 
bridging ligands, e.g. cyanide ion,3 alkynes and 
diazoalkanes, seem to prefer path B (see below). 
Isomerization of the products has been noted in 

some instances (see below), so that the observed 
geometries of the isolated products may not corre- 
spond to those of initial, kinetic products, however. 

In any event, simple electron counting suggests 
that an M=M double bond should result if the net 
result of a reaction is the addition of two electrons 
to the dimetal unit, an M-M single bond results 
from adding 4 electrons net, while donation of six 
electrons disrupts the metal-metal bonding. 

Reactions with sulfur-containing reagents 

Molybdenum is the chief constituent of many 
hydrotreating catalysts, especially those used for 
hydrosulfurization (HDS).16 The reactions of the 
MoEMo bond with sulfur-containing molecules 
has therefore been of interest. Alper and coworkers 

Path A 

Fig. 2. MO energy levels of Cp,Mo,(CO), as a function of the Cp-MO-MO angle (w). 
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have shown that organosulfur compounds bind to 
the dimetal framework of 1 to give unusual struc- 
tures [eqns (6)-(8)] [M = Mo(CO),Cp]: 

RR’CS + 1 - RR’C--S 

\/\ 
M-M 

.lsR, + 1 25°C R’s\c, llO°C 

- Ri\/“\M - PhMe 

S 

I’ R 

“Yu/AM/Cp 

OC’ ‘,‘I 
I P 
I b 
R’ . 

(6)” 

(7SK 

2 + 1 - M- 

, 
(8) 1m 

With Ph,PS, 1 gives an unusual l,l-disubstituted 
product [eqn (9)] rather than the usual 1,Zproduct 
shown in path A of Scheme 1.” 

MEM + PhaPS - 
cp\ 

CP 

Ph,PS 
r\\L.o /+o 

SPPhs 0” ’ 

(9) 

Isothiocyanates react with (C,Me,),Mo,(CO), 
(2) according to eqn (10). With a lo-fold excess of 
RNCS, only the dithiocarbamate was isolated. With 
a 1:l ratio of RNCS and 2, the p,$-isocyanide 
was produced with a conversion of 6°h.20 Similar 
isonitrile complexes are produced directly in high 
yield from the reaction of RNC with 1.21 

U’=M* + RNCS - - 

2 

(IO) 

Refluxing a CS, solution of 1 gave the CS, 
adduct in ca 20% yield [eqn (1 1)]:22 

M-M + CS2 - 

I 

Cp\M~(CO&-Mo(CO) Cp SXC-- 

‘S’ 

3 (11) 

Reactions with phosphorus-containing nucleophiles 

Most simple phosphines or phosphites react with 
1 to give the disubstituted dimers corresponding 
to path A of Scheme 1. The cyclic phosphite (6) re- 
acts with 1 with CO substitution and retention of 
the MO-MO triple bond [MO-MO distance in 
7 = 2.506(l)A] [eqn(12), L = 6].23 

6 I 

Compound 7 reacts with CO and isonitriles in 
the same manner that the parent 1 reacts [eqns (13) 
and (14)], but with P(OMe),, the ligand 6 is 
displaced [eqn (15)]. 23 There is no ready explana- 
tion for the unusual behavior of phosphite 6. 

7 + 2co - Cp(C0)2LMo-Mo(Co)sCp 

7 + RNC - 

7 + P(OUe), - 

c~(co)[(M~o),P]MEEu~CO)~CP + 6 

(13) 

(14) 

(15) 

The reactions of MEM with ylides are of con- 
siderable interest since such reactions could lead to 
new routes to alkylidene complexes. Unfortunately, 
these reactions are exceedingly messy and interest- 
ing. products cannot be obtained in high yield.* 

M* = Uo(co)&' 
*Reactions of 1 with Me,PCH, or Me,P(CH& gave 

very complex mixtures.24 
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The products, 8 and Ph,P, show that extensive 
fragmentation of the ligand occurs.25 The Mo=Mo 
distance in 8 is 2.885(l) A. 

I + PhsPCHz - 

Ph,P + Ph,MePO + CplMol(CO), + CplMol(CO),(PPhS) 

(2%) (3%) (10%) 

Ph\ /p” 
+ o\\M-gziMo/cp 

Cp' 'HC f 'CO 

(16) 

\CHPh 

(1%) 

8 

The phosphaalkyne ‘BuCEP reacts with 
give an adduct with the same tetrahedrane 
structure obtained from 1 and alkynes:26 

‘BuC-P: + M-M - M (17) 

R 

Reactions with alkynes and alkenes 

1 to 

type 

At room temperature, 1 reacts rapidly with all 
but the most hindered alkynes to give tetrahedrane- 
type adducts [eqn (18)]. **27-2g These adducts typ- 
ically have the following bond lengths (A): Mo- 
MO, 2.98; MO-C, 2.18; and C-C, 1.33. The 13C 
chemical shifts of the acetylenic carbons of a variety 
of adducts of type 9 are collected in Table 1. The 
values range from 6 29 for a silyl-substituted carbon 
to ca 140 for stannyl substitution. Large differences 
between two differently substituted carbons in the 
same coordinated acetylene are evident, viz. 100.7 
and 29.3 for HCCSiMe,, and 117 and 40 for 
MeCCSiMe,. The usual range for C- or H-substi- 
tution is 60-90ppm. 

c” 
M-M + RC-_CR' - M 

/\ 

\"/" + 
(18) 

L 

R’ 

9 

These alkyne adducts show interesting reactivity. 
At higher temperatures (> lOO”C), they lose CO 
and react with additional alkynes to form new 

Table 1. 13C NMR chemical shifts of acetylene and 
acetylide dimolybdenum complexes 

R” R’ 6C 6 c’ Reference 

H H” 61.9 - 27 
Me Me* 82.6 - 27 

Co,Me Co,Me 62.0 - 27 
H CH,CH,OH 87.2 ? 27 
H Et 86.0 60.9 29 

Me SiMe, 117.4 40.4 28 
Ph,Sn Ph,Sn 140.4 - 29 

H SiMe,Ph 100.7 29.3 28 
_c Ph 185.8 101.8 40 

“R and R’ are acetylenic substituents in structure 9. 
*Free acetylenes resonate at 71.6 and 73.9, respectively. 
’ Acetylide structure 23. 

ligands derived from sequential coupling of two- 
four alkyne ligands. 2**30-33 The structural types so 
produced are indicated by lo-13 shown below: 

10 11 

12 13 

When terminal alkynes (RCCH) are employed, 
the C,-ring in 10 shows predominate head-to-tail 
coupling of the two alkynes. The isomers of 11-13 
which are formed by the reaction of alkynes with 
10 show that the new alkynes which are incorpor- 
ated may enter at either MO-C bond in the MoC, 
ring [eqn (19)]. Structures of type 12 are also formed 
by one electron reduction of the mononuclear, 
CpMo(RCCR)2(NCMe)+ complexes.34 

In addition to the main products shown above, 
smaller quantities of compounds of type 14 and 15 
may be isolated from the reaction mixtures. These 
compounds are probably formed by the reaction of 
the triply-bonded precursors 10 and 11 with CO 
as has been demonstrated in one instance [eqns 
(20) and (21)]:32 
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R&R, 
CpMf&, + R&CR3 - 

\ 

‘co 

CP 
10 + 2L - A 

‘I 

ai"cp 'MO- 
I 

(20) 

oc L L 

L = co or RNC 14 

end of the &-chain are q3-bonded to one metal 
each and the two halves are joined by a C-C 
single bond. This description of the bonding differs 
from that originally proposed.30*31 

In both isomers, 12 and 13, the electron count 
demands a Mo=Mo double bond to achieve an 
18-electron count at each MO.’ The Mo=Mo 
distances31s34 range from 2.595( 1) to 2.635(l) A. 
This distance compares with ca 3.OA for bridged 
M-M single bonds and 2.448(l) I$ for the MosMo 
bond in 1. 

The mono-alkyne adducts (9) are readily proton- 
ated by strong acids to produce the p,$,q2-vinyl 
complexes 16. 2g*38 The stereochemistry of the pro- 
tonated product suggested that the proton was 
delivered to the alkyne moiety via the metal in an 
intermediate, e.g. 17. The tungsten analogue of 
17 was subsequently observed as a product of 
the protonation of the carbyne complex 
Cp(CO)2W=CR.3g 

11 
5’ 

+ 2co - 

Mhl + HX - M-_M 
+ 
‘C’ 

R X 

15 

The details of the structures of these alkyne 
adducts show some interesting features. The 
terminal carbons of the C,-fragment in 10 are 
symmetrically bonded to both metals [d-(Cr- 
C) = 2.025(7) bi avg.] and thus appear to be bridg- 
ing alkylidene carbons. Their i3C NMR resonance 
(6 -2lOppm) is consistent with this description.35 
The middle carbons of the M,C4 fragment are q2- 
bonded to the M2 metal [d(M,-C) = 2.23 A]. The 
M,C4 ring system itself appears to be delocalized36 
with equal C-C bond lengths (z 1.42 A avg.). 

Structure types 12 and 13 are isomeric. In 12, 
both termini (C,) of the Cs-ligand are very tightly 
bonded to one metal [d(M,-C,) = 2.08& d(M,- 
C,) = 2.23 A]. The Mi-C, distance approaches that 
expected for Mo=C double bonds,37 while the 
M,-C, distance is in the range found for MO-C 
single bonds. M, is q3-bonded to opposite ends 
of the &-fragment while M, is also q2-bonded 
to the two central carbons. 

In 13, the two terminal carbons bridge the two 
metals in a nearly symmetrical manner (the M2C2 
rhombus has essentially C,-symmetry with two 
opposite M-C bonds of length 2.18 w and another 
opposite set of two M-C bonds of length 2.14 8) 
(cf. structure 10). The next three carbons from each 

/ 16 (22) 

17 

Excess acid protonates the trifluoroacetate group 
(“X” in 16) giving coordinatively unsaturated inter- 
mediate 18 which is fluxional on the NMR scale. 
The coordination unsaturation of 18 allows for the 
oxidative addition of H2 and subsequent stoichio- 
metric hydrogenation of the alkyne. Under catalytic 
conditions with a large excess of alkyne, the excess 
alkyne inhibits the oxidative addition of hydrogen 
and the alkyne is polymerized instead [eqn (23b)].2g 

Methoxyallene reacts with 1 to give the adduct 
19 [eqn(24)]. Fluoroboric acid reacts with 19 to 
give MeOH and the cation 20. Cation 20 is also 
obtained from the reaction of the adduct of methyl 
propargyl ether (9: R = H, R’ = CH,OMe) with 
HBF, [eqn(25)].40 Figure 3 is a PLUTO drawing 
of 20. This perspective shows that 20 may be 
regarded as a cationic ~-$,#,~3-allenyl complex 
in which the C,-fragment is n-bonded to Mol and 
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2HX + MS-M + X (234 

H H 

16 + HX - M- 
+ 

(23b) 

Fig. 3. PLUTO drawing of the cation, C~,MO,(CO)~- 

(@X-W+ W). 

two C-H bonds of the n-ally1 group have been 
replaced with two Mo2-C o-bonds. 

Me0 

M-M + 
\ 
C=C=CHI - 

H' 
1 

Me0 
‘C . /CHz 

H--c’ \ \ 
M-M (2.4) 

19 

19 + HBFn 

CH 

M' \CH OMe 
\M/ 2 + 

1 
+ 
BFT (25) 

9 (R = H, R' = CH,OMe) 

Complex 20 is fluxional on the ‘H NMR time 
scale (AC* = 16.9 kcal mol-’ at 338 K). At -6O”C, 
the spectrum is consistent with the solid-state 
structure (two types of Cp groups): 66.76 (d, 
J = 1.7Hz, =CH), 5.33 (d, J = 1.7, -CH2), 5.05 
(s,--CH,). At 75”C, the Cp groups are equivalent 

but the signals due to the C,H, fragment do not 
vary with temperature. The dynamic process shown 
in Scheme 2 interconverts enantiomers of 20 via 
the symmetrically bridged intermediate in which 
the plane of the C,H, fragment is perpendicular to 
the MO-MO bond. This process resembles the 
higher energy fluxional processes27*2* in the acetyl- 
ene adducts (9) and p-vinyl complexes (16).2g*38 

The 13C NMR shifts of the C,-fragments in 20 
and its precursor complexes 19 and 9 (R = H, 
R’ = CH,OMe) show interesting trends. We label 
the MeO-bearing carbon Ca in the precursors. 
Upon loss of MeO- to form 20, Ca of 19 but Cy 
of 9 become Cl of 20. These relationships and the 
chemical shifts of corresponding carbons are shown 
below (see Fig. 3 for numbering scheme of 20): 

19 20 9 (R = H, R’ = CH,OMe) 
38 (Cy) + 76 (C3) c 76 (Ca) 

176(C/3)+ 118C2)+56(Cj?) 
101 (Ca) + 81 (Cl) c 86(Q) 

Insofar as these chemical-shift changes reflect 
charge redistribution, it is seen that the electronic 
structure of the C,-fragment in 20 resembles more 
closely that of the acetylene adduct 9 than the 
allene adduct 19. In particular, the deshielding of 
Cy in 19 suggests that positive charge is transferred 
from Ca to Cy in the transformation 19 + 20. This 
conclusion is borne out by the reactivity of 20 
toward nucleophiles [eqn (26)].40 Even hindered 
bases, e.g. ‘Pr,NLi, attack the terminal carbon, 
C3, to yield alkyne complexes 21. We have been 
unsuccessful in attempts to remove a proton from 
20. 

CH,-B? 

I- ’ 
/K + B-” - M 

\,r + 
(26) 

H H 

20 21 

B = Py, 'PrzN-, MeO-, CN-or RaP 



766 M. DAVID CURTIS 

Ha Hb 

\2 

F’ 

IC 

Scheme 2. 

Metal carbonyl anions react [eqn(27)] with 20 
in a redox manner to give the bis-adduct (22)” of 
1,5-hexadiyne;previously prepared from 1 and the 
free diyne. JO The reduction of 20 to give 22 is also 
accomplished with Na amalgam. Figure 4 is a 
PLUTO drawing of the structure of 22. 

2 20 + ZCpFe(C0); - 

Cp,Fe,(CO), t Hc$CCH$H~C$CH (27) 

M M 

22 

Complexes (9) of terminal alkynes react with 
strong bases, preferably ‘Pr,NLi or NaNH,, to 
produce &,v2-acetylide complexes (23) [eqn 
(28)].*l The molecular structure of 23 (R = CH,- 

? 

M’ ’ \,/” + B- - + + BH 

ii 

R = Ph or CH,OMe 

23 

(28) 

OMe) is shown in Fig. 5. The counter ion in this 
crystal is Na(lS-crown-5)+. The Na+ ion is also 
chelated by the methoxy oxygen and to one car- 
bony1 oxygen in the solid state. Similar coordination 
of alkali cations to carbonyl groups has been 
observed previously. 42 These ~-$,~2-acetylide 
complexes exhibit the same “windshield wiper” 
fluxional motion previously established for the 

Fig. 4. PLUTO drawing of the 1,5-hexadiyne adduct (22) of Cp2Moz(CO)*. 
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C27 

Fig. 5. ORTEP plot of Na(lS-crown-5) C~,MO~(CO)~ (p-CCCH,OMe) (23) showing the coordina- 
tion of Na+ to the methoxy and carbonyl oxygens of the anion. 

767 

cyanide adduct of 1 and for other p-$,$-acetylide 
adducts?3*44 

M--M + &Ha 

The Mol-CS distance in 23 (Fig. 5) is 2.03(l)& 
a distance approaching those observed for Mo=C 
double bonds.41 The Mo2-C5 and Mo2-C6 dis- 
tances [2.285(6) and 2.318(6) A, respectively] are 
not unusual for MO bound to Ir-systems. The 13C 
NMR chemical shifts of the acetylide carbons show 
a remarkable downfield shift in comparison to 
those in the parent complex 9 (cf. Table 1). The 
resonances due to C5 and C6 occur at 6 186 
and 102, respectively. 41 The former resonance lies 
toward the downfield side of the range of chemical 
shifts observed for bridging methylene groups3’ 
Thus, both the Mol-C5 distance and the 13C 
NMR chemical shift suggest considerable “carbene” 
character for the terminal carbon of the acetylide 
bridge in 23. 

(COT) c’ ‘c 
0 0 

1 

(29) 

M-M t 1.5-COD - 

The early papers on the reactivity of the MocMo 
triple bond reported that 1 does not react with 
alkenes.8*27 It was later shown that more severe 
conditions (1-21 days, 1 lo-130°C) gave complex 
mixtures from which low yields of structurally 
interesting compounds could be isolated [eqns (29)- 
(31)1.45*46 

(30) 

Mo(CO)&p 

(10%) 

MS-M •t m- / CpMo--_MoCp (31) 
I \~ 

oc C 
0 
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The alkyne adducts (9) react with cyclic, conju- 
gated dienes to give products with ligands derived 
from formal Diels-Adler condensation of the diene 
with the coordinated alkyne [eqn(32)].47 The 
MozMo bond length in 24 is 2.504(1)A. All of 
these rather complex reactions involving alkenes 
undoubtedly occur with prior loss of CO from 1 
or 9.32 

n 

'AM + 0 - 

E 

n 
7 

24 

The reactions described in the section amply 
demonstrate that the easily prepared alkyne 
adducts of the MorMo triple bond form the 
basis for an extensive chemistry of hydrocarbon 
conversions on a bimetallic center. Even in those 
reactions which require higher temperatures and 
proceed with loss of CO, the strength of the 
Mo=Mo triple bond serves to maintain the integ- 
rity of the dinuclear unit and suppress the formation 
of mononuclear products. 

REACTIONS WITH l&DIPOLES 

The reactions of carbon-carbon multiple bonds 
with 1,3-dipolar reagents have been studied exten- 
sively. 48 For example, alkynes normally react with 
the 1,3-dipole to give the cycloadduct 25. This 
adduct may expel the small molecule YEZ to give 
a three-membered ring (26) [eqn (33)]. 

RCGCR + i-y=i _ 

I_/+ -yz ix\ 
R/ \R - R/c-c\R (33) 

25 26 

It is therefore of interest to determine how metal- 
metal multiple bonds interact with 1,3-dipolar 
reagents. What are the similarities and differences 
in behavior of metal-metal multiple bonds uis-ci- 
uis their well-studied organic counterparts? The 
answers to such questions lead to increased under- 
standing of factors governing chemical reactivity 
and, at the same time, provide the synthetic chemist 
with new routes to molecules of interest in related 
areas. 

Reactions with diazolkanes 

Diazoalkanes (R,C=N,) are prototypal 1,3- 
dipoles. In addition to the interest attached to the 
bonding of the diazoalkane ligand itself to a dimetal 
fragment, loss of N2 from the adduct may give 
metal alkylidene complexes. The latter compounds 
are still of interest in connection with CO reduction 
chemistry.35 

The coordination chemistry of diazoalkanes with 
MrM (1) and related complexes has been both 
rewarding and frustrating in its complexity. No less 
than seven different reaction paths of diazoalkanes 
with MSM have been well characterized. These 
are summarized in Scheme 3. The reaction of 1 
with diaryldiazomethanes was the first reaction of 
this type to be reported and the product was shown 
to have the unusual bonding mode depicted in 27 
(M = Mo(CO),Cp). 4g*50 This structure is isolobal 
and isoelectronic with the bridging alkylidyne 
(2fQ.5' 

N=CAr2 

k 

27 28 

The parent diazomethane (CH2 = N2) reacts 
with 1, but no stable complex could be isolated-N, 
is evolved and polymethylene is formed.’ However, 
CH2N2 reacts with the pentamethylcyclopenta- 
dienyl analog of 1, hereinafter denoted by M*sM* 
[M* = Mo(CO),(C5Me5)], with loss of N, to 
an adduct with either structure 29 or 30.52*53 

give 

/““I\ 
M+NIM’ 

I 
N=CH1 

30 

Diazopropane (Me,C=N,) reacts with either 
MEM or M*3M* to give an adduct in which the 
terminal nitrogen is bonded to both MO atoms, 
and the central nitrogen also bonded to one of the 
MO atoms.54s55 In solution, a second isomer of 
M2(N2CMe2) is present as shown by the NMR 
spectrum.50*54 

Ethyl diazoacetate reacts cleanly with M*-M* 
to give adduct 31 which has the same coordination 
mode as the Me,CN, adducts [eqn(34)].50 An 
ORTEP plot of the structure of 31 is shown in Fig. 
6. The major difference between the structure types 
31 and 27 is that in 27 the terminal N donates a 
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Scl,cmc III M = Mo (CO), Cp 

y, 

f”\ 
M=N=N 0 

I ,N\ 44 

M-M 

k 
N2 

“\ //” 

A”\ 
\ 

‘HE //or, 

NZ 0 

‘i *I\ 
x> 

‘I 

N,CHCO,Ec Ar,CN, ON\ /CT 
M-N-M - MEM -M--M -M--M 

total of four electrons to the dimetal fragment, 
whereas in 31 the terminal N donates two electrons 
and the central N donates two also. In spite of their 
seemingly disparate structures, the bond distances 
and angles in the N,C portion of the molecules 27 
and 31 are virtually identical. 

M*=M* + N#HCO,Et - (341 

Reaction (34) is surprising because previous work 
had shown potential donor groups adjacent to the 
diazo group become coordinated to the metal in 

769 

these diazoalkane adducts. Thus a-ketodiazo- 
alkaness6 and diethyl diazomalonate50*54 react 
with MEM or M*ZM* to give products contain- 
ing a chelate ring which incorporates the keto or 
carboxyl oxygen [eqn(35)]. In these adducts, the 
a-keto or a-carboxyl diazoalkane reacts as a six- 
electron donor so the M-M bond is completely 
disrupted. 

M-M (or M*-_M*) + 
1’ ii 
c-c - 

R' 'E 

M=MZZ/\ 0 (35) 
c7 

x 
R E 

42 

Fig. 6. ORTEP plot of CpfMoz(CO)4(N2CHC02Et) (31). 
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Ethyl diazoacetate reacts with MSM (1) at 
temperatures from -78°C to + 110°C to give 
extremely complex mixtures.54*57 Feasey et al. 
isolated cluster 32 in 5% yield from such a mix- 
ture.” 

32 

The reaction of 1 with the dienophile, diethyl 
azidodicarboxylate, gives a product (33) with a 
structure related to those depicted in eqn (35).5* 
The molecular structure of 33 is shown in Fig. 7. 

M-M + EtO,CN=NCOIEt - 

OEt 

I 

I 
OEt 

33 

(36) 

n 

Reactions of diazoalkane adducts 

By analogy with the organic chemistry of 1,3- 
dipolar cycloadducts depicted in eqn (33), it was of 
interest to investigate the tendency of the diazo- 
alkane adducts of 1 and related compounds to 
lose Nz and form dimetallacyclopropenes, i.e. p- 
alkylidene complexes. 

Herrmann et al. found that the adduct of 2- 
diazopropane and M*EM* underwent a rear- 
rangement in which the N-N bond was broken, 
one nitrogen then inserting into an MO-CO bond 
to form an isocyanate, and the Me&N fragment’ 
forming a p-imido group [eqn(37)].53 

//CMCMel 

/N\ _ 
M'-M' 

110°C 

34 

Me&N, or CsH4Nz react with the triply-bonded 
tungsten complex, CptWz(CO)4, at ca -20°C to 
give the p-imido isocyanate W complexes analogous 
to 34.SQ 

The doubly-bonded complex 34, and its W 
analog, add one equivalent of CO to form singly- 
bonded 35.53,5Q In order for each metal to maintain 
the 18-electron count during this transformation, 

Fig. 7. ORTEP drawing of adduct (33) of diethyl azidodicarboxylate and Cp,Mo,(CO)~. 
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an internal redox disproportionation must occur 
as illustrated in eqn (38). 

‘c’ ‘c’ 
II II 

cp\M(llgLM(ll/cp + co - cp\M(ll~~Mwcp (38) 

‘I I\, 
cf $J 

C’I’N I’ 
C 0 0 C 

: 0 8 
cO 

0 
0 

34 35 

The adduct with structure 29 or 30 also undergoes 
an isomerization upon heating, but in this case the 
nitrogen inserts into the methylene bridge and two 
methyleneimido ligands are formed [eqn(39)].53 

29 (39) 

CHz 
To date, the only diazoalkane adducts which 

cleanly lose Nz and form p-alkylidene complexes 
were the first to be discovered, viz. the diaryl- 
diazomethane adducts (27).4gS5o Heating 27 
(Ar = phenyl or p-tolyl) to 60°C causes an intra- 
molecular loss of dinitrogen. The resulting p-diaryl- 
alkylidenes were shown to have the structure 
depicted in 36 in which one aryl group has become 
coordinated to one MO. 4g*50 The intramolecular 
loss of Nz from 27 is believed to occur through the 
1,3-dipolar cycloadduct (37). This view is supported 
by the fact that the complexes Mf(,u-N,CAr,) do 
not lose N, cleanly, presumably because attainment 
of the transition state 37 is blocked by steric 

N==i=CArz 

I 

& - M 
b 

21 37 

*I\ /“’ *I\ /D ‘I 
hf c\ cT 

=h4 - M/c-\M 
36 

(40) 

interactions between the bulky Cp* groups and the 
aryl groups. So Conversely, 9-diazofluorene reacts 
with 1 with loss of N, even below room temperature, 
presumably because the steric congestion in inter- 
mediate 38 is less than that in 37 as shown below. 
The product is the p-fluorenylidene complex 39 
which now has a Mo=Mo bond [2.798(l) A] since 
the aryl groups are tied together and cannot bend 
over and coordinate to a metal as does the aryl 
group in 36. The reactions of the p-alkylidenes 36 
and 39 with small molecules, e.g. CO, H,, 
isocyanides and alkynes, are the subject of several 
reports.60-62 

Cp,MoAC0)4 + 

39 

An uncrowded transition state similar to 38 also 
explains the facile loss of N, and subsequent 
formation of 40 when diazocyclopentadiene reacts 
with 1 [eqn(42)].63 
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Reactions with other 1,3-dipoles 

Organoazides are isoelectronic with diazoal- 
kanes. Hence, the interaction of an organoazide 
with the MEM triple bond could lead to a 
dimetallatriazene (the cyclic 1,3-adduct) which 
would be expected to lose N, and form a nitrene 
complex [eqn (43)]. 

M--M + RN3 - - 

(431 

41 

In fact, the reaction of aryl or alkyl azides with 
1 follows a different course.54964 The initial product 
is probably the nitrene adduct (41). However, this 
initial product reacts with additional azide nearly 
as fast as it is formed to give the final complex (42). 

CP 

- co 
41 + RN3 - c,,Co,~M\-,17.-R (44) 

"\\ F-O 
N-N 

'R 

42 

The final product contains a terminal nitrene 
triply bonded to MO [MoGN = 1.75(l) 83 and a 
bridging chelate ring formed by attack of the second 
azide on a coordinated carbonyl. The transforma- 
tion of a bridging nitrene to a terminal nitrene 
upon reaction with excess azide has its exact parallel 
in the transformation of an alkylidene from bridging 
to terminal upon reaction with excess diazoalkene 
[eqn (45)].6’ The major difference is that the carbon 
of the diazoalkane is not sufficiently nucleophilic 
to attack a coordinated carbonyl as does the N in 

eqn (44). 

Cp(CO),Mo-MoCp 

II 
CAr, 

Cyclopropenes and azirines may be regarded 
as “masked” 1,3-dipoles. 48 The cyclopropene is a 
masked vinylcarbene [eqn(46)] and the azirine a 
masked nitrile ylide [eqn(47a)] or a masked vinyl 
nitrene [eqn (47b)]. 

x- - 
J4 - (46) 

. . + - 

. . 
N 
/n e- 

-+‘N’ - 

‘< -cgLc -/ 
+ - \ (47d 

. . 

(47b) 

In fact, 1 reacts with l,l-dimethylcyclopropene 
to give the bridged, vinyl alkylidene (43).65 The 
pattern of MO-C (bridge) distances in 43 are very 
similar to those in 36 as might be expected. Thus, 
cyclopropene adds to the MoGMo triple bond as 
if it were a vinyl carbene [cf. eqn (4611. 
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Me 

Me 

Me M-M + ArNOl - 

(48) 

43 

We have found that the MoZMo triple bond is 
very react ve to wards a&ines. Gmq.7ound 1 reacts 
with 2phenyl-i-azifine to form a red, fnerfnally 
labile complex which decomposes above 0°C to a 
green mixture of pr0ducks.d’ Green and coworkers 
have isolated the azaallyl complex 44 by column 
chromalography $rom rhj, mjzSnreP7 The ezlra 
proton on the azaallyl ligand presumably comes 
from the column packing. 

+ M-M - R 

(49) 

The phenylazirine also reacts with M*EM* 
to give a labile addud. However, Z-phenyl-3J- 
&~rne&$-> -&fine Y$&I JiPGM* &YEAS a %-,Y 

St&k product believed lo have struc1ure 45 on fhe 
basis of its NMR spectra (an X-ray structure 
&etermjnation is @anneb>%& ‘Sr 1bus appRar ha> 
the azirine ring is behaving as a masked vinyl 
nitrene in reactions with MoEMo triple bonds. 

PI1 

d- 
Me 

PC + M'=M' ---_) - M' (so) 

PI1 Me 

45 

Alper et al. 68 have found that nitro arenes 
(ArNOs) react with 1 or the W-analog to give the 
complex shown in eqn (51). Although ArNOz may 
be classified as a 1,3-dipole,4s it is doubtful that 
this property is required for reaction (51) since aryl 
nitroso compounds (ArNO) react with 1 to give the 
same products.68 

The MO-MO single bond distance in 46 is only 
2.65 A, a distance which is shorter than the formal 
Mo=Mo double bonds in compounds 34 and 39 
discussed above. In compounds in which the MO 
is in a high formal oxidation state, e.g. in 46, 

46 

extensive n-bonding with the bridging ligands 
u&ouI7te&y serves to coftkick tIte MO-MO bond 
&ifiance. 

Compound 1 reacts slowly with excess carbo- 
c%imi&es in reAuxing toluene to give the products 
shown in eqn (52Jb9 The high temperature and 
slow rate 05 reactjon again suggest Ihat she reactjon 
is proceeding by prior loss of CO from 1 followed 
by coordination of the carbodiimide. The MoSMo 
triple bond in 47 reacts with CO to give a saturated 
derivative [C~,MO,(CO),(RNCNR)].~’ 

M-M+ RN=C=NR - 

Although many interesting structures are formed 
by the interaction of 1,3-dipolar reagents with the 
MEM triple bonds in 1 and related compounds, 
only in the decomposition of the adducts of Ar,CN, 
with 1 [eqn (40)] is there any persuasive evidence 
that 1,3-dipolar cycloadducts are formed. The lack 
of cycloadduct formation is in keeping with the 
different behavior of these MEM triple bonds ois- 
&is CEC triple bonds. Attack of the nucleophilic 
end of the 1,3-dipole on a CZEC bond generates a 
nucleophilic site on the contiguous carbon. Ring 
closure then occurs when this nucleophilic carbon 
reacts with the electrophilic end of the dipolar 
reagent [eqn (53)]. 

+ -n / 
x-YXZ + RC=_CR - - 

,/;-” 
\ > 

z//‘\, 

R/“=‘a - x (53) 

R R 
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In contrast, attack by a nucleophile on one 
end of the MEM triple bond in 1 generates a 16- 
electron, electrophilic site on the remote metal 
[eqn(54)] due to collapse of electrons into non- 
bonding levels which are not available to carbon M = CpMotCO), 

(see electron-counting arguments in Ref. 1). Thus, 
there is no charge development which directs ring 
closure to a 1,3-dipolar cycloadduct. Instead, the 
preferred reaction path seems to be first coordina- 
tion of the most nucleophilic portion of the di- 
polar reagent, followed by rearrangements and/or 
coordination of other donor functions on the 
dipolar reagent to eventually “saturate” the MEM 
triple bond according to the scheme in eqn (54) (B 
represents any second donor function, i.e. B and 
B’ may be in the same molecule or on different 
molecules). 

B’: 

Under more forcing conditions, the derivatives 
react to give a mixture of structurally novel com- 
plexes in low yield [eqn(58)].72 Included in the 
products is a triple-decker complex with a P,-ring 
sandwiched between two Cp*Mo moieties. The 
MO-MO distance in this complex is 2.647( 1) A and 
the MO-P avg. distance is ca 2.54A. There is some 
evidence for a ring current associated with the P,- 
ring: the Me groups of the Cp* ligands resonate at 
6 0.47 instead of their more usual value of ca 2. 

B:+M-_M-B-M-M - B-M-M-B’ M’ = M* + P4 s 

(54) 
xylene 

cp’ 
MO 

OXIDATIVE REACTIONS WITH CP’ 

NON-METALS (1%) (5%) 

+ (58) 

In our initial explorations of the chemical 
behavior of compound 1, we were disappointed in 
its lack of reactivity toward molecular Hz. How- 
ever, it was demonstrated recently that photolysis 
of CpW(CO)sH gives the p-dihydride [eqn (55)-J.” 
Compound 48 is unstable in solution, presumably 
dissociating to Hz and Cp,W,(CO),. The C,Me, 
derivatives are stable, however, and may be pre- 
pared by the direct reaction of the M*ZM* bonded 
compounds with Hz under UV photolysis. 

Arsenic and its derivatives also react with 1 [or 
its precursors, Cp,Mo,(CO), or CpMo(CO),H] at 
elevated temperatures to give novel MO-AS clusters 
[eqns (59),73 (60),74 (61),” (62)76 and (63)“]. 

hv 
2CpW(C0)3H - 

/H\ 
2co + cp(co),w\H,w(co)*cp 

14O”C, 12 h 
Cp2M&O)b + As - 

xylem 

48 M = MO, 65% 

(55) 
M = W, 40% 49 (59) 

hv 
Cp;M,(CO),, + Hz - 

/H\ 
Cp*(CO),M\H,M(CO),Cp* 

M = MO or W (56) 

The structure of 49 is similar to that of the 
isoelectronic cation, CpsMoJ(CO)$+ (see below) 
except that in 49 the CpMo(CO)? units are twisted 
relative to one another in such a way that the 
cluster has no symmetry, whereas the sulfur cation 
cluster has approximate C,-symmetry in the solid 
state.‘* 

The multiply-bonded MO dimers show high re- 
activity toward other non-metals, e.g. P, As, S, Se 
etc. With white phosphorus, 1 forms tetrahedrane 
clusters [eqn (57)].71 _ _ _ 

Reactions (61)-(63) do not use the triply-bonded 
dimers as starting material, but the reactions are 
conducted under conditions where 1 (or 2) forms 
raoidlv. In any event, the products are so closely 
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M*-M' + As.,& s AC&As + M<+M* + 

AS 

(26%) 

160°c 
‘A/ ‘cd 

Cp,Mo,(CO), + (MeAs), - 

(60) 

(61) 

\ 
190°C 

CP 
I 

(62) 

53 

Cp,MdCO 1, 
(PhAd,, M/AS\M 

180°C + 
‘AS/ 

54 

related to those obtained from 1 or 2 that they are 
included here for completeness. 

Compound 53 was described originally by the 
authors as having a Mo=Mo double bond. How- 
ever, if the ligands are considered to be p-As:- 
and ~-AS, 4-, then the formal oxidation state of MO 
is + 5(d’) so the maximum MO-MO bond order is 
one. The MO-MO distance [2.75A] is consistent 
with an MO-MO single bond bridged by three 
or four groups.* Complex 53 is quite unusual 

* MO-MO distances in a variety of MO-S dimers and 
clusters show a strong correlation with the number of 
sulfide bridges: ,u-S, MO-MO = 2.9-3.QA; 2~4, Mo- 
MO = 2.75-2.8 A; 3 or 4p-S, MO-MO = 2.65-2.7 A.79 

(63) 

nevertheless. The five As atoms are essentially 
coplanar and the MO-MO bond is perpendicular 
to the As plane. The As atoms are segregated into 
two groups, As, and Ass, and an odd electron is 
apparently localized on the central As of the p,q*- 
As, ligand.76 Reaction 61 is very similar to the 
reaction of MSM with disulfides (RSSR).’ 

The series, M,As,_, (n = l-3), is represented by 
compounds 50,51 or 54, and 49. The n = 0 (As4) 
is known in the gas phase, but there is no convincing 
evidence for the existence of the n = 4 member, 
i.e. M4.8*14 The As-As distance in 54 is 2.31 A, 
commensurate with an As=As double bond. Com- 
plexes 51 and 54 may then be regarded as adducts of 
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MEM with the alkyne analogue ASEAS. Synergic 
bonding reduces the As-As bond order from 3 to 
2 in the same manner that the C-C bond order is 
reduced in the alkyne adducts. 

The M-M triple bond is also quite reactive with 
the chalcogens. The reaction of 1 with excess sulfur 
produces red, insoluble polysulfides’* ([CpMoS,],) 
identical to those obtained from the reaction of 
Cp,Mo,(CO), with excess sulfur. However, if the 
stoichiometry is carefully controlled and ASa (solu- 
tion in CH,C12, CS2 or toluene) is added to the 
solution of 1 a surprising disproportionation of two 
dimers into a trimer and a monomer is observed 

Ceqn (6411. 

2M-_M + is, - 

+ 
[ 1 - M/s\ 

\MiM CpMo(Co)3 + 
55 

(64) 

Yields of the cation 55 of 50-70% have been 
realized. The CpMo(C0); anion is easily replaced 
with halide either by adding RX and washing the 
C~MO(CO)~R (R = H or Me) away from the salt 
(55 * X) with petroleum ether. 

The more soluble (and more hindered) Cp* 
complexes of Cr, MO and W react with excess sulfur 
to give discrete tetrasulfide complexes which display 
an interesting series of isomeric forms.” These 
isomers may have different formal oxidation states 
due to the formation of S-S bonds in the ligands 
[eqn (65)]. Prolonged refluxing of the reaction mix- 
ture converts 57 into 56. Under UV photolysis, 58 
is converted into 57 which in turn is converted to 
56. Photolysis of 56 regenerates 58 so that a photo- 
steady-state mixture of all three isomers results.*l 

*MO-MO* + \S, - 

CP',S/\/S,~P' 

//Mo-Mo\s 

,A* 

S 

+ CPM\.<,MOCP* 

56 57 

+ (65) 

58 

The reaction of CpfWJCO), with sulfur pro- 
ceeds as in eqn (66). Compound 60 reacts with excess 
sulfur to form 59.*’ Similar sulfur compounds to 
those shown in eqns (65) and (66) may be obtained 
from either the single-bonded dimers, Cp,M2(CO),, 
or the hydrides, CpM(C0)3H.82 

‘w=w’ + is, - - 

: 

cp\ 
/)” 

/&=& Pp* + cp*\w/s,~, CO 

S w\s // \,/ -lCp’ w) S 

59 60 

The CrECr triple bond in Cp,Cr,(CO),, is re- 
ported to react with sulfur as shown in eqns (67) 
and (68).83 In our laboratory, we have been unable 
to obtain the disulfide 62 according to eqn (68); 
only 61 was isolated. 

CP*Cr2WOM + t S” z Cp(CO),Cr=S=Cr~CO~~Cp 

61 (100%) 

(67) 

Cp*Cr2(C0)4 + ;s, 5 Cp~CO),Cr-S/S\_~~CO~*Cp 
62 (90%) 

(68) 

The more hindered Cp* complex reacts with 
excess sulfur to give a 22% yield of the pentasulfide 
shown in eqn (69). 84(a) The Cr-Cr distance is 
2.489(2)& and the Cr-S distances range from 2.24 
to 2.35 A. The S-S and S=S distances are 2.15 
and 2.10 A, respectively. 

s-s . 
Cp;Cr,(C0)4 + sa - crcp* 

@Fz? 
S 

i 

(69) 

Compound 1 reacts with SO* according to eqn 
(70).85 
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M_ M + SO2 - 

CP 

‘MI/s\//’ 

04 ‘S’ ‘Cp 

+ 2C01 + 2C0 (70) 

Results for the heavier chalcogens is limited to 
the reaction of 2 with Se. 84(b) A short reaction time 
gives a 10% conversion to the tetraselenide (63); 
most of the MO is recovered as unchanged starting 
material. When a toluene solution of 63 was stirred 
at 45°C for 3 days, a 45% yield of 64 was obtained 
following chromatography on silica gel. The source 
of the oxygen is unknown. The tungsten compound 
gave the Se analog of 60 [eqn(73)]. 

63 

45°C SIOZ 
63 - - 

3 days 
(72) 

64 

‘W_W’ + Se - 
Se\ /Se, ,CP' 

cp*/w~w~co (73) 
CO 

10% 

The MEM triple bond in 1 reacts readily with 
halogens to give dinuclear adducts.* With IZ, the 
structure is the p-diiodide (65) but the dichloride is 
suggested to have the unsymmetrical structure (66) 
on the basis of Cl-XPS and NMR data. 

M=M + 12 - - M 

‘1’ 
(74) 

1 65 

F\ 
M=M + PhlCL2 - M-M + Phl 

CL 

(75) 

66 

Hydrogen halides, HCl and HI, react with 1 to 
give the oxidative addition products 67 (X = Cl or 

* Oligomerization of metal-metal multiply bonded 
species upon loss of ligands7”’ or through the formation 

I). These hydrohalide adducts react with excess HX of ligand bridges*7’b)~‘c) has been realized. 

to give their respective dihalides (65 or 66) and 
H 86 2. 

M-_M + HX - 

/H\ HX 
M-M - MzX, + HI (76) 

'X' 

67 

In the oxidative reactions of the type discussed 
above it makes little difference if the starting com- 
plex is saturated CpZM2(CO)6 or CpM(CO)sH, 
or the unsaturated, multiply-bonded derivatives 
CP,M~(CO)~, iE (a) elevated temperatures, or (b) a 
large excess of the non-metal is used in the reaction. 
The utility of the unsaturation in the MrM bond 
is best realized when the reactions are carried out 
under mild conditions with stoichiometric quantit- 
ies of reagents. Then the enhanced reactivity of the 
metal-metal multiple bond is advantageous and 
allows for the isolation of thermally labile or 
kinetically controlled products, e.g. 55, 67 etc. 

CLUSTER-BUILDING REACTIONS 

One of the most useful properties of carbon- 
carbon multiple bonds is their ability to polymerize 
and oligomerize into larger structures which main- 
tain the basic skeleton of the monomers. An ana- 
logous oligomerization of metal-metal multiply 
bonded complexes gives metal clusters. To date, 
the simple olimerization of MEM bonds as depicted 
in eqn (77) has not been observed.14** Nevertheless, 
the MEM triple bond in 1 has served as a 
convenient synthon in the construction of trinuclear 
and tetranuclear clusters containing the M, unit. 

M=M 

2MEM - 1 1 or M<+,M (77) 

M=M 
M 

In our first paper on the reactivity of 1, we noted 
that (R,P),Pt(‘) could be added to the MEM bond 
to give M,Pt triangulo clusters.’ Unfortunately, 
the instability of these clusters has precluded an X- 
ray structure determination. Several clusters of 
types MXs, M2X2 and M3X are produced in the 
oxidative reactions of MEM with non-metals (see 
above). However, the most useful cluster-building 
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reactions of MEM are those which give ligand- 
bridged, bimetallic clusters. 

Thus, 1 reacts with the disulfide linkage in 68 to 
give the isomeric clusters 69 and 70.88*8g Both 69 
and 70 are 62-electron clusters and have five metal- 
metal bonds in accordance with various electron- 
counting schemes. go They differ primarily in the 
disposition of the sulfide ligands-in the planar 
isomer (69), the sulfide ligands are on opposite sides 
of the Mo,Fe, plane (the molecule is centro- 
symmetric) whereas in 70 the sulfurs are cisoid and 
the metals are in the more common butterfly 
geometry. The chromium derivative, Cp,Crz(CO),, 
reacts with 68 to give the Cr butterfly analogous 
to 70 ‘i These Mo,Fe,S, clusters and related 
MO&O& clusters’* are effective catalysts for CO 
methanation and thiophene HDS when supported 
on Al,O, .g3 

M--M + 

1 68 

69 

(78) 

70 

The triple bond in 1 also displaces propene from 
Cp2M02(SCH2CH(Me)S)2 [eqn. (79)] or H2 from 
Cp,Mo,(@H),(@), (71) to give the MO& 
cubane, 72.** This route to these cubanes is the 
most convenient and allows one to control the 
substitution on the Cp rings almost at will. The 
reaction of 71 with CP,W~(CO)~ failed to give the 
Cp,Mo2W2S4 cubane.g4 The Cp4M04S4 cubanes 

are very readily oxidized to mono- or dications, the 
structures of which have been determined.g5 The 
PES of the Mo4S4 cubanes,g5 their cyclic volt- 
ametry, their structural parameters, and an EHMO 
calculationg4 are all consonant with an electron 
configuration of a:e4tz for the six cluster framework 
electron pairs as originally suggested by Trinh- 
Toan et dg6 

Cp;Mo,(CO), 2- 

Cp;Cp;Mo& + 4C0 + 2&H" 

72 

(79) 

A beautiful illustration of the utility of the isolobal 
principle is the addition of a metal carbyne to 
the MEM bond to give trimetalla-tetrahedrane 
structures as shown in eqn (80) [cf. eqn (1811.” 

CR 
M-_M + M'=CR - 

/\ 
M 

\,/"I + 
(80) 

1 73 

M = Cp(C0)2Mo, M' = Cp(CO)2W 

Cluster 73 is obtained in quantitative yield when 
M = MO and M’ = W. The reaction of the W 
carbyne with Cp,Cr,(CO), led to the dimerization 
of the carbyne [eqn(81)]. It was found that the 
CrECr complex catalyzes the dimerization of the 
carbyne.” 

cr=cr 
~IY~W(CO)~-_CR - Cp(C0) 

R 

(81) 

Green et dg7 found that a complex mixture 
resulted when 1 was allowed to react with 
Br(CO),WZCR in ether. A 22% yield of the 
trimetallic cluster 73 [M = M’ = Mo(CO),Cp], 
was obtained by chromatography of the mixture 
over Florisil. Cotton and Schwotzer isolated a 20% 
yield of cluster 74 from the nearly identical reaction 
(THF solvent, followed by chromatography over 
silica gel).” Either the solvent exerts a strong 
influence on the course of this reaction, or the 
reaction mixture reacts further on the chromato- 
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graphy column to give products which depend on Ti(I1) to Ti(II1). Lewis bases (B) cleave the dimeric 
the column packing. structure to give Cp,Ti(B)OC(CO)zMoCp.lol 

M-_M + Br(CO),WZCR - 

1 

74 

The nitrosyl complexes, Cp(CO),MENO 
(M = MO or W) react with CplM;(CO), (M’ = MO 
or W) to give trimetallic nitrido clusters (75) in a 
reaction that is superficially related to the reactions 
of the carbynes above. gg However, the conditions 
(2OOC, sealed tube, 1 h), low yields, and the demon- 
strated cleavage of the N-O bond suggest the 
mechanism of formation of the clusters 75 is not a 
straightforward addition of the MEN0 bond to 
the MrM bond. 

Cp,M;(CO), + CpM(CO),NO’ - 

+ OCO’ (83) 

75 

M and M’ = Moor W 

Attempts to insert the MEM unit into preformed 
clusters by thermal reactions have been largely 
unsuccessful.’ However, 1 does react with Cp*Co 
(C,H.J, under UV photolysis to give the novel 
cluster 76 in 20% yield.“’ 

CP*CO(C~H~)~ + M--M - 

1 CP’ 

76 

(84) 

Finally, a word about the concept of an “in- 
organic functional group” is appropriate. The term 
“functional group”, as derived from organic chem- 
istry, connotes more than a reactive grouping of 
atoms in a larger molecule. The term also suggests 
that a particular grouping of atoms will react in 
certain specified ways when exposed to certain 
conditions and/or reagents. 

Finally, Cp,Ti(CO)z reacts with 1 as shown in Are the MoEMo and WrW triple bonds in 
eqn (85). The carbonyl groups are transferred from Cp,M2(CO), “inorganic functional groups”? They 
Ti to MO and the Ti is formally oxidized from are certainly reactive and some generalizations 

Cp2Ti (co), - + M-M - 

1 

Cp,Ti-OC-Mo(CO)Cp (85) 

I I 

I 
! Cp(CO)Mo-CO- iCp* 

CONCLUSION 

The compounds Cp,M,(CO), (M = MO or W) 
and related substituted-Cp derivatives have proven 
to be extremely versatile reagents for the elabora- 
tion of more complex molecules containing the 
Cp,M, units. The MEM units may be thought of 
as dimetal fragments which have been stripped of 
two ligands (four electrons) and are thus extremely 
electrophilic. Consequently, reactions with nucleo- 
philes often occur under very mild conditions so 
that thermally labile products may be isolated and 
new bonding modes revealed. 

At higher temperatures (> lOOC), or under UV 
photolysis, CO is lost from the MEM unit and 
more complex modes of reactivity are often ob- 
served. Even here, however, the presence of the 
metal-metal triple bond may be instrumental in 
directing the reaction to give dinuclear products. It 
is well known,‘*’ that the MO-MO or W-W single 
bonds in CpIM,(CO), complexes are extensively 
dissociated at elevated temperatures, and these 
single-bonded dimers often form mononuclear 
products as a result. In contrast, there is no evidence 
at all that the triply-bonded dimers dissociate into 
mononuclear fragments either thermally or under 
UV photolysis. lo2 

The CrsCr triple bond in Cp,Cr,(CO), and 
related complexes has hot been as useful a starting 
material as its MO and W congeners. Intractable 
mixtures are often produced. 
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concerning their reactivity can be made. However, 
as the reactions of MEM with diazoalkanes so 
amply demonstrate, the course of the reactions of 
MEM may be greatly altered by subtle changes in 
the reagents, the substitution on the Cp ring etc. 
Under such circumstances, the utility of the func- 
tional group concept is clearly limited. 

The utility of the MEM compounds is not 

restricted by our limited ability to predict the exact 
course of the reactions, however. The rational 
syntheses of the clusters 69-73, or the metallacyclo- 
propene (39) clearly show that the reactivity of the 
MEM unit can be extrapolated successfully to new 
areas. In any event, it is clear that the availability 
of compounds with metal-metal multiple bonding 
opens a new dimension to the synthetic chemist, 
and that the exploration of metal-metal multiple 
bond reactivity will continue to be an exciting area 
of research. 
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Abstract-W,(OR),L, compounds [R = Bu’, n = 0; R = Pr’ or Np (Np = neopentyl), 
L = py (py = pyridine) or HNMe,, n = 23 react with alkynes (R’CsCR’) under mild 
conditions (hexane solutions, room temperature or below) to yield a variety of products 
depending upon the nature of the alkoxide, the alkyne and the mole ratio of the reactants. 
The products include alkylidyne complexes, L,(RO),WsCR’ (n = 1 or 0) (Schrock r?t al., 
Orgunometallics 1985, 4, 74), alkyne adducts, W,(OR),(py),(p-C&R;),, alkylidyne-capped 
tritungsten complexes, WJ(~&R’)(OR),, and W,(OR),(L)&C,R;) or W,(OR)&-C,R;) 
(q2-C,R;) compounds. Evidence for equilibria involving alkyne adducts and alkylidyne 
species is found for certain combinations of R and R’. (l)The alkylidyne complexes 
(Bu’O),WECMe and (py)2(Pri0)3WECNMe2 react with CO (1 atm, 22”C, in hexane) to 
yield alkyne adducts W2(0Buf)&-C2Me2)(CO) and W2[(OPri),(C0)2(~2-C2(NMe2)2], 
respectively. (2) The alkylidyne complexes [(Pr’O),(HNMe,)(R’CE)W(p-OPri)], react with 
alkynes R’CECR’ (> 2 equiv, hexane, 22°C) to give W2(0Pri),(@Z4R;)(~2-C2R;) com- 
pounds (R’ = Me or Et). (3)The alkyne adducts W,(ONp),(py)&-C,R;) (R’ = Et or Ph, 
n = 1; R’ = Me, n = 2) react with W2(ONp),(py), in a 1:2 mole ratio at 22°C in hexane 
to yield W&-CR’)(ONp), compounds. In related reactions involving 1,2-bishydrocarbyl- 
tetraalkoxides, W2(CH2R”),(OR),, and alkynes (R’CrCR’) (2 equiv), alkyne adducts of 
formula W2(CH2R”)2(~2-C2R;)2(OPri)4 and W2(CHJ)2(@Z2R;)(OBu’)4(py), alkylidyne- 
bridged complexes HW,(yCR”)(@Z,R~)(OPr’), and products of WZW and C=C 
metathesis have been isolated for various combinations of R, R’ and R”. 

The reactivity of multiple bonds between metal 
atoms represents a new chapter in inorganic chemis- 
try. The classic text’ on inorganic reaction mechan- 
isms makes no mention of this topic, not surpris- 
ingly since the discovery of multiple bonds between 
metal atoms by Cotton and his coworkers came 
only in the mid-to-late 1960~.~ The original emph- 
asis was on determining the electronic structure of 
the bonds that held metal atoms so close together. 
There too was the ensuing flourish of activity 
directed toward determining the propensity for 
metal atoms to form such compounds and even 
this has not yet been unequivocally established.3 

*Author to whom correspondence should be addressed. 

The reactivity of M-M multiple bonds was not 
given specific attention until the mid-to-late 1970s. 
One of us speculated about the general patterns of 
reactivity for triple bonds between molybdenum 
and tungsten atoms and noted that the different 
modes of reactivity of the MCM bond in com- 
pounds of formula M,(OR), and Cp,M,(CO), 
could be traced to their different electronic configu- 
rations and their different sets of attendant ligands.4 
These two factors make the chemistry of M-M 
triple bonds (M = MO or W) much more varied 
than that of C-C triple bonds. The latter always 
have c2n4 MO configurations and are only some- 
what perturbed by substituent effects. By contrast 
M-M triple bonds may have one of a variety of 
valence MO configurations, 02x4, z4d2, a2n462S*2 
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and a2n2a2, and are greatly influenced by the 
supporting ligands. 

Over the past 10 years the reactivity of the MEM 

bonds in ,M2(OR)6 and Cp2M2(CO), compounds 
has been extensively and systematically studied. 
Several reviews dealing with various aspects of the 
chemistry of these compounds are to be found in 
the literature.“* In this article we describe results 
from our laboratory, together with those reported 
by Professors Schrock and Cotton and their cowor- 
kers, dealing with reactions between W-W triple 
bonds and C-C triple bonds. The supporting 
ligands on tungsten are alkoxides or alkoxide-alkyl 
combinations. Comparisons with the reactivity 
observed for Mo,(OR), and Cp2M2(CO), com- 
pounds are only briefly described. 

METATHESIS-LIKE SCISSION OF C-C AND 
W-W TRIPLE BONDS 

Schrock and co-workers’ first noted the remark- 
able scission of C-C and W-W triple bonds and 
the formation of alkoxy-supported alkylidyne com- 
plexes [eqn (l)]: 

W,(OBu’), + R’C-CR’ 

22°C 
+ 2(Bu’O),W=CR’. 

hexane 

R’ = Me, Et or Pr 

(1) 

Subsequent work” showed that this type of 
reaction could be used for the synthesis of a large 
group of compounds which were tolerant of a 
variety of organic functionalities (R’). The simple 
cleavage of C=C bonds for symmetrically substi- 
tuted alkynes was limited by steric factors and 
reactions employing PhC-CPh and Bu’C-CBu’ 
did not yield (Bu’O),W-CR’ compounds, though 
other routes could be found for their synthesis. The 
major thrust of this work was directed toward the 
utility of the tris-tert-butoxy tungsten alkylidyne 
complexes as alkyne-metathesis catalysts.” 

In later work, Cotton and coworkers12 studied 
reactions involving PhCECPh and EtC-CEt at 
somewhat elevated temperatures (60-80°C) and 
with differing mole ratios of alkyne to W,(OBu’),, 
but with this ratio always being less than 1. Under 
these conditions some cleavage of the CEC bond 
was observed although alkoxide group scrambling 
and ligand breakdown also occurs. 

Crystalline products that have been structurally 
characterized from the Cotton reactions include 
(Bu’0)3 W-CPh’ 2(c) (I), W2(OBut),(yCPh)2 ,l’(=) 
W2(OBu’)&-C2Ph2)2 1’(a) and [W,(OBu’)&-O)@- 
CEt)O] ?. lZfb) In our laboratory we have also exam- 

ined the crystal and molecular structures of 
[(Bu’O),WZJX], (II) (X = Mei3 or NMe214), and 
(py)2(Pr’O)3WsCNMe2 l5 (III). The benzylidyne 
compound (I) is monomeric, while for X = Me and 
NMe, there is loose association to the dimeric 
structure shown in II below. The pyridine adduct 
(III) contains a pseudo octahedral tungsten atom. 
In each structural type the WSC bond distance is 
ca 1.76 A and is little perturbed by groups trans to 
itself. The terminal alkoxide ligands have fairly 
short W-O distances (ca 1.88-1.9OA) while bonds 
tram to the W--C bond in II and III are extremely 
long, e.g. W-O = 2.484(4)A in II (X = Me) and 
W-N = 2.457( 12) A in III. 

FM% 

lll,.:~“” 
":Oii-"' 

PY 

111 

ALKYNE ADDUCTS 

Reactions between W,(OBu’), or W2(OR),(py), 
and alkynes (1 equiv) in hydrocarbon solvents in 
the presence of excess pyridine have allowed the 
isolation of an extensive series of alkyne adducts 
of formula W2(0R),(py),(p-C2R;).7*16 For 
R = Bu~‘~(‘) and Pri16(a) only ethyne adducts 
(R’ = H) can be isolated, whilst for the less sterically 
demanding neopentoxide ligands R’ may be H,l‘jtb) 
Me 16(‘) Et’6’b’ or Ph.16’b’ However, attempts to 
prepare adducts where R’ = Bu’ or SiMe, failed 
even for R = Np. 16(b) Three structural types have 
been observed in the solid state for these compounds 
and these are depicted in IV-VI below. 
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Table 1. Selected bond distances (A) for W,(OR),(py),&-C,R;) compounds (n = 1 or 2) 

Compound 
Structure 

tYPe M-M c-c M-C(av) Reference 

W2(0Pri)6(pY)2(~-CZH2) IV 

W~(ONP),(PY),(~-C~H~) V 

WAONph(py)hGMe~) V 

WAONp),(pyWW%) VI 

WAOB~‘)B(PYXP-GH,) VI 

2.567( 1) 1.39(2) 2.09(2) Mb) 
2.610(l) 1.39(2) 2.12(4) Wc) 
2.602( 1) 1.37(2) 2.14(5) 16(b) 
2.572(l) 1.40(2) 2.14(6) 16(c) 
2.665( 1) 1.44(l) 2.10(2) 16(b) 
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R = pri R’ = ” R = Np R’ = H 01 Me 

IV V 

R’ $’ 

R = Bu’ R’ = H 

R = Np R’ = Et or Ph 

VI 

In each there is a cross-wise or perpendicular 
alkyne bridge supported by either one or two 
alkoxide bridges. As a trend one can see that as the 
combined steric bulk of R and R’ increases so: (i) 
the number of pyridine ligands decreases, and (ii) 
the structures having only one alkoxide bridge are 
favored. It is also interesting to note that the W- 
W and p-(C-C) distances are around 2.60 and 
1.40& respectively, with the longest W-W and 
C-C distances being found for W,(OBu’),(py)@- 
C,H,). Pertinent structural data are summarized 
in Table 1. 

In solution a number of these compounds are 
fluxional at room temperature and all are labile 
toward pyridine dissociation. One must therefore 
recognize that in solution other structural types are 
energetically accessible at ambient temperatures 
and one can only speculate about their structural 
forms. At low temperatures, however, in toluene- 
da, the ‘H NMR data are entirely consistent with 
expectations based on the observed solid-state 
structures. Only in the case of the compound 
Wz(ONp),(py)&&HZ) is there evidence16’b’ for 

the presence of another structural type in solution 
and, in this instance, an equilibrium mixture involv- 
ing the bis-alkoxide-bridged structure (IV) and the 
mono-alkoxide-bridged structure (V) can reliably 
be established. 

A point of interest arises from a consideration of 
the spectra of W,(y*C,H,)-containing compounds 
(*C represents 92 mol % 13C). The ‘H and 13C 
spectra associated with the y&H2 moiety are each 
part of a AA’XX’ spectrum with additional satellites 
arising from coupling to ls3W (I = l/2, 14.5% 
natural abundance). The magnitude of 1J13c1Jc is 
very small, falling in the range 11-19H~.‘*~~@)*~ 
For related MO&-C,H,)-containing compounds, 
‘J 1 3c13c values of 23-29 Hz’,” are found while 

the carbonyl-containing 

$Mo,(CO)&CIHI) 

compounds 
and Co2(CO)6(K2H2), 

13c13c = 43l’ and 56 18* Hz, respectively (see 
Table 2). For these alkyne adducts there exists an 
approximate linear inverse correlation between the 
magnitude of 1J13c13c and the C-C bond dis- 
tance.” The smallest value of J13c13c is seen for 
the compound Wz(OBu’)6(py)(&zH2) which also 
has the longest W-W and C-C distance. In solution 
this compound exists in equilibrium with 
(Bu’O),W-CH,‘6’“’ as we describe later, and it 
appears that the magnitude of J13cl 3c provides an 
indication of the likelihood for C-C and M-M 
cleavage to give alkylidyne species. For a compari- 
son we note that the values of ’ J1 3c1 3c in ethyne, 
ethylene and ethane are 171.5, 67.2 and 34.6 Hz,19 
respectively, with C-C distances of ca 1.21, 1.34 
and 1.54 A.” Only in small organic rings have such 
small values of 1J13c13c been seen; 1J13c13c 
= 9.4Hz2’ and d c-c = 1.48 A22 recently reported 

for the central C, tetrahedral unit in C,Buf, is 
particularly worthy of mention. On the basis of W- 
W, C-C and W-C bond distances and 1J13c13c 
coupling constants, we formulate these W2(,u- 
C2H2)-containing compounds as ditungstatetra- 
hedranes. The presence of a W-W single bond 
allows one to formally ascribe oxidation states + 5 
to each tungsten atom. In other words, the addition 
of an alkyne across the WEW bond leads to a 
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Table 2. NMR data for the bridging ethyne ligand in selected transitional-metal complexes 

Structure 

type 6” J,,,_C* i&u* ‘Jcu ‘Jcc 3Ji.,H Reference 

IV 166.7’ - 201.4 4.7 26.9 0 17 
IV 163.4d - 200.6 4.0 28.2 0 17 
e 127.1’ - 196.2 2.1 23.2 3.3 17 
V 133.2’ 44.8 189.7 1.0 19.0 2.9 17 

32.8 
IV 166.38 42.0 191.6 1.4 11.4 2.4 16(a) 
VI 121.96 47.0h 185.3 -1.5 11 2 16(a) 

P2+12 71.1’ - 225.2 15.7 56.0 0.6 18 
P2+12 61.9’ - 214.2 7.3 43.4 0 17 

‘Chemical shift in ppm relative to Me&. 
*All coupling constants are in Hz. 
‘-65°C CDs. 

Wq’ to W:O+ transformation. Along the same line 
of reasoning by counting an alkyhdyne as a 3- 
ligand, the metathesis-like reaction (1) may be 
viewed as an oxidative cleavage of the WZW 
bond: W;’ + 2W6+. 

C-C COUPLING REACTIONS 

In all cases where W,(OR),(py),(,&J,R;) com- 
pounds are isolable and in some instances where 
such compounds are not (see later) the addition 
of more alkyne leads to products of C-C 
coupling, specifically W,(OR),(L)@-C,R;) and/or 
W2(0R)6(~-C,R;)($-C2R;).23 These reactions 
parallel those originally discovered by Rothwell 
in these laboratories for Mo,(OR), compounds 
in their reactions with alkynes. The isolation of 
M2(OR)&-C4R;)(~*-C2R;) compounds was poss- 
ible only for M = W, though related molybdenum 
analogues are probably involved in the catalytic 
cyclotrimerization of alkynes by Mo,(OR), com- 
pounds. By contrast, W,(OR)&-C,R;)(q*-C,R;) 
compounds (R = Pr’; R’ = H,23 Me23 or Et:*’ 
R = Np, R’ = H23 or Me*‘) do not readily elimin- 

ate benzenes, and therefore W2(OR)6 compounds 
are not catalytically active in the cyclotrimerization 
of alkynes. This difference in the chemistry of 
M2(OR)6 compounds reflects the general truism: 
reductive elimination is easier from MO, centers 

*The original values were obtained using a 60-MHz 
NMR. The compound was synthesized and analyzed in 
our labs using a 360-MHz NMR. The values were found 
to correlate well with the originally reported values; 
however, for the sake of consistency, our values are 
entered in Table 2. 

d-4400C, C,D,. 
3tructure 
unknown. 
/-20°C CD,. 

#25’C, C,D,. 

‘Jw-c - Jw-c. 
‘25”C, C,D,. 

than W, centers while oxidative addition occurs in 
the inverse order. This is a reflection of thermo- 
dynamic factors and not the mechanism or mechan- 
isms involved. 

Addition of ethyne (2 equiv) to W,(OBu’), in the 
absence of py leads to W2(OB~‘)6(~-C4H4)23 which, 
though rather thermally unstable, can be isolated 
as a carbonyl adduct, W2(0Bu’)6(@J4H4)(CO),23 
in a crystalline state and has been shown to adopt 
the structure depicted by VII below. 

R = But 

VII 

Presumably W2(OBu1)&-C2H2) is a reactive 
intermediate in the formation of VII but such a 
compound has not been detected. If only 1 equiv 
of C2H2 is added to a solution of W2(OBut),+ VII 
and unreacted W,(OBu’), are all that are detectable 
by NMR spectroscopy. 23 Ethyne polymerization 
to shiny grey metallic (C,H,), is always competitive 
with formation of isolable tungsten-containing 
compounds. It is worth noting that an unstable 
compound Mo,(OBu’)&-C2H2) was detected in 
analogous reactions employing Mo,(OB&, and 
we have confirmed this claim by Schrock and 
coworkers26 in our measurement of 1J13c13c for 
the central MO,@-C2H2) moiety (see Table 2). 
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The molecular structure found for W,(OR)&- 
C4R;)(#-C,R;) compounds is shown dia- 
gramatically in VIII below. 

R’ 

VIII 

In both VII and VIII the coordination about one 
tungsten atom approximates to octahedral whilst 
the other tungsten may be viewed as trigonal 
bipyramidal with the cc-C4 ligand being n-bonded 
to one of the equatorial sites. The W-W distances 
are long, in the range 2.85-2.88A, representing 
single bonds between the metal atoms. The M-M 
bond can be viewed as a dative bond formed 
by electron pair donation from the a-&-bonded 
tungsten atom to the six-coordinate W(6 +) center. 
Of course, this is only a simplistic picture. 

ALKYLIDYNECAPPED TRITUNGSTEN 
COMPOUNDS 

The first member of the W3@3-CR’)(OR)9 series 
to be discovered was for R’ = Me and R = Pr!” 
This was obtained from the reaction between 
W,(OPr’),(py), and MeCsCMe in a hydrocarbon 
solvent at room temperature. The tritungsten com- 
pound was found together with W,(OPr’)&- 
C,MeJo(*-C2Me2) and some unreacted W,(OPr’),- 
(py)*. Evidently competitive reactions were occur- 
ring and the desired compound W,(OPr’), 
(py)&C2Me2) was in some way too reactive to be 
isolated. 

A logical comproportionation route to the above 
compound, suggested by analogy with reactions of 
Stone and his coworkers** and previous results in 
this lab involving the formation of oxo-capped 
tritungsten compounds,*’ proved successful as 
shown in eqn (2): 

W,(OPr’),(py), + (Bu’O),WZCMe 

22°C 

hcxnn~prbH W(lr3-CWW’ri)g. (2) 

During the course of our characterization of 
W2(OBu’)6(py)(~-*C2H2)‘6’“’ we discovered in the 
13C and ‘H NMR spectra a persistent impurity 
which could only reasonably be formulated as the 
methylidyne complex (Bu’O),WE*CH. When 
the 13CNMR spectra were recorded on samples 
prepared from mixtures of the separately 
labeled compounds W2(OBu’),(py)(/.+*C2H2) and 
W2(OBu’)6(py)(j4-C2D2), the appearance of a new 
signal in the “C NMR spectra was present and 
assignable to a W2(p-H*CCD) moiety. When the 
analogous experiment was carried out for each of 
the compounds W2(OPri)6(py),(,u-C2H,)‘6(a) and 
W,(ONP),(PY),@-C,H,) lwb) in their labeled forms, 
no new signal assignable to a W2(p-H*CCD) moiety 
was present. It should also be mentioned that no 
C-H/C-D scrambling was observed in any of the 
above experiments. 

Extensions of this type of reaction have allowed A plausible interpretation of the above was that 
the synthesis of W&-CR’)(OR), compounds the p-ethyne and methylidyne complexes were, in 
(R’ = Me, 27 R = p+, R’ = Me16(W or &,16(b) the case of the Bu’O ligated system, in equilibrium: 

R = Np). In most cases it is important that the 
added alcohol not be in excess to prevent an 
initial reaction leading to W(OR)6 and alkane. 
Consequently, addition of ROH is subsequent to 
the mixing fo the inorganic compounds and is kept 
to a minimum (3 equiv). Steric factors are apparently 
important and prevent any comproportionation 
involving W2(OBuv6 and (BU’O),W=CR’ com- 
pounds. 

The compound where R’ = Me and R = Pr’ has 
been characterized by a full X-ray study.*’ ‘H and 
13C NMR data for all compounds are consistent 
with the maintenance of the capped, tris-RO- 
bridged structure depicted by IX below. In solution, 
bridge-terminal RO group exchange is slow on the 
NMR time-scale. 

X = CR’ 

IX 

EQUILIBRIA INVOLVING ALKYNE 
ADDUCTS AND ALKYLIDYNE 

COMPLEXES 
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W,(@,H,)e ZWECH. If this were the case then 
at room temperature the position of equilibrium 
favored the ethyne adduct by ca 5: 1. The temperat- 
ure dependence of the equilibrium constant could 
not reliably be established since the samples were 
thermally unstable, decomposing over a period of 
hours at room temperature and within minutes at 
+6OC. One could not be sure that at any given 
temperature the sample was at equilibrium and all 
spectra were recorded by rapidly cooling the sample 
to -40°C. The frustrating situation then arises in 
as much as the labelling study does not prove the 
existence of the equilibrium, it is merely a plausible 
explanation. However, since that time a number of 
other chemical reactions and spectroscopic charac- 
terizations lead us to the general conclusion that 
alkyne adducts of formula W,(OR),(py),(yC,R;) 
and alkylidyne species (RO),WECR’ are com- 
monly in equilibrium with one another and that 
the position of equilibrium is dependent on the 
nature of R and R’. Bulky R and R’ combinations 
favor the alkylidyne species and of the two groups 
the position of equilibrium is most sensitive to R. 
We summarize here the basis for our conclusion. 

(1) The spectroscopic characterization of the 
compounds formed in the reaction between 
W,(OCMe,Et), and *&Hz (1 equiv) in benzene- 
d6 in the presence of pyridine indicate a W,@ 
*C,H,): W=*CH ratio of ca 1:j3’ which is roughly 
the inverse of that found for R = CMe,. 

(2) The compounds WZ(ONP),(PY),(CL-GR;) 
(R’= Me, n = 2; R’= Et or Ph, n = 1) act as 
alkylidyne sources in their reactions with 
W,(ONp),(py), according to eqn (3):‘6(b’*31 

w,(oNP),(PYh@-c,R;) + 

22°C 

2W2(oNp)6(py)2 ,& 

2W3(/+CR’NONp), + (n + 4)py. (3) 

A direct preparation of W3(p3-CR’)(ONp), involves 
the reaction between WZ(ONp)6(py)2 and 
R’CECR’ in a mole ratio of 3: 1.16(b)*31 

(3) The addition of CO (1 atm) to a pale yellow 
solution of (Bu’O),WECMe causes the solution to 
turn blue with the formation of W2(OB~‘)6@- 
C,Me,)(CO). 31 The latter compound is stereo- 
chemically rigid on the NMR time-scale and has a 
strongly bond CO ligand [v(CO) = 1918cm-‘1. 
The data are consistent with the maintenance of 
the structure found in the solid state depicted by X 
below for which W-W = 2.633(l) A and C-C (11- 
C,Me,) = 1.36(l) A. 

Me 
Me 

RO 
\ ,,.’ - ‘..;/cO &L 

Ro...$,o, ixoR 

RO R OR 

R = Bu' 

X 

Our interpretation of (3) is that CO reacts with 
W2(Oht)6(p-C2hk2), which is a reactive species 
in equilibrium with the more stable alkylidyne 
species (Bu’O),WrCMe. In a similar way, 
(py)2(PriO)3WECNMe2 reacts with CO (1 atm, 
22°C) in toluene to yield W2(OPri)6(CO)2(~2- 

CJNMe,),). l5 It is apparent that the a-acceptor 
properties of the CO ligand drain electron density 
away from the metal and this displaces an equili- 
brium between W,(@,R;) and WECR species 
toward the alkyne adduct. But it should be emphas- 
ized that not all (RO),WSCR’ compounds react 
in the same manner and a competing reaction 
involving alkylidyne carbon-carbonyl carbon 
coupling can occur.’ 5*32 

(4) Addition of alkynes (R’CrCR’) to [(Pr’O), 
(HNMe2)(R’C~)W(~-OPri)]2,25 which has a struc- 
ture closely related to that shown in III involving 
p-OPr’ ligands trans to the W-CR’ moiety, leads 
t0 fOrUMtiOII Of W2(0Pri)6(~-C4R;Nr12-c2R~) com- 
pounds (VIII) (R = Me or Et).25 The reaction is 
rapid in hydrocarbon solvents at room temperature. 
When *C2H2 is added to [(Pr’O),(HNMe,) 
(EtCS)W@-OPr’)], , W2@-C2*C2H2Et2) ligands 
are formed that have the *CH and CEt groups 
scrambled over all possible sites as determined by 
’ 3C NMR spectroscopy. Fractional crystallization 
of the products derived from the analogous reaction 
employing ethyne which was not labeled gave the 
specific isomeric form shown in Fig. 1.30 This 
implies that alkyne metathesis is more rapid than 
yC,R, formation; the latter, however, shuts off the 
former reaction. 

(5) Addition of 2.5 equiv of Quin (Quin = quinu- 
clidine) to a toluene-d, solution of W2(OBu’)6(py) 
@C,H,), which shows two resonances in the ‘H 
NMR assignable to a bridging ethyne compound 
and a methylidyne compound, cleanly converts” 
both species to the (Quin)(Bu’O),- 
WZCH compound. lo Conversely, addition of CO 
(1 equiv) to an equilibrium mixture of 
W2(OBu’)6(py)(@2H2) and its methylidyne 
counterpart in toluene-d, leads to the formation 
of W,(OBu’),(fi-C,H,)(CO), an analogue of X. 
Thus, for an equilibrium mixture, W&- 
C,R,)= 2W_CR, supported by alkoxide ligands, 
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c (27) 

C(W 

Fig. 1. A ball-and-stick drawing of the W2(0Pri),(~-C4H2EtJo(z-C~H~) molecule. Pertinent bond 
distances (A) are: W(l)-W(2) = 2.8741(16), W(2)-C(7), W(2)-C(10) = 2.151(16), 2.167(15); W(l)-C(7), 
W(l)-C(8), W(l)-C(9), W( l)-C(10) = 2.417(16), 2.389( 15), 2.407(16), 2.41 l(16); W(l)-C(3), W(l)- 
C(4) = 2.110(17), 2.072(16). The W-O distances fall within the range of W-OR distances (terminal 

and p2) reported in Ref. 6. 
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addition of neutral donor ligands may displace the 
equilibrium to either the left or the right. The strong 
o-donor quinuclidene stabilizes the W(6 + ) WECR 
species while the rr-acceptor CO traps the W&u- 
&R,) species by competing with the alkyne for n- 
electron density. 

REACTIONS BETWEEN 
1,2-DIALKYLTETRAALKOXIDES OF 

DITUNGSTEN AND ALKYNES 

Alcoholysis reactions involving 1,2- 
Wt(CH2R”)2(NMe2)4 compounds33 have allowed 
the preparation and isolation of stable compounds 
of formula 1,2-Wz(CHzR”)z(OR), (R = Bu’, 
R” = H: R = Pr’; R” = Ph, SiMe, or Bu’) together 
with other combinations for R and R” where CH,R” 
contains no accessible b-hydrogen atoms.34 These 
compounds display a variety of reactions with 
alkynes.29(b’*35 For the sake of brevity we shall 
focus only on those tungsten compounds specified 
above and their reactions with MeCECMe and 
EtC=CEt. 

The W2(CH2R”),(OPri), compounds react with 
MeCECMe (2 equiv) in hydrocarbon solvents 
according to eqn (4): 

W2(CH2R”),(OPri), + 2MeCcCMe 

+ HW2(p-CR”)(p-C,Me,)(OPr’), + R”CH3. (4) 

The structures of these alkylidyne bridged 

ditungsten compounds are depicted by XI below. 
The hydride ligand, which was not located by 
X-ray 

.c_ -c 

4 
'C A I’ 

O__.._w’ . ..O 

0' 
w-40 

V \ 
H 

c 

i 
R” 

XI 

diffraction35 in the study of the benzylidyne com- 
pound HW,(@Ph)(p-C,Me,)(OPr’),, was 
detected by NMR spectroscopy. The magnitude of 
Jw_u (125 Hz) and more importantly the integral 
intensity of the satellites relative to the central 
hydride resonances indicate a terminal W-H 
moiety. Also, the chemical shift for the hydride at 
+ 20.4 ppm is nearly 10 ppm downfield of W,(p-H) 
signals commonly found with alkoxide-supported, 
hydrido-bridged W2 and W4 species.36 The actual 
location of the terminal H ligand was established 
from NOE difference spectroscopy based on reci- 
procal NOES of the hydride with the ortho- 
hydrogen atoms of the benzylidyne ligand and the 
adjacent OPr’ methine hydrogens.29’b’ 

The relative rate of reaction (4) is dependent on 
the steric bulk of R” following the order R” = Bu’ - 
> SiMe, > Ph and, for R” = SiMe3 and Ph, inter- 
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mediates of formula W,(CH,R”),($-C2Me2), 
(OPr’), have been fully characterized. These com- 
pounds adopt a common structure based on XII 
and this has been determined crystallographically 
for R” = Ph.35 

solid-state structure of this alkyne-bridged l,l- 
dialkyl compound is shown in Fig. 2. 

Reactions involving EtCECEt and W2(CH2_ 
R”),(OPr’), compounds are more complex and an 
analogue of XI with R’ = Et has not been well 
characterized. However, the bis-alkyne adducts 
analogous to XII have been fully characterized for 
R” = Pr and SiMe,, and are more thermally stable 
toward R’CH, elimination than their dimethyl- 
acetylene analogues. In the case of R” = Bu’, a 
competing reaction leading to propylidyne for- 
mation is extremely rapid [eqn(6)]: 

XII 

Each tungsten atom is in a square based pyrami- 
dal environment with the CH,R” ligand in the 
apical position. The q2-C,Me, ligand can be viewed 
as a 2- ligand, a metallacyclopropene, and the W- 
W distance [2.668( 1) 181 is representative of a single 
bond. On the NMR time-scale rotation about the 
W-C2 alkyne vector can be monitored, and based 
on coalescence temperatures, the activation energy 
was calculated to be 9.9(2) kcal mol- ‘. 

The rate of conversion of XII to XI in benzene- 

de Ceqn (W: 

L HW2(~-CR”)(~-CgMeJo(Pri)g + R’CH, (5) 

has been followed by NMR spectroscopy as a 
function of temperature for R” = Ph and SiMe,. 

The reactions obey first-order kinetics beyond 
four half-lives over the temperature ranges studied, 
and cross-over experiments employing 
W2(CD2C,Ds)2(~2-C2Me2)2(OPri), (XIII) indi- 
cated an intramolecular reaction: no scrambling of 
H/D was observed in the formation of toluene and 
toluene-da in eqn (5). Activation parameters were 
determined to be AH7 = 24 f 1 kcal mol- ’ and 
ASt = -9 f 2eu for R” = Ph, and AH7 
= 21 + kcalmol-’ and AS?= -9+2eu for 
R” = SiMe,. A comparison of rate constants (k) for 
XII (R” = Ph) and XIII revealed a small primary 
kinetic isotope (ku/kD = 1.4 at 60”C).2g(b) 

Interpretation of these data must be speculative 
at this point since a number of individual reaction 
steps must occur in eqn (5), and the specific order 
of C-C coupling to generate the p-&Me, ligand 
and C-H, activation leading to elimination of 
CH3R” remains to be established. The latter pre- 
sumably involves a 1,2-alkyl shift forming a l,l- 
W2(CH2R”)2 reactive intermediate prior to C-H,, 
activation. Such a shift is observed in a related 
reaction between 1,2-W2Me2(OBu’),(py), and 
MeCECMe, forming the thermally unstable com- 
pound 1,1-W,Me2(~-C2Me2)(OBuz)~py.2g~b~ The 

22°C 

W,(CH,Bu’),(OPr’), + EtCrCEt + 
hexane 

(6) 

and no intermediates have been detected thus 
far 29(b) 

The molecular structure of the propylidyne com- 
plex is shown in Fig. 3 and reveals that each 
tungsten atom is in a trigonal bipyramidal environ- 
ment. The structure is a derivative of II in which a 
pair of terminal OR ligands, one on each tungsten 
atom, is replaced by a pair of CH,Bu’ ligands. It 
is worth noting here that when 1 equiv of alkyne 
is used in reaction (4), only bis-alkyne compounds 
(XII) or their derivatives (XI) and unreacted 
W,(CH,R”),(OPr’), are isolated. Evidently in the 
reaction between EtCECEt and W2(CH2Bur)2 
(OPr’),, the CZC and W-W bond metathesis 
reaction is faster than any possible C-C coupling 
or C-H activation reactions. 

RELATED REACTIONS INVOLVING C=C 
AND W=W BONDS 

Alkynes are known to add to Cp,M,(CO)., 
compounds to give 1:l alkyne adducts.37(P) No 
alkylidyne formation has been reported but at 
elevated temperatures where CO dissociation 
becomes favored other C-C coupling reactions 
have been documented: M2@-C2R2) + M2(pL- 
C4R4) + M2(/KsRg).37(b) 

Though neither W,(CH,SiMe,), nor 
W,(NMe,), appear to react with alkynes,g at least 
under the conditions employed for the alkoxides, 
the mixed chlorodimethylamide W,Cl,(NMe,), is 
reactive and a number of alkyne adducts supported 
by pyridine ligands have been isolated having 
formula W2Cl,(NMe2),_,(+,RR’)(py2) (x = 2, 3 
or 4; R and R’ are one of H, Me or Ph).3s Phosphine 
adducts have also been isolated for some of the 
above, and the conversion of W2C1,(NMe2),- 

(/-4-C2H2)L2 to W2C13(NMe2)2(~-N(CH2)CH3) 
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Fig. 2. A ball-and-stick drawing of the l,l-W,Me&-CIMe,)(OBu’),(py) molecule. Pertinent bond 
distances (A) and angles (“) averaged where appropriate: W(l)-W(2) = 2.6223(12); C(4)- 
C(5) = 1.412(19); W(2)-C(33) = 2.233(16); W(2)-C(35) = 2.162(16); W-0(23) = 2.05(3); W(2)- 
O(28) = 1.873(11); W(l)-O(termina1) = 1.91(3); W(l)-N(17) = 2.216(12); C-C-C(alkyne) = 133(3); 

W(2)-0(28)-C(29) = 158.7( 11); W( l)-0-C(termina1) = 150(S). 

Fig. 3. A ball-and-stick drawing of the [W(-CEt)(CH,Bu?(OPr’),], molecule. Pertinent bond 
distances (A) and angles (“): W(l)-C(2) = 1.765(7); W(l)-C(5) = 2.105(7); W(l)-O(14) = 1.961(5); 
W(l)-O(14)’ = 2,365(5); W(l)-O(10) = 1.882(5), W(l)-W(1)’ = 3.514(l); W(l)-0(10)-C(l) = 134.6. 

@CHCH,)L, has been studied for L = PMe, and 
PMe,Ph.38’“) No cleavage of the C-C bond has 
yet been noted in these studies. 

CONCLUSIONS 

The reactions between alkynes and Wz(OR)6 
compounds highlight the fascinating chemistry sur- 
rounding the WEW bond supported by alkoxide 
ligands. The latter provide ancillary ligands (spect- 
ator ligands) which can tune the reactivity of the 

WSW moiety in terms of both its electronic 
properties and its steric accessibility. This allows 
one to enter a realm of reactivity not accessible 
from mononuclear chemistry, though some of the 
compounds described here, notably the 
(RO),WZCR’ compounds, can be made from other 
routes.3g Many of the detailed reaction pathways 
at the ditungsten center remain to be established. 
These matters are of continuing interest to us in 
our efforts to unravel the chemistry of triple bonds 
between molybdenum and tungsten atoms sup- 
ported by alkoxide ligands. 
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THE SYNTHESIS AND PROPERTIES OF COMPLEXES 
CONTAINING HETERONUCLEAR QUADRUPLE BONDS 

ROBERT H. MORRIS 
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Abstract-The complexes CrMo(O,CMe),, CrMo(mhp),, MoW(mhp), (mhp = 2-hy- 
droxy-6-methylpyridine anion), MoW(O,CCMe,),, MoWClJPMe,),, MoWCl,(P- 
MePh,), and Clz(PMeJ2MoWC1,(PMePh,), are the only ones known to contain 
heteronuclear quadruple bonds. The synthesis and properties of these complexes are 
reviewed and compared to analogous complexes containing homonuclear quadruple bonds. 
The complexes containing bridged M&W bonds appear to have enhanced stability 
relative to their homonuclear congeners whereas complexes containing bridged Cr*Mo 
bonds or unbridged M&W bonds have properties close to the average of their 
corresponding homonuclears. 

Some of the strongest metal-metal bonds found 
in coordination complexes are the heteronuclear 
quadruple bonds formed between MO and W.lV2 
Cotton’s group reported that the compound 
MoW(mhp), (mhp = 2-hydroxy-6-methylpyridine 
anion) has a higher force constant for its quadruple 
bond and a formally shorter bond than its homo- 
nuclear analogues, Mo2(mhp), and W2(mhp),.‘p2 
Katovic et al. in McCarley’s laboratory synthesized 
the pivalate-bridged dimer MoW(02CCMe3)43V4 
and were surprised to find that it has a shorter bond 
than the corresponding complex Mo,(O,CMe),.’ 
The electronegativity difference between W and 
MO is small (Ax < 0.1) and thus the excess bond 
energy and bond shortening as originally defined 
by Pauling might not have been expected to be as 
large as had been observed in these intriguing 
compounds. 

The two other well-characterized compounds 
known to contain mixed-metal quadruple bonds 
which are spanned by bridging ligands are CrMo 
-(02CCMe3)46*7 and CrMo(mhp),.’ The former 
was the first example of a heteronuclear quadruple 
bond to be reported; the Cr*Mo spacing appeared 
to be at the distance predicted by a sum of quadr- 
uple-bond covalent radii for Cr and Mo.~ However 
other physical properties (Table 1) of 
the hydroxymethylpyridine-bridged dimers were 
not at the average of the properties of the Cr, and 
Mo2 congeners but instead fell closer to the MO, 
values.’ The complexes Cr,(mhp), and Mo2(mhp), 
are examples of complexes containing “supqrshort” 
quadruple bonds.’ 

The recent syntheses of some unbridged com- 
plexes MoWCl,(PR,), by Rudy Luck in my lab8*9 
(PR3 = PMePh,, PMe,Ph or PMe,) and indepen- 
dently by Carlin and McCarley” (PR3 = PMe,) 
have provided valuable information on the proper- 
ties of the first unbridged M&W bonds. The study 
of these complexes should in principle allow the 
evaluation of the contribution of bridging ligands 
to the apparently deviant properties of these hetero- 
nuclear dimers. It should be noted that the crystal- 
structure determinations reported to date for all of 
these heteronuclears have the problem of disorder 
of the two metal atoms M and M’ since the two 
ends of the molecules are so similar; usually a 
site occupancy of 0.5 for each of M and M’ 
is observed.2,4*7 We have recently overcome this 
problem by making the unbridged complex 
Cl,(PMePh,),WMoCl,(PMe,), where the two cen- 
ters are quite different’ (see below). 

SYNTHETIC ROUTES TO 
HETERONUCLEAR QUADRUPLE BONDS 

Compounds containing the strong M&MO 
bond are quite stable relative to their Cr2 and W2 
congeners. Thus synthetic routes to CrMo and 
MOW compounds must either avoid the formation 
of Mo2 or must include a separation step which can 
distinguish between these very similar compounds. 
Successful methods are described in Table 2. No 
preparation for complexes containing a C&W 
bond has been discovered. It should be noted that 
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Table 2. Preparative routes to heteronuclear quadruple bonds 

CrMo MOW 

Add Mo(C0)6 in HOAc-AcOAc-CH,Cl, - 

to excess Cr,(OAc)dH,O), in HOAc- 
AcOAc at 118°C 

(O&CMe& 

CrMo N 30%, some MO, and C~(OAC)~ 
Purification by sublimation’ 

- 16HO,CCMe, + Mo(CO), + 3W(CO)6 
(reflux o-Cl&H,) MOW 70% of product, 
MO, 30% 

Selective oxidation with Iz gives MOW+ 
which is then reduced with Zn3 

(mhp), 4Hmhp + CI(CO)~ + Mo(CO), (reflux 
diglyme-heptane) 

CrMo d l%, equal amounts of Cr, and 
MO*’ 

Or CrMo(OAc), + excess Na(mhp) 
in ethanol13 

4Hmhp + l.SMo(CO), + W(CO), (reflux 
diglyme-heptane) 

MOW > 50%, MO, u 20%, W, N 0% 
Selective oxidation gives MOW + which is 
then reduced with Zn2 

CldPMePh,), - MO@ 
PhPMePhXPMePh,), + 3WCl,(PPh,), in 
C,H, at 22°C 

MOW > 60%, MO, < 5%, W,O%s 

CUPMe& - MoW(O,CCMe& + excess PMe, + excess 
Me$iCl” 

or MoWCIJPMePh,), + excess PMe, in 
C6H6 at 60°C for 3 hg 

only a few complexes are known to contain CrW 
bonds (single in these cases).“*‘* 

The method of choice for the synthesis of bridged 
Cr*Mo bonds is that of Gamer and Senior.6 The 
mechanistic pathway to CrMo(O,CMe)., formation 
is postulated to involve the attack of reactive 
Cr(02CMe)2 on a low oxidation state (0, I or II) 
carbonyl complex of MO to initiate metal-metal 
bond formation. The carbonyl ligands are lost as 
a result of the high temperatures of the reaction 
(> 1OOC). The Cr reagent is present in excess to 
avoid the formation of M&MO compounds. The 
acetate bridges can be replaced by other bridging 
ligands [trifluoroacetate’ and mhp13 (Table 2)] but 
not by chloride ions.’ The reaction with Cl-/HCl 
results in the cleavage of the CrAMo bond.’ 

Complexes containing M&W bonds bridged 
by pivalate or mhp are prepared by reacting a 
mixture of the hexacarbonyls with the acid form of 
the ligands at high temperature (> 1ooOC) as in 
Table 2. Usually a mixture of MO, and MOW 
dimers are obtained. Under the acidic conditions 
of the pivalic acid reaction, W2(02CCMe3)., would 
not be stable,‘4*‘5 and thus it is not found in the 
reaction mixture. Ditungsten complexes are readily 
oxidized as indicated by their negative oxidation 
potentials (Table 1). Because of the similar mo- 

lecular dimensions and structures of the MO, and 
MOW dimers it is not possible to separate the mix- 
tures by crystallization or chromatography. Instead 
the MOW complexes can be selectively oxidized 
with iodine to give [MoW(02CCMe,),]13 or 
MoW(mhp),I,.* This is possible because of the 
more negative potential, E,,,(ox), of the MOW 
complexes [ N -0.2 V (Table l)]. These insoluble 
compounds are then readily separated from the 
corresponding MO, complexes. The oxidized com- 
plexes can then be reduced by Zn to give pure 
samples of MoW(O,CCMe,), or MoW(mhp),. 

Complexes of the type MoWCl,(PR,), which 
contain unbridged M&W bonds can be made 
either by reacting molybdenum(O) complexes con- 
taining @-arylphosphine ligands with tungsten(IV) 
complexes (see below) or by substitution reactions 
on complexes which already contain M&W 
bonds. Examples are listed in Table 2. McCarley 
has unpublished work involving the removal of the 
bridging ligands from MoW(O,CCMe,), by use of 
SiMe,Cl and PMe, to give MoWCl,(PMe,),.” 
Trimethylsilylchloride is a mild and selective reag- 
ent for similar reactions with homonuclear com- 
plexes. 16*17 The M&W distance” (see Table 1) 
and the 31P NMR spectrum**‘0 of MoW- 
C14(PMe3)4 have been reported. Preparative routes 
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Ph 

MO 

Cl ];;A /L’ 
/I L/I 

L’ Cl 

L’ Cl 

b/l ’ 
7 /L 

0-w 

Cl’1 L’ L’k 

Scheme 1. Preparation and substitution reactions of 
MoWCLJPMePh,),. 

to MoWCl,(PMePh,), and its derivatives have 
been developed in the author’s laboratory and are 
discussed in more detail in the next section. 

PREPARATION AND REACTIONS OF 
MoWCl,(PMePh,), 

A particularly direct synthetic route to the green 
complex MoWCl,(PMePh,), and its derivatives 
is outlined in Scheme 1. The preparation of 
MoWClJPMePh,), differs from the other pre- 
parations listed in Table 2 in two respects. 

The first difference is the redox reaction involved. 
In our case molybdenum in the zero oxidation state 
as Mo($-PhPMePh)(PMePh,), (JQ(ox) = 
- 0.44 V)’ is used to reduce the tungsten(IV) com- 
plex WCl,(PPh,),, whereas, in the other methods 
of MLM’ formation, the acidic ligands are involved 
in the oxidation of the zero-valent metal carbonyls. 
Despite its seemingly exotic structure, the complex 
Mo(@-PhPMePh)(PMePh,), is a useful starting 
material as it can be synthesized in one step in 
75% yield from commercially available materials 
(Mo,C1,,-PMePh,-Mg-THF).‘8 

The other main difference is the course of the 
reaction. The preparations of the bridged M&-W 
complexes invariably yield mixtures containing 
significant amounts (220%) of the stable MO, 
complex. These reactions which occur at elevated 
temperatures may be under thermodynamic control 
so that the factors favoring the formation of M& 
W would be the ratio of MO to W employed in the 
preparation and the slightly greater bond strength 
of the heteronuclear. By contrast the formation of 
MoWClJPMePh,), takes place rapidly at 22°C 
in quite a regiospecific reaction, and thus could 
be under kinetic control. The fact that Mo($- 
PhPMePh)(PMePh,), gives a much cleaner re- 
action with WCl,(PPh& than does Mo(N,),- 
(PMePh,),’ suggests that precoordination of the 
@-phosphine phosphorus atom to the W is the 

favoured pathway. Roberts and Geoffroy have 
classified this type of heternuclear bond formation 
as a “bridge-assisted” reaction and have reviewed 
many examples. l2 We have demonstrated elsewhere 
that a variety of $-phosphine complexes of molyb- 
denum(0) can be used as phosphine-like ligands in 
complexes of rhodium(I),lg molybdenum(O)*’ and 
group VI carbonyls. 21 The phosphine ligands in 
WCl,(PPh,), are known to be rapidly substituted 
by a variety of phosphines, and therefore coordina- 
tion of the q6-phosphine complex is quite feasible. 

The use of q6-phosphine complexes of molyb- 
denum(0) for the formation of other heteronuclear 
quadruple bonds may be limited in scope. The 
reaction of WCl,(PPh,)2 with Mo(@-PhPMe,) 
P-Me,Ph), does yield MoWC1,(PMezPh),’ 
but its reaction with Mo($-PhPMePh) 
(PPh,CH,CH,PPh,)(PMePh,) does not give a 
mixed-ligand M&W complex as might be 
expected. In addition, reactions of Mo(@- 
PhPMePh)(PMePh,), with other metal chlorides 
such as NbCL(THF), , [Nb-Cl,(THF),],(,u-N,), 
CrCl, and ReCl, do not yield identifiable products. 

Other heteronuclear dimers can be prepared by 
substitution of the phosphine ligands of complex 
MoWCl,(PMePh,), with smaller phosphine lig- 
ands. Scheme 1 outlines the substitution reactions 
involving PMe,. At 22°C only the phosphines on 
MO are replaced to give blue-green Cl,(PMe,),Mo- 
WCl,(PMePh,), . The selectivity of this reaction 
probably stems from the fact that the MO-P bonds 
are weaker than the W-P bonds. As Scheme 1 
indicates all of the PMePh, ligands are displaced 
by PMe, ligands at 60°C and blue-green Mo- 
WCl,(PMe,), can be isolated although the yield of 
pure material is low (N 10%) because the complex 
partly decomposes during work-up when the free 
PMePh, is distilled away. Substitution of 
MoWClJPMePh,), by excess PPh2CH2CH2PPh2 
also yields heteronuclear products which are curr- 
ently being characterized. Isocyanide ligands on 
the other hand cleave the M&W bond to give 
mononuclear isocyanide complexes; Walton’s 
group has demonstrated the generality of reactions 
involving the cleavage of quadruple bonds by 
isocyanides. 22 Attempts to replace the chloride 
ligands in our complexes by methyl groups have 
not succeeded. 

PROPERTIES OF COMPLEXES 
CONTAINING UNBRIDGED Mo*W 

BONDS 

The complexes which have had their structures 
determined by single-crystal X-ray diffraction are 
MoWC1,(PMePh2),,g Cl,(PMe,),MoWCl,(PMe- 
Ph2)2*,g and MoWCl.+(PMe3)4.g*10 Figure 1 shows 
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n 

Fig. 1. ORTEP view of the complex Cl,(PMe,),Mo- 
WCl,(PMePh,),. 

an ORTEP view of the second complex. All of 
the complexes have similar geometries with two 
pseudo-square-planar MClaPa fragments eclipsed 
with respect to one another and separated by a short 
metal-metal distance of - 2.207( 1) A (Table 3). As 
is usual for MZX4L4 complexes the halide ligands 
are next to phosphine ligands across the metal- 
metal bond to minimize steric interactions. Another 
feature in common with homonuclear MZX4L4 
complexes23 is the bending away from the MLM’ 
bond of the Cl-M-Cl vectors (angle - 133-141”) 
and the P-M-P vectors (angle - 153-158”). No 
intermolecular ligand-metal interactions trans to 
the quadruple bond are possible for these molecules. 

The structure determined for Cl,(PMe,),Mo- 
WCl,(PMePh,), is significant as it is the only 
heteronuclear MLM’ complex which is not disord- 
ered with respect to the placement of the metal 
ions. In this case the two metals are “labelled” with 
different phosphine ligands and so the two ends of 
the molecule are quite different. The metal-ligand 
distances are thus accurately determined in this 
case: d(Mo-P) = 2.532(2), d(W-P) = 2.539(2), 
d(Mo-Cl) = 2.424(2), d(W-Cl) = 2.378(2) A. These 
are similar to values observed for homonuc- 
lear congeners M2C1,(PMe3)4.23 The metal-phos- 
phorus distances are the longest ones known for 
complexes of MO or W with pseudo-trans PMe, 
ligands perhaps indicating a labilization of these 
ligands by the cis-MAM bond. Phosphine ligands 
in these complexes can indeed be substituted as 
indicated in Scheme 1. 

Approximate covalent-radii for unbridged qua- 
druple bonds can be derived from the structures of 
the homonuclear complexes M2C14(PMe& 
(M = MO or W):23 r*Mo) = 1.065& r* 

(W) = 1.131 A. Therefore the observed MO-W dis- 
tances [-2.207(l) A] for our heteronuclear com- 
plexes which are listed in Table 3 are just slightly 
longer than the sum of these radii [2.196(1)A] and 
there is no evidence for extra shortening of the bond 
with respect to bond distances of the homonuclear 
complexes. This contrasts with the structural fea- 
tures of bridged MOW complexes (Table 1). The 
covalent bond radii for bridged quadruple bonds 
with small or no axial interactions range from 0.92 
to - l.OA for Cr,13 1.03-1.05A for MO, and 1.08- 
1.09 A for W (Table l), so that the MO-W distances 
in MoW(O,CCMe,), [2.080(1)A] and MOW 
(mhp), [2.091(1)1(] fall short of the sum of these 
radii (2.1 l-2.14A). Clearly the bridging ligands 
in these complexes must be responsible for the 
unexpectedly large shortening. The reported Cr- 
MO distance in CrMo(O,CMe), of 2.050(l) A is not 
shorter but appears closer to the sum of the covalent 
radii; the reason for this is not clear. 

The 31P NMR spectra of the complexes 
MoWCI,(PR,), are diagnostic of their solution 
structures. Two equivalent phosphine ligands on 
MO couple to two equivalent ligands on W to give 
an overall spectrum consisting of two sets of triplets 
with 3J(31 P-31P) couplings (Table 3). The reson- 
ance for phosphines on W has characteristic satellite 
triplets corresponding to a coupling 1J(31P-‘83W) 
of the MO ia3W isotopomer. A 2J(31P-183W) 
coupling of 43 Hz was resolved for the Mo’~~W 
isotopomer of MoWCl,(PMePh,),.’ 

Some other spectroscopic and electrochemical 
properties of the heteronuclears are listed in Tables 
1 and 3. In general these properties are intermediate 
between those of the corresponding homonuclear 
complexes. The a2 + 66* transitions of the com- 
plexes MoWCl,(PR,), (PR, = PMe, or PMe- 
Ph2)8,g fall between the energies of the MO, and 
W2 congeners” but closer to the W2 values (Tables 
1 and 3). Replacing PMePh, ligands by the more 
basic and smaller PMe, ligands shifts this transi- 
tion to higher energy for the homonuclears 
Mo2C14(PR3)., (Table 1) and the heteronuclear 
series (Table 3). This shift is paralleled by a decrease 
in the energies of both reversible redox couples 
MOW+ c-* MOW [Ei12(ox)] and MOW c* MOW- 
[E,,,(red)], which indicates that the complexes with 
more PMe, ligands are more electron-rich. The 
redox products (MOW+ and MOW-) which should 
have the electron configurations 02rr46 and 
cr2rr4d26*, respectively, have not yet been isolated. 
The E,,,(ox) value for MoWCl,(PMe,), falls 
between the values for related homonuclears with 
PBu, ligands (Table 1).24 

The ionization energy of the &electrons of 



T
ab

le
 3

. 
P

ro
pe

rt
ie

s 
of

 c
om

pl
ex

es
 c

on
ta

in
in

g 
u

n
br

id
ge

d 
M

o4
W

 
bo

n
ds

 

P
ro

pe
rt

y 
M

oW
C

l,(
P

M
eP

h
,)

,’ 
(P

M
e,

),
C

l,M
oW

C
1,

(P
M

eP
h

z)
z8

*9
 

M
oW

C
l,(

P
M

e,
),

9 
W

,C
l,(

P
M

e,
)4

23
 

M
o2

C
l,(

P
M

e,
),

23
 

A
(z

(s
2 -‘*

 6
6*

) 
(n

m
) 

65
0 

64
3 

63
5 

65
7 

58
2 

E
,,,

(o
x)

 
(V

 v
s 

S
C

E
, 

in
 T

H
F

) 
0.

47
 

0.
43

 
0.

42
 

E
,,,

(r
ed

) 
(V

 v
s 

S
C

E
, 

in
 T

H
F

) 
- 

1.
72

 
- 

1.
73

 
- 

1.
86

 
.?

 
1J

(3
1P

--
‘8

3W
) 

(H
z)

 
26

6 
27

3 
27

1 
23

62
4 

3:
 

3J
(3

1P
-3

1P
) 

(H
z)

 
23

.5
 

24
.4

 
25

.6
 

28
24

 

r(
M

oW
) 

(A
) 

2.
20

8(
4)

 (
av

.)
 

2.
20

7(
 1

) 
2.

20
9(

 1
) 

2.
26

2(
 1

)“
 

2.
13

0(
o)

* 
8 

r(
M

oP
) 

(A
) 

2.
58

(2
) 

(a
v.

) 
2.

53
2(

2)
 

2.
52

9(
2)

 
2.

54
5(

l)
 (

av
.)

 
g 

r(
W

P
) 

(A
) 

2.
58

(2
) 

(a
v.

) 
2.

53
9(

2)
 

2.
52

2(
2)

 
2.

50
7(

2)
 (

av
.)

 
;3

 

r(
M

oC
f)

 (
A

) 
2.

38
(2

) 
(a

v.
) 

2.
42

4(
2)

 
2.

40
6(

2)
 

2.
41

4(
l)

 
(a

v.
) 

r(
W

C
l)

 (
A

) 
2.

38
(2

) 
(a

v.
) 

2.
37

8(
2)

 
2.

39
5(

2)
 

2.
39

2(
3)

 (
av

.)
 

“r
(W

w
).

 
*r

(M
oM

o)
. 



Complexes ~ntain~ng heteronucl~r quadruple bonds 799 

MoWCl~~PMe~)~ has been determined by photo- 
electron spectroscopy to be 6.11 eV_” This value is 
approximately the average of the homonuclear 
energies (Table 1). Similarly the 7~ and u ionization 
energies at 7.35 and 7.67eV, respectively, are close 
to the averages of energies assigned to the Moz 
and WZ congeners, 25 These data were useful in 
demonstrating that the 0 and z ionization energies 
tend to overlap for Moz quadruply bonded com- 
pounds25*26 and were useful in explaining dis- 
crepancies in earlier assignments of the a(MAM) 
ionization peaks of Mo,*~-~~ and W228-30 PES 
spectra. The stretching frequency v(MoW) has not 
been located* so that a comparison of bond force 
constant with those of the homonuc~ears (Table 1) 
is not possible, 

A COMPARISON OF PROPERTIES AND 
REACTIONS OF COMPLEXES 

CONTAINING HETERONUCLEAR vs 
HO~O~~LEAR QUADRUPLE BONDS 

The question of interest is whether the M&M’ 
fragment h~enhanc~ stability above that expected 
from the average of the properties of the homo- 
nuclear congeners MAM and M’AM’. 

The evidence is sketchy for CrMo complexes 
since only two complexes are known and both 
contain bridging figands (Table 1). However it 
appears that the heteronuclear bond strength is 
close to the average of those of the homonuclears 
in this case. A thermochemical study has allowed 
the estimation of the quadruple bond dissociation 
energy for the complexes Cr,(O&Me),, 
CrMofO,CMe), and Mo,(02CMe),.31 The energy 
for C&-MO (249 kf mol- ‘) was found to be slightly 
less than the average of the energies of the homo- 
m&ears. Note however that these estimates may 
be consistently 10~~~ since spectral33 and comput- 
ationa13” determinations give values in the range 
500-700 kJ mol-” for M&No compounds. The 
Cr-Mo distance in CrMo(O,CMe), is at or above 
the sum of the covalent radii derived from the 
homonuclear species as discussed above. The force 
constants for the mhp complexes listed in Table 1 
were based on preiimina~ assignments of complex 
vibrational spectra. 1,35 A more extensive low-tem- 
perature electronic absorption and emission study 
of Cr,(hmp), indicated that the ground-state vibr- 
ation v(CrACr) is 340cm- ’ 36 so that the force 
constant is much lower than had been initially 
thought (1.77 vs 4.73mdyneA-I). Thus the deter- 
mination of the C&-MO force constant may also 
need more work. The 6 ionization energies for both 
CrMo(0,CMe)437 and CrMo-(mhp),’ are closer 
to those of the analogous MO, compounds (Table 1). 

The homonuclears Cr, and Moz are the greatly 
favored products when mixtures of the metal car- 
bonyls are refluxed with the ligands in attempts to 
synthesize the mixed-metal compounds (see 
Table 2); however it is not known whether this is a 
kinetic or a the~~yn~i~ effect. The CrAMo 
bond of CrM~02CMe)4 is disrupted when treated 
with aqueous HCl whereas the M&MO bond of 
Mo,(02CMe), remains intact when it is converted 
to MO&I;- in a similar reaction.’ However this 
CrMo complex can be converted to CrM~mhp~4 
(Table 2) under basic conditions.’ 3 Thus there is no 
evidence for enhanced stability of the Cr*Mo 
bond. 

The available data for complexes containing 
bridged M&W bonds suggest that such bonds 
do have enhanced stability. The bonds are shorter 
than the sum of the covalent radii of the metals 
as discussed above. The M&W force constant of 
MoW(mhp), is actually higher than those of both 
homonuclears (Table 1)’ although the validity of 
force constants of bonds with bridging groups is 
questionable. Certainly the mixed-metal products 
MoW(mhp), and MoW(02CCMe~)~ do predom- 
inate when the metal carbonyls are heated with the 
acid forms of their respective ligands (Table 2). The 
MOW fragment usually does remain intact during 
reactions. The reaction of HCl with the pivalate 
complex yields the anion MoWCl~H3- which con- 
tains a formal triple bond.4*3* The pivalate ligands 
of MoW(O,CCMe,), can be replaced by phosphine 
and chloride ligands by use of trimethylsilylchlor- 
ide in the presence of excess phosphine ligands 
(Table 2). It has been reported that in the presence 
of Me,SiCl and reduced amounts of PMe,, the 
tetramer Mo2W2Cl~(PMe3~4 forms by a reaction 
that can be viewed as the cycloaddition reaction of 
the two M&W units.” A similar ~ycloaddition 
of M&MO units to produce the rectangular cluster 
Mo,Cl,(PEt,), has been reported.3Q The details of 
the structure of this complex are yet to be published. 
Such a complex could also be pictured as an 
inte~ediate in the ~unknown~ metathesis reaction 
of M&W bonds to M&MO- and W&W-bonded 
species. The metathesis of the M&MO and 
WLW bonds in M2(~*-C~H~~2(~O)~ to give the 
heteronuclear MoW(~~-C~H~)~(CO~~ has been 
reported.40 

The complexes MoWCl,(PR,), containing un- 
bridged M&W bonds appear to have properties at 
the average of those of the homonuciear complexes. 
The bond lengths are close to the sum of the 
covalent radii derived from the homonuclear spec- 
ies. The properties listed in Tables 1 and 3 fall close 
to the average and slightly nearer to the properties 
of the W2 complexes. The M&W bond remains 
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intact in substitution reactions with PMe, and 
PPh2CH,CH,PPh2 but fragments with isocyanide 
ligands. **’ When heated the complexes do not 
metathesize to homonuclear species.* 

CONCLUSIONS 
The limited data available to date indicate that 

the Cr*Mo bond bridged by acetate or mhp 
does not have extra stabilization with respect to 
homonuclear congeners and its energy is near or 
slightly less than the average of the Cr, and MO, 
bond energies. The enhanced stability noted for the 
bridged M&W complexes may be due to the 
favorable geometry of the sterically unhindered 
bridging ligands that allows the metal-metal bond 
to achieve optimum overlap. The small amount of 
information available on the unbridged M&W 
complexes of the type MoWCl,(PR3), suggests that 
this heteronuclear bond has properties which are 
close to the average of the homonuclear properties. 
More experiments and calculations are needed 
to verify these interesting observations. Further 
research into the synthesis of new complexes con- 
taining heteronuclear bonds, both bridged and 
unbridged, could involve pairwise combinations of 
Tc, Re, MO, W, Nb and Ta where high quadruple- 
bond energies are expected. 
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In the three decades following the discovery of ferrocene,’ organometallic chemistry was investigated 
extensively and became a major field of chemical research. During this period, research efforts were 
focused primarily on the transition metals and the organometallic chemistry of the lanthanide 
elements received comparatively little attention. This situation is understandable when one considers 
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how the chemistry of the lanthanides was viewed during the time in which organometallic chemistry 
was being developed. 

The early studies on organolanthanide complexes suggested that their chemistry was limited. For 
example, the first well-documented reports in this area, which concerned the simple cyclopentadienyl 
complexes (C,H,),Ln,2 showed that these compounds were rather ionic and suggested that 
organolanthanide complexes would merely be trivalent versions of alkali and alkaline earth metal 
organometallic species. 

In general, all of the lanthanide elements traditionally were thought to have a very similar 
chemistry, in contrast to the diverse chemistry observed for a row of transition elements. 
Furthermore, most lanthanide chemistry centered on a single oxidation state, the trivalent state. 
Of the few lanthanide elements which had readily accessible non-trivalent oxidation states, Ce4+, 
Sm*+, Eu*+ and Yb*+, none had both the +4 and the +2 oxidation state readily available on 
the same metal. Hence, the diversity of oxidation states found with transition metals was not 
present in the lanthanide series and the two-electron processes common in transition-metal 
chemistry, such as oxidative addition and reductive elimination, were not possible at a single 
lanthanide metal center. In addition, many reagents of interest to organometallic chemists, e.g. CO, 
unsaturated hydrocarbons, hydrogen, phosphines, isocyanides, nitrogen etc., were not thought to 
have a substantial chemistry with these ionic metal complexes. Finally, many reaction pathways 
important in organometallic synthesis and catalysis were not thought to be available to these 
elements. All of these factors suggested that lanthanide chemistry would not be as interesting as 
transition-metal chemistry. 

In addition to the problem of an anticipated limited chemistry, the organolanthanide complexes 
were experimentally more difficult than many transition-metal systems. Almost all organo- 
lanthanides are extremely air- and moisture-sensitive and even the metal trihalide starting materials 
are hydrolytically unstable. Purification and isolation of organolanthanide compounds is difficult 
because the complexes decompose on chromatographic supports, generally cannot be sublimed in 
high yield, and frequently undergo ionic redistribution reactions giving mixtures during crystalliz- 
ation attempts. Moreover, the paramagnetism of many of the metals precluded characterization 
by NMR spectroscopy, the organometallic chemist’s most common method of analysis. 

Despite the limitations and difficulties described above, it was realized that the lanthanides had 
the potential for some unique chemistry distinct from anything possible with main-group or 
transition metals.3 The basis for this contention was that the lanthanide elements have a special 
combination of physical properties, including size, type of valence orbital, ionization potential, 
electron affinity etc., which is not duplicated anywhere else in the periodic table. Hence, a lanthanide 
element, if placed in the proper oxidation state and coordination environment, could display an 
unusual chemistry. 

In the past few years, the status of organolanthanide chemistry has changed dramatically. The 
goal of demonstrating a unique organometallic chemistry with these metals has been realized in 
terms of unusual compounds, unprecedented structures, and spectacular reactivity.” Increasing 
numbers of investigators are turning their attention to 4f-element chemistry and it is currently one 
of the most rapidly developing areas of organometallic chemistry. 

The most extensively developed area of organolanthanide chemistry has involved trivalent 
complexes and a substantial body of experimental data is now available. Principles regarding 
structure and reactivity are emerging for trivalent species as outlined in a recent review’ and in 
Section II. 

This Report focuses on the organometallic chemistry of the lanthanides in oxidation states less 
than + 3. This area is at that exciting stage of development in which many unusual structures and 
reactions have been observed, but the general principles governing this chemistry have yet to be 
determined. The field is in that frontier stage of exploration in which each new piece of data has 
the potential of providing key insights into general principles. 

Low oxidation state organolanthanide chemistry is described in parts of other reviews of 
organolanthanide chemistry, 4*5*7-10 but only one of these concentrates solely on this topic.’ In that 
review, the emphasis was on applications of divalent ytterbium and samarium chemistry to organic 
synthesis. This review will concentrate on the synthesis and reactivity of divalent and zero-valent 
organometallic systems and will start with a background section describing basic principles of the 
chemistry of these elements and their trivalent complexes. 
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11.1. Properties of the elements 

The main factor which distinguishes the lanthanide elements from other metallic elements is that 
their valence orbitals are the 4f orbitals. The main factor which differentiates the 4f orbitals from 
valence orbitals of other metallic elements is their relatively limited radial extension. Calculations 
on lanthanide ions, which have [Xe]4f” electron configurations, suggest that the 4f orbitals do not 
extend significantly beyond the filled 5s25p6 orbitals of the xenon inert gas core.” Consequently, 
a trivalent lanthanide ion looks like a closed-shell inert-gas electron cloud with a tripositive charge, 
a situation which has a major effect on the chemical and physical properties of these metals and 
their complexes. 

One effect of the small radial extension of the lanthanides’ valence orbitals is that the metals’ 
orbital interactions with ligands are smaller than those in transition-metal complexes. This is the 
traditional explanation of why the chemistry tends to be much more ionic.” Electrostatic factors 
appear to be more important in determining the stability, structure and chemistry of lanthanide 
complexes than orbital generalizations. Consistent with this, the physical properties arising from a 
given 4f” configuration for a lanthanide ion, e.g. the optical spectrum and the magnetic moment, 
are relatively similar regardless of the nature of the attached ligand.‘*-I3 

Another consequence of the limited radial extension of the 4f orbitals is that the chemistry of 
the trivalent lanthanide ions can be similar in many systems regardless of the 4f” configuration.‘* 
Hence, a single symbol, Ln, often has been used in the past to describe the chemistry of all the 
elements in the series. For example, one similarity in the chemistry of the lanthanide metals is that 
for each element the +3 oxidation state is the most stable. Another example is the similarity in 
structure and reactivity of the (C,H,),Ln(thf) complexes29’5*16 (except for the single radioactive 
system, Ln = Pm). This contrasts sharply with the large variation in structure and stability of 
transition-metal (C5H5)*M complexes as M is varied across a row of the periodic table.” 

Some differences in the chemistry of the individual lanthanides are observed due to the variations 
in the radial size of the metals. Radial size diminishes gradually from La3 + (1.061 A) to Lu3 + 
(0.848 A) as the series is crossed. ls The other basis for differences in chemistry between the metals 
arises with the four elements for which non-trivalent oxidation states are accessible under normal 
reaction conditions: Ce4+ (4f”), Eu*+ (4f’), Yb*+ (4f14), and Sm *+ (4f6). Differences in trivalent 
chemistry arise for these elements primarily under strongly oxidizing or reducing conditions. 
Differences in lower oxidation state chemistry will be discussed in Section III. 

Two other important general features of the lanthanide metals are their size and electronegativity. 
Compared to transition metals the lanthanides are quite large. High coordination numbers of 
8-12 are common in lanthanide complexes. ‘* The lanthanides are also rather electropositive 
compared to transition metals” and are quite oxophilic. 

11.2. Stability principles for trivalent species 

Given these physical properties, two generalizations on organolanthanide stability traditionally 
have been followed in order to obtain isolable organolanthanide complexes. First, electrostatic 
interactions must be optimized by using stable organic anions to balance the charge of the metal 
cation. Second, additional stability often can be gained by choosing large, bulky anions which can 
completely occupy the coordination sphere of the metal and sterically block decomposition 
pathways. The polyhapto anions CSH; and CsHg- meet both of these requirements and, not 
coincidentally, they are the most prevalent ligands in organolanthanide chemistry. The reason the 
smaller metals later in the lanthanide series, Lu, Yb and Er, have been investigated most extensively 
is that their small size makes steric saturation of the metal coordination sphere less difficult and 
hence provides more tractable complexes. 

Since the electrostatic charge balance requirement for stability must always be met in organo- 
lanthanide complexes, the determining factor in stability/reactivity is often steric. Recent results in 
trivalent organolanthanide chemistry suggest emerging patterns of structure and reactivity which 
depend on the relative sizes of the ligands vs the metals.5 Quantitative assessment of this steric 
saturation is also under development.20 
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Several basic generalizations appear to apply to trivalent organolanthanides based on the data 
current1.y available.’ High reactivity and limited stability are associated with free coordination sites, 
i.e. steric unsaturation, and with terminal, as opposed to bridging, ligands. High reactivity/limited 
stability can be caused by insufficient ligand bulk around the metal (steric unsaturation) or by 
excessive ligand bulk (steric oversaturation) when it leads to structures with open coordination 
positions and terminal ligands. Examples of these ideas follow. Since trivalent Y displays chemistry 
much like that of the late lanthanide ions of similar size [Ho(III) and Er(III)],21-24 examples from 
Y chemistry will also be included. 

The importance of terminal ligands and open coordination positions to organolanthanide 
reactivity can be readily seen from hydrogenolysis studies [reactions (l)-(4)]. For example, the 
bridged species [(C,H,),Ln(p-CH,)], (Ln = Y, Er, Yb or Lu) react slowly with H2 in arene solvents 
in which they are fully bridged [reaction (1)]:23,25 

FH3\ to1ucne 

(C5H5)2Ln Ln(C,H,), + H2 --i very slow. 

\CH,’ 

(1) 

In contrast, the tert-butyl complexes, (C5H5)2Ln(CMe3) (thf), which do not form bridged dimers, 
react rapidly with hydrogen in toluene to form the hydride dimers [(C,H,),Ln(yH) (thf)], [reaction 

m.22 

tohtenc 

2(C5H5)2Ln(CMe3Hthf) + 2H2 r;i:id C(C5H5)2Ln(~-H)(thf)]2 + 2HCMe3. (2) 

This demonstrates the higher reactivity available to terminal ligands.23 
In thf however, the tert-butyl complexes (C5H5),Ln(CMe3) (thf) are unreactive to hydrogen 

[reaction (3)]:26 

Ihf 

(C,H,),Ln(CMe,)(thf) + H2 + no reaction. (3) 

The difference in reactivity in toluene vs thf presumably arises because in toluene some dissociation 
of thf occurs to give a free coordination position, whereas in thf the metal center is constantly 
solvated. Hence, even with the small reagent hydrogen and the large lanthanide metals, an open 
coordination position is needed for high reactivity. 

These steric effects are subtle, however. 26 For example, hydrogenolysis in thf is possible when 
the alkyl group is methyl rather than tert-butyl [reaction(4)]: 

thf 

2(C5H5)2Ln(CH3)(thf) + 2H2 + [(C,H,),Ln(~-H)(thf)12 + 2CH4. (4) 

Hence, (C,H,),Ln(CH,) (thf) reacts readily with Hz in thf when Ln = Y or Er. Based on crystal 
structures of (C,H,),Lu(CMe,) (thf)27 and (C5H5)2Yb(CH3) (thf),26 one can estimate that the main 
difference between a methyl and a tert-butyl (C5H5),LnR(thf) complex for a given Ln is that the 
tert-butyl complex has a Ln-C bond approximately 0.1 A longer than the Ln-C bond in the 
methyl complex. The longer distance presumably occurs because the tert-butyl complex is sterically 
too crowded to form a shorter “normal” Ln-C bond. 26*28 Since the shorter Ln-C methyl bond 
is the Ln-C unit which is more reactive to hydrogen, the difference in reactivity appears to be 
steric. 

Although hydrogenolysis of (C,H,),Ln(CH,) (thf) is facile in thf for Ln = Er and Y, for Ln = Yb 
and Lu the reactivity is very low. 26 This presumably occurs because of the increased steric crowding 
in the coordination environment around these smaller metals. Hence, a change in metallic radius 
of just 0.03 A can significantly affect reactivity. 

Steric factors can affect structure as well as reactivity, a fact which is well illustrated by the many 
examples of dicyclopentadienyl lanthanide halide complexes characterized by X-ray diffraction. 
These complexes exist as symmetrically bridged dimers, [(C5H4R)2Ln(&l)]2, when Ln is one of 
the smaller metals Sm-Lu and Y, and when the cyclopentadienyl ligand is C5H5 or 
CH&5H4.29-31 Such complexes are generally considered sterically saturated. For the larger 
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lanthanides earlier in the series, La, Ce, Pr and Nd, [(C,H,),Ln@Cl)]* complexes are reported to 
be unstable with respect to ligand redistribution to the sterically more saturated (C,H,),Ln 
species.g*30 These early lanthanide [(C5H5)2Ln(p-C1)]2 complexes are sterically unsaturated and 
therefore less stable. To obtain an isolable bis(cyclopentadieny1) lanthanide halide complex of a 
large early lanthanide metal, the steric bulk of the ligand set must be increased. This can be done 
with a substituted cyclopentadienyl ligand, as demonstrated in the structure 

(C(Me,Si)zCSH312Pr(~-C1))2,32 or by adding an “extra” ligand to the coordination sphere, as found 
in [(C,H5)zNd(thf)(@1)]12.33 

When sterically bulky ligands such as &Me, are used with the small metals late in the series, 
complexes such as [(C,Me,),Ln@Cl)], are too sterically crowded to form. These sterically 
oversaturated systems distort from a symmetrical structure to accommodate the ligand-metal size 
imbalance. For Ln = Y, a monobridged structure, [(C5Me,)2Y(~-Cl)YCl(C,Me,),], is observed.34 
For the methyl and hydride Lu derivatives [(C,Me&LuZ], (Z = H or CH,; n = 1 or 2), an 
equilibrium is reported to exist between a monobridged structure, (C,Me,),Lu(p-Z)LuZ(C,Me,), 
and the monomer (C5Me,)zLuZ.6*35 

The three classes of organolanthanide complexes, i.e. sterically saturated, sterically unsaturated, 
and sterically oversaturated compounds, display different types of reactivity due to the differences 
in terminal vs bridging groups and the relative availability of open coordination positions. This 
point is illustrated well by the metalation reactivity of organolanthanide hydrides with ethers, 
hydrocarbons and pyridine. The sterically saturated hydrides [(C5H4R)Ln(p-H)(thf)], (R = H or 
CH,; Ln = Er, Y or Lu) are stable to ethers, metalate only rather acidic hydrocarbons such as 
terminal alkynes, and do 1,2-LnH addition rather than metalation when reacted with pyridine.23 
In contrast, the sterically oversaturated [(C,Me5)2LuH], complex decomposes ethers, metalates 
pyridine to form a (C,Me5)2Lu(q2-NC5H4) complex, and is such a powerful metalation reagent 
that not only benzene and Me,% are metalated, but even CH4. 36*37 The sterically unsaturated 

CGMe5MmW312 38 has intermediate reactivity-it decomposes ether and metalates pyridine, 
but metalates arenes only s10wly.~’ 

Given that all of this reactivity involves the same, nominally ionic, Ln-H bond, it is clear that 
steric factors influence trivalent organolanthanide chemistry to a great extent. Obviously, the 
thermodynamic differences in bond strengths and the differences in the charge: radius ratio from 
one metal to another will also affect the chemistry. However, in many cases these factors are likely 
to be sufficiently similar that it is the steric parameters which will govern the observed variations 
in reactivity. 

III. DIVALENT ORGANOLANTHANIDE CHEMISTRY 

Divalent organolanthanide complexes are the most fully characterized and investigated of the 
available low oxidation state lanthanide organometallics. Consequently, this is the first class of 
low-valent species which will be presented in detail. This section is organized into three parts: a 
brief description of divalent-metal properties, a discussion of synthesis and structure organized 
according to ligand, and a discussion of reactivity. 

III. 1. Background 

Although divalent lanthanide ions for almost all of the elements in the series have been generated 
by irradiating trivalent ions doped into CaF2,4042 only three elements have divalent states which 
are chemically accessible in organometallic systems under normal conditions: Eu, Yb and Sm. It 
is only for these elements that X-ray crystallographic structures of divalent organolanthanide 
complexes are available. A report of a Ce(II) complex formed by K reduction is in the literature,43*44 
but this result remains to be structurally confirmed. 

The aqueous reduction potentials for the Ln ‘+-Ln*+ couple are reported to be -0.35 V for Eu, 
- 1.1 V for Yb and - 1.5 V for Sm (vs NHE)45*46 indicating that Eu*+ should be the most stable 
and Sm*+ the most reactive in terms of reducing power. As described in Section II, complexes of 
the smaller Yb*+ ion could be the most stable in terms of steric saturation of the metal coordination 
sphere and Sm* + could be the most reactive in this regard. 

Sm(I1) is most desirable not only in terms of high reactivity, but also when NMR characterization 
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is considered. Sm provides the only Ln(II)-Ln(II1) system in which both oxidation states have 
complexes which are NMR-accessible. 47 Despite room-temperature magnetic moments of 3.4- 
3.8 pe for Sm(I1) and 1.3-1.9 pe for Sm(III), ‘H NMR resonances are reasonably sharp’and are 
found within f 1Oppm of the normal 0-lo-ppm region where diamagnetic resonances are located. 
This is not true for Eu(II), Eu(II1) or Yb(III), which have room temperature magnetic moments in 
the ranges 7.4-8.0, 3.4-4.2 and 4.2-4.9 pB, respectively. 4**4g Of course, diamagnetic Yb(I1) provides 
NMR-observable complexes. 

Divalent organolanthanide complexes differ in appearance from trivalent species in that their 
colors are more intense and these colors vary as the ligand set is changed. For trivalent species, 
the colors arise from Laporte-forbidden 4f --, 4f transitions. 12*13 Due to the limited radial extension 
of the 4f orbitals, crystal field splitting is very small and hence the colors vary little as the ligand 
set is changed. Another consequence of the limited radial extension is that little vibronic coupling 
occurs to relax the Laporte-forbidden nature of the transitions. Hence, the colors of the complexes 
are pale. In contrast, the colors of the divalent lanthanide ions are attributed to Laporte-allowed 
4f + 5d transitions. 14*40 The energies of these transitions change as the ligand set varies. The 
variation in color with ligand environment is greatest with Sm(I1) and Yb(I1). Organometallic 
Sm(I1) compounds can be green or purple and Yb(I1) species can be yellow, red, blue, green or 
purple. Eu(I1) organometallics, on the other hand, are almost always yellow, orange or red. 

111.2. Synthesis and strucwe 

111.2(a) Cyclooctatetraenyl complexes. The first divalent organolanthanide complexes were 
prepared by taking advantage of the fact that Eu and Yb dissolve in liquid ammonia to form highly 
reducing solutions of [Ln(NH,)z+] [e-(NH,),],. So The cyclooctatetraenyl species, EuCsHs and 
YbCsHs, were obtained by adding 1,3,5,7-cyclooctatetraene to solutions of Eu and Yb in liquid 
ammonia [reaction (5)]: 

NH# 

Ln + 1,3,5,7-CsHs + LnCsHs. (5) 

The compounds precipitate from the ammonia solution and are insoluble in hydrocarbons and 
ethers. Soluble adducts are formed in pyridine and dimethylformamide, but have never been fully 
characterized. CsHsYb can also be prepared by metal vapor methods from zero-valent Yb and 
1,3,5,7-CsH,. ” Reduction of [K(glyme)] [Ce(CsHs),] in glyme with excess K is reported to form 
[K(glyme)]z[Ce(C,Hs),], the only organocerium(I1) complex in the literature.43 Neither structural 
characterization nor reaction chemistry have been reported for any of the divalent cyclooctatetraenyl 
species. 

111.2(b) Complexes containing unsubstituted cyclopentadienyl ligands. Divalent cyclopentadienyl 
complexes were also originally obtained from liquid-ammonia reactions. For Eu, an NH3 solvate 
is initially formed [reaction (6)]: 

NH# 

Eu + 3&H, -, (GHMu(NH,) + C,H, (6) 

which can be desolvated by heating to 120-200°C in uacuo. l5 This complex is not soluble in 
hydrocarbons and common ethers, but dissolves in liquid ammonia and dimethylformamide. 

For Yb, which has a less stable divalent oxidation state, the reaction analogous to 6 is more 
complex. The trivalent complex (C,H,),Yb(NH,) is obtained in the reaction despite the reducing 
conditions and sublimation gives trivalent products as well as (C5HS)zYb.‘5*52*53 This exemplifies 
in part the general trend in divalent lanthanide chemistry that Eu(I1) complexes are least difficult 
to obtain in pure form, Yb(I1) chemistry is more complex, and Sm(I1) chemistry is the most difficult. 

A variety of ammonia-free synthetic routes to (&H&Yb are known. One type of reaction 
involves reduction of [(C5Hs)2YbC1]2 with Na,53 Ybs3 or tert-butyllithium26*27 [reactions (7)-(9) 
the (CSHS)2Yb product in these and the following reactions is generally isolated as an ether adduct]: 

[(CSH,)2YbC1]2 + 2Na + 2(CSHS)2Yb + 2NaC1, (7) 
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3[(CSH,),YbC1]2 + 2Yb + 6(C5H,),Yb + 2YbC&, (8) 

[(C5H5)2YbC1]2 + 2LiCMe, + 2(C5H,)zYb + HCMe3 + H2C=CMe2 + 2LiCl. (9) 

Reduction of (C,H&Yb with Na53 or Yb s4.55 also gives (&H&Yb [reactions (10) and (ll)]: 

(CSH,)3Yb + Na + (C5H&Yb + NaC,H,, (10) 

2(C,H,),Yb + Yb + 3(C5H&Yb. (11) 

(C,H,),Yb(thf) can be obtained by decomposition of [(C,H,),Yb@-H)(thf)], and ([(CSH& 
Yb@-H)],@,-H)}{Li(thf),} although this is not a preparatively desirable synthesis.26 

Recently, syntheses have been reported which start from Yb metal, which is a more convenient 
starting material than the YbCl, reagent needed for reactions (7)-(11). For example, (CsH&Yb 
can be prepared from the reaction of C5H5Tl with excess Yb metal,‘* a reaction which is reported 
to have (C5H,)3Yb as an intermediate [reaction (12)]: 

6C5H5T1 + 3Yb -, 6T1+ 2(C5H5)3Yb + Yb -, 3(C5H5)*Yb + 6Tl. (12) 

Yb metal, which has been activated with HgC12 to form an amalgam, is also reported to be 
successful [reaction (13)]? 

(C5H5)*Hg + Yb + Hg + (CSH5)2Yb. (13) 

YbI,(thf), prepared from Yb metal and ICH2CH21 in thf also can be used as a precursor to 
(C,H,),Yb [reaction (14)]? 

Yb12 + 2C,H5Na + (&H,),Yb + 2NaI. (14) 

The acid-base reaction of cyclopentadiene with (C,F,)*Yb and (C,F,),Eu, both obtainable from 
the elemental metal [see Section 111.2(g)], have also been used to form (&H,),Yb 
(MeOCH2CH20Me) and (C,H,),Eu(thf).” 

(C,H5),Sm(thf) was first prepared from (&H,),Sm by reduction with KC,,H, [cf. reaction 
(10)].” A more recent synthesis employs the divalent precursor SmI,(thf),, in a reaction analogous 
to reaction (14). 56 A reported synthesis ” of (C,H,),Sm(thf), from Hg(C,H,), and Sm according 
to reaction (13) has been subsequently shown to give only (C5Hs)3Sm(thf).60 Unfortunately, since 
(C,H,),Sm(thf) is insoluble in common solvents, the chemistry of this organometallic complex of 
the most reactive divalent lanthanide metal was not explored. A subsequent study of the 
(C,H,),Sm-K system in the presence of benzophenone indicates that extraction of the insoluble 
product with dimethoxyethane (dme) gives a soluble material characterized by elemental analysis 
as divalent KSm(C5H5)3.60 

Recently, a bis(cyclopentadieny1) Yb complex was characterized by X-ray diffraction as a dme 
adduct, (C5HJ2Yb(MeOCH2CH20Me). 61 The structure (Fig. 1) is typical of a bent metallocene 
with two additional ligands. A summary of structural data on all of the crystallographically 
characterized divalent organolanthanide complexes discussed in this review is presented in Table 
1. 

111.2(c) Complexes containing monosubstituted cyclopentadienyl ligands. Although the first divalent 
organolanthanide complexes were prepared in 1965,” no structural data on any low-valent 
organolanthanides were reported until 1980. The first X-ray structure determination of a divalent 
organolanthanide complex involved the methyl-substituted derivative (CH3C5H4)2Yb(thf).25 This 
complex can be synthesized by alkali metal reduction of [(CH3C5H4)2YbC1]2 [cf. reaction (711, by 
transmetalation with T1C5H4CH3’* [cf. reaction (12)], by reaction of CH3C5H, with 
Y~J(C=CC,H,),~’ and by thermolysis, photolysis or hydrogenolysis of [(CH3C5H4),YbCH3], 
[(15)-(17)-J? 
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The organometallic chemistry of the lanthanide elements 811 

Fig. 1. Structure of (C,H&Yb(CH,OCH,CH,OCH,). White circles are carbon atoms. 

1OlUCllC 

CW%C,H,),YbCH,12 + 2H2 5;c 2CWWdU~HI + WJ-bGH&Yb. (17) 

These latter three reactions are significant in divalent organolanthanide chemistry in that they 
demonstrate that access to the reactive Yb(I1) oxidation state is possible without using strongly 
reducing conditions (e.g. alkali metal present). These reactions may provide the basis for interesting 
catalytic cycles involving the Yb(III)-Yb(I1) couple. 

The actual crystals used in the X-ray study of (CHJC,H,)2Yb(thf)25 were prepared in an attempt 
to derivatize an Yb-3-hexyne cocondensation product62 [reaction (18) (see Section IV)]: 

lhf 

YbC6Hlo + 2CH3CSHS + (CH,C,H,),Yb(thf). (18) 

As shown in Fig. 2, (CH,C,H,),Yb(thf) is polymeric in the solid state forming a chain structure 
in which the monomeric (,u-CHfCSH4) (CH&H,)Yb(thf) units are linked by bridging methylcyclo- 
pentadienyl groups. 25 Apparently, a monomeric (CH3C5HJ2Yb(thf) unit is sterically unsaturated 
and polymerizes to increase steric saturation in the solid state. Isopiestic molecular-weight studies 
indicate that in thf, (CHJC5HJzYb(thf) also increases its coordination number and exists as a 
disolvate in solution. 

The trimethylsilyl-substituted cyclopentadienyl complex (Me,SiC,H,),Yb(thf), was prepared 
from [(MeJSiC,H,)2YbC1]2 according to reaction (7) using Na(Hg) as the reductant in thf.63 The 
thf of solvation can be displaced by Me2NCH2CH2NMe2 (tmeda) to form (Me3SiC5HJ2Yb (tmeda) 
and the solvent-free (Me3SiC5H4)2Yb can be obtained by sublimation at 308°C. In contrast to the 
polymeric nature of (CH3C5HJ2Yb(thf), (Me3SiC5H4)2Yb(thf)2 crystallizes as a monomer with a 
bent metallocene structure analogous to that of (C,HS),Yb(dme) in Fig. 1. 

The divalent methylcyclopentadienyl Sm complex (CH3C,HJ2Sm can be made from 
[(CH3C5H&SmCl], by reduction, but, like the unsubstituted analog, it is insoluble in common 
solvents.64 

The indenyl complexes (C9H7)2Yb(thf)2 and (C,H,)2Eu(thf) have been prepared from indene 
and Yb(C,F,), and Eu(&F&~ [Section 111.2(g.)], respectively.57 

111.2(d) Soluated pentamethylcyclopentadienyl complexes. The pentamethylcyclopentadienyl ligand, 
C5Me5, has proven to be of great importance in organometallic chemistry. As demonstrated by 
Bercaw and co-workers with Ti and Zr complexes65*66 and as subsequently shown by Marks et 
al. for actinide complexes, 67*6* the C&Me5 ligand provides solubility and crystallinity to systems 
difficult to fully characterize using simple unsubstituted C,H, ligands. Utilization of this ligand in 
divalent organolanthanide chemistry has had similarly spectacular results. 

Bis(pentamethylcyclopentadieny1) complexes of all three readily accessible divalent lanthanides 
are known. (C,Me,),Eu(thf) was prepared from trivalent EuCl, and three equivalents of NaC,Me, 
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Fig. 2. Structure of [(CHSCSH4)(thf)Yb(p-CHJC5H4)]n. Three units of the continuous chain are 
shown. White circles are carbon atoms. 

in a reaction in which Na&Me, functions as a reducing agent [reaction (19)]?’ 

thf 

EuC13 + 3NaC,Me -+,, (C,Me,),Eu(thf). (19) 

This is not an efficient use of the NaC,Me5 reagent, but the simple reaction of two equivalents of 
NaC,Mes with EuClz fails to generate the desired product. Reaction (19) is quite sensitive to 
specific conditions: using LiC,Me, instead of NaC,Me, or toluene instead of thf fails to give 
(C,Mes),Eu(thf). Depending on crystallization conditions, the europium complex can be isolated 
as the mono-thf solvate or as (CSMeS),Eu(thf)(OEtz). 

(C5Me,),Yb(thf) can be prepared from YbIz by the route of reaction (14), but the success of 
the reaction depends on the specific reagents used. YbBrl(thf)2-KC,Me,-ethers70 and 
YbCl,(thf),-Na&Me,-thf6’ are productive combinations whereas YbClz-Na&Me,-Et20 and 
YbCl,-Li&Me,-thf are not. 6g In addition to the mono-thf solvate, (C5Me,)zYb(OEt2),6g 
(C5Me5)zYb(thf).+CH3C6HS,6g (C5Me,)zYb(thf),,70 and (C5Me5)2Yb(CH30CH2CH20CH3)70 
have been isolated by varying the conditions of crystallization. In a variation of reaction (7), 
bis(pentamethylcyclopentadieny1) complexes of Yb can also be prepared by reduction of the trivalent 
KC1 adducts (C,Me,)ZYbC1,K(solvent), in CH,CN or CH30CH2CH20CH3 [reaction (2O)]:‘l 

(C,Me&,YbCl,K(solvent), + Na(Hg) + (C,Me,),Yb(solvent),. (20) 

This reaction was found to be solvent-dependent with thf being a less desirable solvent than dme. 
Reaction (20) is an inferior synthesis in general for (C,Me,)zYb(solvent) complexes when compared 
to reaction (14). (C,Me,),Yb(dme) can also be prepared by reduction of trivalent (C,Me,),Yb(dme) 
(PF,) with KH or LiCH,CMe, [cf. reactions (17) and (9), respectively].” (CSMe,),Yb(NC5H,), 
has been obtained by displacing Et,0 from (C,Me,),Yb(OEt,) with pyridine.” The mono-thf and 
bis-pyridine adducts have both been structurally characterized as typical bent metallocene structures 
(cf. Fig. 1). 
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Fig. 3. Side view of the structure of (C5Me,),Sm(thf),. The two thf molecules overlap such that 
only one oxygen atom can be seen from this perspective. 

CSMe,H reacts with liquid-ammonia solutions of Eu and Yb at low temperature over a 24-36-h 
period to form bis(pentamethylcyclopentadieny1) products.73 Crystallization of these products 
from thf gives (C,Me.JzEu(thf) and (C,Me,),Yb(thf)(NH,). The latter complex has been charac- 
terized by X-ray crystallography.73 

Mono (pentamethylcyclopentadienyl) Yb complexes such as (C5Me,)YbI and [(C5Me,)YbI,]- 
are thought to be intermediates in the YbI&,Me; and YbI,-(C,Me&Yb reaction mixtures, but 
no details on these species were reported. ‘O*‘l Interestingly, Yb12 has not been mentioned in the 
literature as a precursor to (C,Me5)zYb(solvent),. 

The greatest impact of the &Me5 ligand on divalent organolanthanide chemistry has 
been with Sm. The initially synthesized Sm(I1) organometallics, [(C,H,),Sm(thf)], and 
[(CH&H,),Sm(thf)],, are insoluble in common solvents, possibly because with the larger radial 
size of the metal, more extensive oligomerization/polymerization occurs in the solid state than in 
the analogous Yb case (cf. Fig. 2). A consequence of this insolubility was that the organometallic 
chemistry of Sm(II), the most reactive of the divalent lanthanides, could not be investigated with 
the (&H,R)$m(thf) systems. With the &Me, ligand, Sm(I1) complexes are soluble and a rich 
and varied chemistry has developed as a consequence. 

The initial synthesis of (C,Me,),Sm(thf), was achieved via metal vapor methods [reaction (21) 
(cf. Section IV)]:47*74 

2Sm + 2C,Me5H + + 2[(C5Me,)SmH(thf)J + (CsMe&Sm(thf),. (21) 

The bracketed intermediate Sm(I1) hydride was not isolated in a pure form. The metal vapor 
method was also used to synthesize (C5Me4Et),Sm(thf)z.74 This species is similar to 
(C,Me5)2Sm(thf)z in most respects except that (C5Me4Et)zSm(thf)z is more soluble. Like other 
bis(cyclopentadieny1) bis(ligand) divalent lanthanide complexes (e.g. Fig. l), the structure of 
(C5Mes)zSm(thf)2 has canted cyclopentadienyl rings and the oxygen atoms of the solvating thf 
molecules lie in a plane which bisects the (ring centroid)-metal-(ring centroid) angle (Fig. 3). 

(C5Me,),Sm(THF), subsequently was prepared by solution methods according to reaction (14) 
using SmI,(thf), and two equivalents of KC5Me,. ” This is a much more convenient synthesis 
and readily allows the preparation of multigram quantities of this interesting complex. The 
SmI,-K&Me5 system contains several species including a mono(pentamethylcyclopentadieny1) 
complex, C(C,Me,) WMmWI12, which can be best isolated by reacting SmI,(thf), with one 
equivalent of KC+Me, [reaction 2)]:75 

2SmI,(thf), + 2KC,Me5 --, [(CSMe5)(thf),Sm(@)1,. (22) 
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Fig. 4. Structure of [(C,MeS)(thf),Sm(p-I)]Z. 

Crystallographic characterization of this complex reveals an iodide-bridged structure as shown in 
Fig. 4. 

111.3(e) Unsoluated pentamethylcyclopentadienyl complexes. Almost all lanthanide complexes 
containing two cyclopentadienyl rings have one to three additional ligands in the coordination 
sphere of the metal. This is consistent with the large size of these metals and their tendency toward 
steric saturation in stable complexes. For many years, no structurally characterized simple 
bis(cyclopentadieny1) system analogous to ferrocene was known. Instead, stable bis(ring) f-element 
sandwich complexes were known only when the larger cyclooctatetraenyl rings were present 
as in U(CsHe)276 and [Ln(CsH,),]-. ” Although compounds of formula (C5H5)zE~15 
(C5H5)zYb’5~52~53 and (Me3SiC5H4)2Yb63 could be obtained by high-temperature sublimation, 
no structural data were available on these systems. Based on the low ether solubility of 

(C,H,),Eu” and the polymeric lo-coordinate structure found for [(CH,C,H,),Yb(thf)], (Fig. 2),25 
it seemed likely that these unsolvated complexes might be oligomeric in the solid state. 

The potential for isolating a monomeric unsolvated divalent bis(cyclopentadieny1) lanthanide 
complex seemed greater with &Me, ligands. The first such complex was made by metal vapor 
methods as a byproduct in the synthesis of (C5Me5),Sm(thf), [reaction (23)]:47P74 

Sm + excessC,Me,H --, (C,Me,),Sm. (23) 

This product was recovered in low yield from the alkane soluble fraction of the metal vapor 
reaction mixture. Unsolvated (C,Me,Et),Sm was obtained in a similar manner.74 

Following the development of a high-yield solution synthesis of (C,Me5)2Sm(thf)2,75 this species 
was examined as a precursor to (C$Me,),Sm. Direct desolvation was the obvious synthetic route, 
but data in the literature did not suggest this would be successful. For example, 
[(C,H&Sm(thf)], was reported to decompose on heating’s and attempts to desolvate 
(C,Me,),Yb(thf), at 90°C gave only (C,Me,),Yb(thf).” Surprisingly, desolvation of 
(C,Me&Sm(thf), is rather facile and occurs at 75°C [reaction(24)]:‘* 

75°C 

GMed2WW2 ,,;um GMeMm + 2thf. (24) 

The desolvated product is soluble in arenes and can be sublimed to give X-ray quality crystals. 
The surprising structure of (C5Me5),Sm is shown in Fig. 5. “,” The molecule crystallizes as a 

monomer with a (ring centroid)-metal-(ring centroid) angle of 140.1”, rather than the 180” 
angle anticipated for a parallel-ring structure analogous to that found for ferrocene*’ and 
decamethylferrocene, (&Me&Fe. s1 The (ring centroid)-metal-(ring centroid) angle in (C,Me,)$m 
is only slightly larger than the 136.7” angle found in (C,Me5),Sm(thf)z (Fig. 3). It is as though 
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Fig. 5. Structure of (C,Me,),Sm. 

removal of the two thf ligands had no effect on this structural feature. 
For a predominantly ionic complex governed by electrostatic factors, a parallel-ring structure 

would be optimal for (C,Me,),Sm since the anionic ligands would be as far apart as possible. 
Based on steric considerations a parallel-ring ferrocene-like structure would also be favored over 
the bent metallocene arrangement. A molecular orbital analysis also suggests that the parallel-ring 
structure is most stable, although it predicted that distortions would not be energetically costly.** 

The possibility that the bent structure was due to intermolecular interaction was carefully 
examined.” One methyl group of each (C,Me,),Sm unit points toward a Sm atom of another 
unit, but the distances are too long for a substantial interaction (Sm-C, 3.22 A; Sm-H, 2.75 A). 
Moreover, this interaction comes from the side of the bent metallocene unit, not through the 
sterically most accessible, open, “front” part of the (C,Me,),Sm unit. Attempts to obtain the gas- 
phase electron diffraction structure of (C,Me,),Sm were unsuccessful due to the limited thermal 
stability of this complex.83 

To determine if the 4f6-electron configuration of Sm2+ affected the structure, the structure of 
the 4f’-system (C,Me,),Eu was also determined.” (C,Mes)2Eu is isostructural with 
(C,Me,),Sm although the desolvation of (C,Me,),Eu(thf) was found to be significantly more 
difficult (multiple desolvation/sublimation reactions were necessary to get the solvate-free species). 

The facile synthesis and unusual structure of (C,Me,)2Sm suggest that the principles of divalent 
organolanthanide chemistry may differ substantially from those of the trivalent species discussed 
in Section II. A reaction such as reaction (24), in which an oxygen donor adduct is removed to 
form an isolable sterically much less saturated species (eight-coordinate + six-coordinate), does not 
follow the expected reactivity patterns for ionic, electropositive oxophilic trivalent lanthanides. The 
observed structures of (CSMeS)2Sm and (C,Me,),Eu follow neither the traditional electrostatic nor 
steric principles. 

The best current explanation for the bent structures is the polarization argument used to explain 
why some heavy alkaline earth metal dihalides, MX,, are bent rather than linear in the gas 
phase. 18q84*85 In a parallel-ring (C,Me,),Ln structure analogous to a linear MX, structure, 
polarization of the cation by one &Me5 anion could diminish the electrostatic interaction between 
the cation and the second &Me, anion directly opposite. A bent structure may optimize the 
polarization of a large cation by two anions and may give better total electrostatic bonding for the 
two rings. This argument provides an electrostatic rationale for the bent structures of 
(C,Me,),Sm and (C,Me,),Eu without involving 4f-orbital participation and without invoking 
high-energy 5d and 6s orbitals (via a stereochemically active lone pair argument).*6 If these 
polarization effects are generally valid for divalent organolanthanides, this may be an important 
differentiating factor between divalent and trivalent lanthanide chemistry. 

111.2(f) Alkynide complexes. Several divalent organolanthanide complexes involving alkynyl 
ligands, -CsCR, have been reported in the literature. Transmetalation with Hg reagents has been 
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used to obtain Yb(CsCCsHs)2 and Eu(CrCC,H5)2(thf)o,2s [reaction (25)]:s’ 

Yb + Hg(C=CCsH& -. Yb(C=CC,H,), + Hg. (25) 

Yb(C3CCMe& has been prepared in solution by the same method but was not isolated. Divalent 
Yb alkynides can also be obtained from Yb(C,F,),(thf), (see next section) by an acid-base 
reaction:*’ 

Yb(C,F,),(thf), + 2HC=CC,H, -+ Yb(C=CC,H,), + 2C,FsH. (26) 

Attempts to repeat reaction (26) with HCsCCMe, gave an explosive product.” The reaction of 
methylcyclopentadiene with Yb(C,F,),(thf), similarly gives an explosive material.” On the basis 
of ebulliometric measurements, Y~(CZCC,H,), is associated into a trimer or tetramer in boiling 
thf.s’ 

Eu in liquid ammonia is reported to react with propyne to form a divalent complex [reaction 

(2711: 

NH,(I) 

Eu + excess HCZZCH, + Eu(CZCCH,),, (27) 

but the analogous Yb reaction does not give a pure product presumably due to contamination by 
Yb(NH,)2.8* Structural information has not yet been obtainable on these alkynide products. 

Divalent alkynides can also be made from terminal alkynes by metal vapor methods. Hence, 
reaction of Yb metal with I-hexyne forms complexes of general formula [HYb2(CrCC4H9)J..s9 
Isopiestic molecular-weight studies indicated that this species is highly associated in solution and 
no X-ray quality single crystals of this oligomer were obtainable. Based on the structures of 

C(C,H5)2Er(~-C~CMe3)lZ90 and [(CH3C5H4),Sm(~-CZCCMeJ)lt,91 oligomerization via 
alkynide bridges is quite possible. A possible route to the observed product is given in reactions 
(28)-(30) (R = C4H9): 

Yb + HC=CR -. HYbC=CR, (28) 

HYbC=CR + HC=CR + Yb(CrCR), + HZ, (29) 

R 
C 
III 

HYbC-CR + Yb(C=CR), -+ HYt@bC=CR -, 

R R R R 
c c c 
III III Ill i 

\yhp.~c\y~c, 
lH/ y lH/ y \ 

III Ill 
C C 
R R 

(30) 

Reaction (28) is a basic oxidative addition of a C-H bond. Reaction (29), a hydride-based 
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metalation, is well precedented in organolanthanide and organoyttrium hydride chemistry.23p*7 
The oligomerization shown in reaction (30) is expected based on the steric unsaturation of the 
mono- and bimetallic precursors (cf. Fig. 2). 

Using the &Me5 ligand, structures of the type shown above have been confirmed crystallo- 
graphically. The complexes (C5Me5)2Ln(OEt2) (Ln = Yb or Eu) react with HCsCBH5 to give 
mixed-valent and divalent alkynide-bridged species [reactions (31) and (32), R = C,H,]:g2 

+ (C,Me,),Yb(OEt,) + 4HCECR + 2C,Me,H + Hz 

R R 
C 
III i 

,% F, 
f (C,Me,)2Yb Yb Yb(C,Me,), 

\C \c/ (31) 

III III 
c c 
R R 

thf 

2(C5Me5),Eu(OEt2) + 2HECR --) 2C,Me,H + [(C,Me,)(thf),Eu@-CZR)I,. (32) 

In both reactions the terminal alkyne gives up a proton to C5Me5,” but with the more strongly 
reducing Yb system some oxidation of the metal occurs. Magnetic studies show no exchange in 
the mixed-valent trimetallic Yb system. The Eu dimer has a structure analogous to that of [(&Me,) 

OW2SmW12 ” shown in Fig. 4. 
111.2(g) AIkyl and my1 complexes. Reactions of alkyl and aryl iodides with Eu, Yb and Sm metal 

have been reported to form divalent alkyl and aryl lanthanide halide complexes.g4 These are 
complex systems, however, and a variety of both trivalent and divalent products may be present 
including RLnI, LnI, , ‘I RLnI, etc. The reaction mixtures behave like Grignard reagents. No 
structural data has been obtainable on these systems. 

Subsequent studies of the RX-Ln system using Yb and C,Me,I in the presence of LiI led to the 
identification of the trivalent complexes (CsMes)Yb13Li(Et20)2 and (CsMeS)2Yb12Li(Et20)2 as 
well as YbI,. “*‘i The complexity of RX-Ln systems in general is demonstrated well by this case. 
For example, (CSMeS)Yb13Li(Et20), is obtained in 30% yield in 15 h but subsequently is converted 
to (CsMes)2Yb12Li(Et20)2, which is obtained in 30% yield in 24-48 h. In addition, no organometallic 
products are isolated in the absence of LiI. The LiI-free reaction of ytterbium metal and C,Me,I 
gives only C,,Me,,, YbI, and YbI,.‘l 

Divalent lanthanide aryl complexes can be obtained using fluorinated aryl mercury reagents 
[reaction (33)]:gs*g6 

thf 
(CsFs)& + Yb + &%Fs)2Yb(fhf)4 + Hg. (33) 

(C,F,),Yb(thf), is not very stable thermally and (2,3,5,6-F,C,H),Yb, prepared in the same way, is 
less stable. (2,3,4,5-C6F4H)2Hg reacts with Yb but gives a product too unstable to isolate. Neither 
(C6Hs)zHg nor (C6ClS),Hg are reported to react with Yb. Recently, however, NMR and hydrolytic 
data have been cited to suggest that (C6HS)2Hg-Yb does form Yb(C6H5)2(thf)..g7 Sm reactions 
with (C6Fs)2Hg and (C6F4H)2Hg are more complex and a mixture of products is formed. The 
course of reactions such as reaction (33) have been followed by quenching with acid and identifying 
the products.” 

Transmetalation as shown in reaction (33) also reportedly can be used to make divalent derivatives 
of ferrocene,” CsHsMn(C0)9,gg and carboranes.loO Hence, (CSHsFeCSH4),Yb, 
[(CO),MnC,H,],Yb and (#-C2BloR)2Yb (R = CH3 or C6HS) are obtained from the reaction of 
Yb with Hg(CSH4FeCsHs)2, Hg[CsH4Mn(C0)3]2 and Hg(C2BloR)2, respectively. 
(CSH41)Fe(CsHs) and (CSH41)Mn(CO), are reported to react with Yb metal to form 
CsHsFeCsH4YbI and (CO)3MnCSH4YbI, respectively.” Reaction of LiC2BloC6HS with LnI, 
(Ln = Eu, Yb or Sm) is said to form [$-C2B1&H5)]LnI. Metalation of C2BloC6Hs with 
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“CH,YbI” forms similar products.“’ Transmetalation of Eu, Sm and Yb with 
Hg[C,H,Cr(CO)& is reported to form divalent complexes, [(CO),CrC6H5]zLn(thf),.97 Lowered 
vco absorptions in the IR spectra suggest Ln-O-C coordination. The only ‘H NMR resonance 
cited for the phenyl protons was 6 5.645, J(“lYb-‘H) = 80 Hz. This is unusual since coupling to 
r71Yb which has a natural abundance of only 14.3%, has not been observed previously for divalent 
Yb organometallic species. 

The formation of a divalent methyl complex (CsMe,)Yb(CH&Li by displacement of &Me; in 
(C,Mes),Yb by CH; has been mentioned in the literature but no details of this reaction were 
revealed [reaction (34)]:” 

(C,Me,),Yb + 2CH3Li + (C,Mes)Yb(CH,),Li + LiC,Me,. (34) 

An additional class of divalent lanthanide complexes which have some metal hydrocarbon 
interactions involves the bis(trimethylsily1) amido ligand, -N[Si(CH3)&. Although these complexes 
do not possess formal metal carbon u-bonds, the conformations of the (Me,Si),N groups are such 
that long-distance metal-CH interactions are observed. Reaction of EuI, or YbI, with 
NaN(SiMe& gives either Ln[N(SiMe,),],(R,O), or NaLn[N(SiMe&],, depending on the ether 
solvent used and the manner of recrystallization. lo2 Crystal structures of NaLn[N(SiMe,)2], 
(Ln = Eu or Yb) and Yb[N(SiMe3)2]2(Me2PCH2CH2PMe2) (obtained by displacing the R20 of 
solvation with the diphosphine) show that some of the methyl groups are oriented to bring the 
carbon atoms within 2.86-3.04A of Yb and 2.97-3.14A of Eu. Similarly, Yb[N(SiMe,)2(AlMe,)]2 
has six methyl groups within 2.756(2)-3.202(3)A of Yb(II).lo3 

III.3 Reactivity 

Although the reactivity of divalent organolanthanide complexes is only beginning to be explored, 
some general types of reactivity are discernible. An attempt to organize these reactions into general 
classes is made in the following subsections. The first three subsections deal with reactions which 
might be expected for complexes which are one-electron reducing agents and which contain 
electropositive lanthanide metal centers. In each of these cases, the metal gets oxidized and forms 
a sterically saturated complex containing a new bond or bonds to the most electronegative ligands 
available in the system. Subsequent sections deal with less traditional lanthanide reactivity patterns 
and ultimately to unprecedented types of reactivity. Applications of divalent lanthanide chemistry 
to organic chemistry will not be discussed here since they recently have been comprehensively 
reviewed elsewhere.’ 

111.3(a) Oxidation reactions involving halide, pseudohalide and uryl ligunds. Bis(cyclopentadieny1) 
Yb and Sm complexes react with a variety of alkyl halides to form dicyclopentadienyl halide 
complexes. Many systems have been observed to have this reactivity including: (a) 
(CH,C,HJ,Yb(thf) and (CH,C,H,),Sm(thf) with CH31, Me,CCl and H2C=CHCH2Br,lo4 (b) 
(CsMes)2Yb(dme) with CH2C12,70~‘0s (c) (C,Me,),Sm(thf), with Me,CCl and ICH2CH21,106 and 
(d) (CsMeS)2Yb(OEt2) with n-C4H9C1 and C,sH&H&l. lo7 The trivalent halide complexes 
(CSR,),LnX(solvent) are generally the main products of these reactions. (CSMe,)2SmCl(thf) and 
(CsMes)2SmI(thf) have been made preparatively by route (c) above and have been crystallo- 
graphically characterized. lo6 The (CSMeir)2YqOEt2)-C6H~CH2Cl system has been studied in 
detail and found to give a variety of products in the presence of a slight excess of RX 
[reaction (35)]:“’ 

(C,MeS)2Yb(OEt2) + 1.52C6H&HZCl + 0.48(C,MeS)2YC1 

+ 0.52(C,Mes)YbC12 + Et20 + 0.52C,(CH3)5(CH2C6H5) 

+ 0.5(c6H&&)2. (35) 

The reactivity of (&H,),Yb in thf or dme with metal halides and pseudohalides has also been 
studied. Reactions of the divalent ytterbium species with HgX,, TlX, AgX, and CuX salts where 
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X = O&Me, O&C,F,, 02CCSH4N, Cl, Br, I, C,F,, CECPh, CH(OCMe), or CH(OCPh)2 have 
been examined [reactions (36) and (37)]:lo8 

(C,H,),Yb(solvent) + MX + (C5H,),YbX(solvent) + M(M = Tlor Cu), (36) 

2(C,H,),Yb(solvent) + MXI --, 2(C,H,),YbX(solvent) + M (M = Hg or Ag). (37) 

The crystal structure of the 0zCCBF5 reaction product has been determined to be the dimer 
(C5H,),Yb(O-C(C6F+-O-0)2Yb(C5H,),. Similarly, (CH,C,H&Sm(thf) can be oxidized with HgI, 
or I2 to give (CH,CsH,),SmI(thf). lo4 A toluene suspension of YbC& can be used as an oxidant 
to transform (C,Me&Yb(thf) into (C5Me5)1YbCl(thf).‘05 (CSMe,)zYb(dme) can be oxidized by 
the ferricinium ion [reaction (38)]:‘O 

GMe5)JWdme) + CGWJ+l CPF61 -, GMeMWmeXPF6) + GH5)2Fe. (38) 

(C,Me,),Sm(thf), reacts with Hg(C,H& to provide a halide-free synthesis of a trivalent phenyl 
complex [reaction (39)]:74 

2(C5Me,)$m(thf)2 + Hg(C,H,), + 2(C5Me,),Sm(C,HSXthf) + Hg. (39) 

Oxidation of the mono(pentamethylcyclopentadieny1) anion [C,Me,YbI,]- by &Me,1 is also 
reported to occur [reaction@O)]:” 

(C,Me,)YbI,Li + &Me,1 + (C,Me5)Yb13Li + CSMe,. (40) 

The aryl complexes” (C,F,),Yb(thf), and (p-HC,F,)Yb(thf), generated in situ in thf, react with 
the transition-metal halides Rh(CO)Cl(PPh,),, NiCl,(bipy) (bipy = 2,2’-bipyridine), NiCl,(PPh,), 
and PtCl,(bipy) to form complexes in which the halide ligands have been replaced by fluorinated 
aryl groups, i.e. RRh(CO)(PPh&, R,Ni(bipy) (R = CsF, or p-H&F,), (CsF&Ni(PPh& and 
(CsF,)2Pt(bipy).g6 YbClz is the presumed byproduct. The (C,F,),Yb(thf), complex also transfers 
CsFS to Ph,SnCl to form Ph,Sn&F,. At low temperature Iz reacts with (C6F5)2Yb(thf)4 to form 
CsF51. With HgC12, some oxidation of (C,F,),Yb(thf), occurs giving Hg metal as well as 
(CsF,),Hg. (CsF&YbCl or YbCl, were possible byproducts. g6 The decomposition of the divalent 
Yb fluoro-aryl complexes with COzg6 and the decomposition of the divalent Yb alkynides with 
Hz0 have also been studied.87 

111.3(b) Oxygen abstraction reactions. (C,Me,),Sm(thf), reacts with a variety of oxygen-containing 
substrates including CHJCH2CHCH20, NO, NzO and &H,NO to form the trivalent oxide 
complex [(C5Me,),Sm]&--0) (Fig. 6). log The epoxide system [reaction (41)]: 

(C,Me,),Sm(thf)z + CH3CH2CHCH2 + (C5Me5)zSm-O-Sm(C,Me,), 

+ CH,CH,CH=CH, (41) 

and the pyridine N-oxide reaction give the oxide product in approximately 50% yield. The other 
reactions are much more complicated and give mixtures of many products of which the oxide is 
just one component. The oxide complex is structurally interesting in that the Sm-O-Sm unit is 
crystallographically linear. 

111.3(c) Reduction of transition-metal curbonyl complexes. Divalent Yb and Sm organometallics 
are strong enough reducing agents to react with many transition-metal carbonyl complexes to 
form ani0ns.l lo Although the simple unsubstituted cyclopentadienyl complexes like (&H&Yb will 
react with transition-metal carbonyls,’ l1 reactions with C5Me5 derivatives give products which 
are easier to characterize. The reactivity of (C,Me,)lYb(OEtl) has been extensively studied in this 
regard. l l 2-1 l 5 
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Fig. 6. Structure of [(C,Me,),Sm]&-0). 

Reaction (42): 

2(C,Me,),Yb(OEt,) + Co,(CO)s y (C,Me,),(thf)Yb&-OC)Co(CO), (42) 

shows a simple reduction sequence in which the metal-metal bond in Cot( is cleaved to 
generate the anion [Co(CO),]-. Ii2 The product exists as a tight ion pair in which an isocarbonyl 
linkage, Yb-O-C-Co, is present. This reactivity is typical in that the divalent lanthanide gets 
oxidized and gets an additional electronegative ligand. The Mn,(CO)lo system is similar in that 
trivalent Yb and Mn(C0); anions are formed. However, the structure of the product is complex 
and contains dimers, [(C,Me,),Yb] [(p-OC)Mn(CO)&--CO)], [Yb(C,Me’),], as well as a 
polymeric chain, {[(C,Me,),Yb] [(~-OC),Mn(CO),]}..113 

Fe(CO), reacts with (C5Me,),Yb(OEt,) to form an analog of Na,Fe(CO), [reaction(43)]:‘14 

2(C,Me,),Yb(OEt,) + Fe(CO)5 + (CO)3Fe[(~-CO)Yb(C,Me,),(thf)]Z. (43) 

However, when the trinuclear transition-metal carbonyl Fe3(C0h2 was reacted with (&Me,), 
Yb(OEtz), an iron-iron bond was broken, a carbonyl ligand was lost, and an Fe,(CO):; unit 
was formed which was attached to two [(C5Me&Yb]+ moieties via four isocarbonyl linkages 
[reaction (44)]:’ l4 

2(C,Me,),Yb(OEt,) + Fe3(CO),, + 

WCO), 
o-+0, 

GM%)2Ybt Fe-CO Yb(C,Me,), + CO. 

O-C’ ‘c-o’ 
\/ 
Fe(CO), 

w 

Reductive formation of tight ion pairs containing isocarbonyl connections has also been reported 
for (C5Me,),Yb(OEt,) with (C,H,),Fe,(CO),, (CSHS)ZM~Z(C0)6 and (C5H5)Co(C0)2.‘15 

(C,Me,),Sm(thf), reduces Co,(CO), to form a (C,Me,),SmCo(CO), complex, but the structure 
of the compound is unknown because a refinable solution to the X-ray data was not readily 
obtainable. Interestingly, when SmI,(thf), reduces Co,(CO),, a Co(C0); product is obtained which 
does nor have isocarbonyl connections. The product of this reaction, [SmI,(thf),] [Co(CO),], has 
discrete [SmI,(thf),] + and Co(C0); units.’ ’ 6 

111.3(d) Substitution reactions. As described in Section 111.2(d), the solvating ether ligands in 
(C,Me,)zYbL, and (C,Me,),EuL, (x = 1 or 2) can be readily substituted with other ethers.6g 
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Hence, depending on crystallization conditions, complexes with L, = thf, (thl),, Et,O, (thf) (Et,O) 
or dme can readily be obtained. These complexes have not been formed by deliberate substitution 
reactions, but rather by specific crystallization procedures. 6g Therefore, a definitive pattern of 
substitution reactivity has yet to be reported. The direct substitution of Et,0 from 
(C,Me,),Yb(OEt,) by pyridine in toluene has been studied however [reaction (45)]:72 

(C,Me,)zYb(OEt,) + 4CSH,N + (CSMe,),Yb(NC,H,), + 2NCSH, + Et,O. (45) 

Given the lability of the solvating ligands in solution, this type of substitution reactivity is expected. 
Displacement of &Me, ligands from (&Me,),LnL, complexes has also been reported. SmI, 

reacts with (C,Me,)$m(thf), in a ligand redistribution reaction to form a structurally characterized 
dimer [reaction (46) (Fig. 4)]:” 

(C,Me,),Sm(thf)z + SmI, + [(C,Me,)(thf)$mgl-1)1,. (46) 

Displacement of &Me, from an unspecified solvate of (&Me,),Yb by LiI [reaction(47)]: 

(C,Me,),Yb + 2LiI + (C,Me,)YbI,Li + LiC,Me, (47) 

and MeLi [reaction (34)] has been reported to give (CSMe,)YbI,Li and (C,Me,)YbMe,Li, 
respectively.70 If the Yb in these products is not solvated and is therefore formally five-coordinate, 
this would be an unusual reaction. When Li and I are replaced by K and Br in reaction (47), the 
reverse reaction is preferred.” 

111.3(e) CO reduction. The reduction of CO by (C5Me&Sm(thf)247*117 provides an excellent 
example of the unique reactivity available through this divalent lanthanide oxidation state. 
(C,Me,),Sm(thf)2 reacts under a variety of conditions with CO to give complex mixtures of 
products. Under 90 psi of CO in THF, a crystalline product separates which was crystallographically 
characterizable [reaction (48)]: 

(C,Me,),(thf)SmO 

4(C,Me,),Sm(thf), + 6C0 + + 6thf. 

OSm(thf) (&Me,), 

(48) 

The remarkable dimeric product contains four Sm(II1) centers and the equivalent of six CO 
molecules. Hence, in reaction (48) six CO units have been reduced by four electrons and the 
reductive homologation has formed two ketenecarboxylate units. 

The most interesting feature in the formation of the ketenecarboxylate complex is that complete 
cleavage of one CO triple bond must have occurred to give the central, oxygen-free carbon of the 
C=C-C skeleton. Although CO cleavage is thought to occur in heterogeneous Fischer-Tropsch 
systems,’ ‘s this rarely occurs in homogeneous systems. Complete CO cleavage is not observed in 
the extensive studies of CO reduction by molecular early transition-metal,65*11g actinide12’ and 
lanthanidel ” hydride systems. 

Although metal hydride reduction of CO has been heavily investigated, hydrogen-free reduction 
of CO using one-electron reducing agents as in reaction (48) has received much less attention. The 
closest related system is the two-electron reduction of two CO molecules by alkali metals which is 
reported to form an insoluble alkyne diolate [reaction49)]:“’ 

2K + 2C0 + 2[KOCZCOK]. (49) 

The relationship between reactions (48) and (49) can be seen by comparing KOCCOK with the 
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atom connectivity on the right hand (or left hand) side of the ketenecarboxylate dimer, 

R 
SmOCCCOSm. Both the K and Sm systems contain MOCCOM units involving two-electron 
reduction of two CO molecules. The samarium system, a two-electron-three-CO system, has an 
extra CO formally “inserted” between a C and 0 bond. The insolubility of the KOCSCOK 
product may be responsible for the lack of further homologation in this system compared to the 
Sm system. Hence, (C,Me,),Sm(thf),, although strongly reducing like the alkali metals, is 
differentiated from those reducing agents by its solubility. The C,Me, ligands provide solubility 
to the reducing agent as well as to intermediate reduction products and allow (CSMe,),Sm(thf), 
to accomplish chemistry different from that of the alkali metal. 

The reactivity of (C,Me,),Sm(thf), with CO can also be compared with that of (C,Me,),Ti. 
Both organometallic reagents are soluble, strongly reducing complexes of oxophilic metals. As 
shown in reaction (50): 

(C,Me,),Ti + 2C0 + (CSMe,),Ti(CO),, (50) 

decamethyltitanocene forms a carbonyl’23 complex rather than reducing the CO. Since the 4f 
valence orbitals of Sm(I1) are not as suitable for carbonyl complex formation as those of Ti(II), 
this is less likely for Sm and reduction occurs. 

Considering the comparisons above and the fact that neither (C5Me5)2Yb70*g2 nor 
(C,Me,),Eu(thf) react with CO, (C,Me,)2Sm(thf)2 appears to be a unique reducing agent in the 
periodic table. The combination of strong reducing power, oxophilicity, solubility and lack of d 
valence orbitals is not duplicated by any other reducing agent presently available. 

(C,Me,),Sm(thf), is not the only Sm(I1) reagent which reacts with CO, however. Both 
(C,Me,)2Sm and [(C,Me,)(thf),Sm(p-1)1, reduce CO. 117,124 Again, mixtures of complex products 
are obtained. The reaction of (C,Me,),Sm with CO provides X-ray quality crystals but the molecule 
is so complex that a solution to the X-ray data has not been found. 

111.3(f) Reduction of internal alkynes and azobenzene. (C,Me,),Sm(thf), reacts with 
C$H,C-CC6H, instantaneously to form a black product characterized by elemental analysis as 

C(C,Me,)2Sm12C2(C,H,)2. 38 A possible formation pathway and structure are shown in reaction 
(51): 

(C,Me,),Sm(thf), + C,H,CrCC,H, -+ 

C(C,Me,),Sml (C,H,)C=C(C,H,) + 2 thf 

(C,MeS)zSm(thf)2 

(C,Me,),Sm, C,H, 

c=c< 

C,Hf 

+ 4thf. 

Sm(C,Me,), 

(51) 

This reaction has some precedent in reactions of alkali metals with arylalkynes, except that in the 
heterogeneous alkali metal systems, polymerization or dimerization of the radical generally 
occurs.125 The more soluble (C,Me,),Sm(thf), may more readily trap the radical to give the 
bimetallic product. Once again the solubility of (CSMe5)2Sm(thf)z may be responsible for chemistry 
different from that of the alkali metals. 

[(CsMe,)2Sm]2C2(C6H,)2 is unusual in several respects. 3* Room-temperature magnetic-suscept- 
ibility measurements indicate that it contains Sm(II1) centers. Given this oxidation state, the black 
color of this complex is abnormal since virtually all Sm(II1) complexes are pale orange, yellow or 
red. Also unexpected is the fact that the complex reacts with excess thf to regenerate 
(CsMe5)2Sm(thf)2 and C6HSC~CC6H5. Given the strongly reducing nature of Sm(II), this Sm(III) 
to Sm(I1) conversion under mild conditions was unanticipated. The structure shown in reaction 
(51) is unproven but is consistent with spectroscopic data, hydrolysis to trans-stilbene, and the 
structure of the azobenzene complex described below. 
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(CSMeS)#m(thf), reacts with CsHSN=NC6HS to form an intensely colored product which also 
has unusual properties [reaction(52)]:‘26 

GMeJ2 Sm,, C,HS 
2(C,Me,),Sm(thf), + C,H,N=NC,H, + N=N’ + 4thf. 

C6Hj 

(52). 

em, 

The complex has an overall structure like that proposed for [(C,Me5)2Sm],C2(C6H,)z and, given 
the N for C change, could be viewed as an azobenzene base adduct of (C,Me,),Sm(II). However, 
room-temperature magnetic-susceptibility measurements indicate that the metal is in the trivalent 
oxidation state and the Sm-N distances, 2.40(l) and 2.41(l) A, are consistent with single a-bonds. 
This suggests the presence of a [(C6Hs)NN(C6H,)]‘- dianion. However, the 1.25(l) A NN distance 
is the same as the N=N double-bond distances in a variety of azobenzene structures. As shown 
in Fig. 7, the molecule is distorted in that the N-C (phenyl) distances are stretched from a normal 
1.42A to 1.56-1.61 A. In addition, the Sm atoms are displaced asymmetrically such that both come 
within 2.29-2.34A of the ortho hydrogens of a single phenyl ring in a bonafide agostici2’ Sm-H 
interaction. The ability of Sm(I1) to structurally distort azobenzene in this way is remarkable. 

Attempts to get (C,Me,),Yb(OEQ to react with C6HSCECC6HS in analogy to reaction (51) 
were unsuccessful.g2 

In the presence of hydrogen, (C,Me,)zSm(thf)2 reacts with alkynes such as C6H&ECC6H, 
and CH,CH,CGCCH,CH, to form systems which are active hydrogenation catalysts.38 Formation 
of an enediyl-like structure [cf. reaction (5111 followed by hydrogenolysis of the Sm-C bond, a 
well-established reaction22’23 may give the SmH unit which could be the active catalyst [reactions 
(53)-(55), (Cp’=C,Me,)]: 

Cp3Sm 

Xp:Sm(thf), + RCECR -_) 
\ iR 

c=c 

R’ ’ 

% 2[Cp:SmH], (53) 

SmCp: 

Cp$m, H H H 

[Cp$mH] + RC=CR + c=c’ 

R’ 
\ 

% [Cp:SmH] + ‘C=C’ (54) 

R R’ ‘R 

[Cp:SmH] + RHC=CHR + Cp$mCHRCH,R -% [Cp,SSmH] + RCH2CH,R. (55) 

This scheme is supported by the isolation of the structurally characterized dimer [(C5Me5)2 

Fig. 7. Structure of [(CSMe&Sm]2N,(C,H,),. Sm2 is 2.36A from the hydrogen atom on phenyl 
carbon atom a. Sml is 2.32A from the hydrogen atom on phenyl carbon atom b. 
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Sm(p-H)];2 from a stoichiometric reaction like reaction (53). 38 In addition, the cis addition and 
hydrogenolysis sequence [reactions (54) and (55)] has been demonstrated for other lanthanide and 
yttrium hydrides. 23 A subsequent mechanistic study of lanthanide-based hydrogenation catalysis 
reconfirms the above result.12* 

111.3(g) Productive CH and CO activation via Sm(I1). The reaction of the (C,Me,)2 
Sm(thf)2-C6HsCECC6H5 reaction product with CO has led to a remarkably facile stereospecific 
synthesis of a tetracyclic hydrocarbon [reaction (56)]:‘29 

?(C,Me,),Sm(thf), + C6HSC~CCbHI -4thf 

I(C,Me,),Smi,C,(C,H,), - 2co 

(C,Me,),SmO 
Z (56) 

b Sm(CSMe,), 

Based on the proposed structure of the product of the (CSMe,),Sm(thf),-CsH,C~CC,H, reaction 
[see reaction (51)] and earlier studies of CO insertion into lanthanide-carbon a-bonds,i3’ the 
scheme shown below was proposed to explain this synthesis [(C,MeS),Sm is shown as Sm in a 
box]. 

ct- Sm 

-Cl Sm 

Activation of CO by insertion into the Sm-C bonds could give two dihaptoacyl units with 
considerable Sm-0 interaction and carbene character on the acyl carbon atoms. Insertion of these 
carbene-like centers into ortho C-H bonds would give the two five-membered rings. The proximity 
of the ortho C-H bonds to the samarium-containing moiety in the agostic hydrogen structure of 
[(C,Me,)2Sm]2N2(C,H5)2 [reaction(52)] gives support for this possible mode of CH activation. 
If this synthesis is generally applicable, it would be a valuable way to make polycyclic hydrocarbons 
in a stereospecific manner from simple starting materials, namely alkynes and CO. 

111.3(h) Reactions with ulkenes and dienes. Attempts to make ethene or butadiene complexes of 
(CSMeS)2Yb(thf) failed,” a result which was not surprising in view of the traditional picture of 
lanthanides as oxophilic hard acids which have little affinity for unsaturated hydrocarbons. 
However, (C,Me,),Sm(thf), was found to polymerize ethene. 47~131 Further studies of the catalytic 



The organometallic chemistry of the lanthanide elements 825 

activity of (C,Me&Yb(OEtl) and (C,MeJtEu(OEt,) in ethene polymerization reactions have 
shown that these complexes do have low activity.131 

(C,Me,),Sm(thf), also interacts with other alkenes. It readily isomerizes cis-stilbene to the trans 
isomer.‘32 It reacts with cyclohexene in a complex reaction which gives a product which on the 
basis of preliminary X-ray data contains a short 3.03-A Sm-Sm distance.‘33 It reacts readily with 
cyclohexadienes and with cyclopentadiene. In the latter case, (CSMe,),SmC,H, is formed.“33 In 
addition, (C,Me,),Sm(thf), in the presence of hydrogen and alkenes leads to a catalytic hydrogen- 
ation system [see reactions (53)-(55)].13’ 

111.4. Principles of structure and reactivity for divalent organolanthanides 

Since only 13 divalent organolanthanide complexes have been structurally characterized (Table l), 
any firm structural conclusions may be premature at this point. However, 10 of the structures do 
follow traditional principles of organolanthanide chemistry. The (C,R,),Ln(solvent),systems have 
typical “bent metallocene plus x ligand” structures in the cases in which the steric bulk of the 
ligand set is sufficient to confer steric saturation on the complex. When this is not the case, e.g. 
with (CH,C,H,),Yb(thf) (Fig. 2),25 oligomerization occurs to increase the steric saturation around 
the metal. Similarly, the monocyclopentadienyl systems such as [(CSMe,)Sm(thf)2(fl-I]2 (Fig. 4)” 
and [(C,Me,)Eu(thf)2(&ZCC6H&]2 92 form bridged structures to gain a higher coordination 
number. 

Although the majority of divalent organolanthanide structures follow traditional principles, the 
remarkable (C,MeJ2Ln complexes ((Ln = Sm or Eu) 78*79 do not. The bent, sterically unsaturated 
structures are unexpected on the basis of both electrostatic and steric arguments and this structure 
occurs regardless of the 4$electron configuration or reduction potential of the metal [a differentiating 
factor in reactivity (see below)]. 

The unusual geometry of the (C,Me,),Ln complexes may signal the existence of an entire series 
of unanticipated structural possibilities for divalent organolanthanides. These complexes strongly 
indicate that the traditional principles of trivalent organolanthanide chemistry will not carry over 
directly to divalent systems. One of the exciting questions currently being explored in this area is 
how generally available are such sterically unsaturated divalent species. 

Like the structural features discussed above, the reactivity of divalent complexes follows 
traditional organolanthanide principles in many cases. For example, there are numerous examples 
in Sections 111.3(a)-(c) in which the metal gets oxidized and forms a sterically saturated trivalent 
complex which contains a’ new ligand involving the most electronegative of the donor atoms 
available in the system. As expected, reactivity parallels reduction potential, with Sm(I1) more 
reactive than Yb(I1) which is more reactive than Eu(I1). The substitution reactions in Section 111.3(d) 
are also expected considering the lability of solvating species and the tendency toward ligand 
redistribution reactions found for trivalent species. 

Most of the unusual chemical reactivity observed for divalent organolanthanides is found with 
Sm(I1) species. In many cases, what distinguishes Sm(I1) from Yb(I1) and Eu(I1) is its greater 
reducing power. This opens up avenues of reactivity to Sm(I1) which are unavailable to the other 
divalent lanthanide systems. Prime examples are the reductions of CO and C6HSC~CC6H, which 
succeed for Sm(I1) and fail for Yb(I1). Sm(I1) has proven to be a unique one-electron reductant due 
to its special combination of physical properties. Hence, the Sm(II)-based reductive homologation 
of CO to O,C--C=C=O is a non-traditional unprecedented CO reduction. However, the reaction 
follows traditional organolanthanide principles in that sterically saturated oxygen-bound products 
are formed. Likewise the unusual distortions rendered to C6H,N=NC,HS in the reaction with 
(C,Me,),Sm(thf), can be traditionally explained given the formation of a highly reduced organic 
species. An electropositive lanthanide with a strong tendency to achieve a high coordination number 
will coordinate to whatever electron rich species are available. Hence, in the azobenzene complex 
the short Sm-N distance and agostic Sm-H interactions occur. The productive CH and CO 
activations discussed in 111.3(g) are seen to follow traditional principles of organolanthanide-CO 
chemistry given the unusual features of [(C,Me5)2Sm]2C2(C6H,)2. 

There is, however, an observed Sm(I1) chemistry which does not follow traditional organo- 
lanthanide principles. The facile desolvation of (C,Me,),Sm(thf), to form the sterically unsaturated 
(C,Me,),Sm was unexpected. The difference in the desolvation tendencies of (C,Me,),Sm(thf), 
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and (C,Me&Eu(thf) is also unusual given the adjacent position of Sm and Eu in the periodic 
table. The facile reversal of the (C,Me&Sm(thf), reduction of C6H,CECCsH5 by thf, i.e. the 
formation of Sm(I1) from Sm(II1) under very mild conditions, was unanticipated. The unusual 
reactivity of (C,Me,),Sm with cyclohexene is another example of non-traditional chemistry. These 
results, like the unusual structure of the (C,Me&Ln complexes, suggest there may be a major part 
of divalent organolanthanide reactivity which will not follow the traditional principles of the 
trivalent metals. 

IV. ZERO OXIDATION STATE CHEMISTRY: THE CHEMISTRY OF THE METALS 

In the mid-1970s, when only a limited amount of trivalent organolanthanide chemistry was 
known and almost no divalent organolanthanide chemistry was explored, there was an impetus to 
do rather speculative, highly exploratory synthetic studies in oxidation states other than + 3 or 
+ 2.’ 35 The goal was to demonstrate a broader chemistry for the lanthanides than had previously 
been observed. It was anticipated that by taking a non-traditional approach to lanthanide chemistry, 
new areas in the field would be opened up and a greater potential for these elements in all oxidation 
states would be demonstrated. 

An intriguing non-trivalent lanthanide oxidation state suitable for non-traditional exploration 
and available to all of the metals was the formally zero oxidation state of the metals. Although 
some reactivity was accessible from the bulk metal (see Section IV.3), a much more reactive form 
of the metal was available in the vapor phase. The metal vapor technique, in which a metal is 
vaporized from a resistively-heated tungsten container under high vacuum and is cocondensed with 
a potential ligand at - 125 to - 196°C had proven useful in the synthesis of a variety of unusual 
low-valent transition-metal complexes. 136-140 This method provided the opportunity to study zero- 
valent lanthanide chemistry and also had the potential to generate zero-valent lanthanide complexes. 

IV. 1. Background 

The stability of zero oxidation state complexes of transition metals depends in large part on the 
transfer of the excess electron density on the metal center back to the ligands via back bonding. 
Given the limited radial extension of the 4f orbitals, the possibility of stabilizing a zero-valent 
lanthanide complex by backbonding of the 4felectron density seemed remote. However, the atomic 
spectra of the lanthanides show that in low oxidation states, the 5d orbitals are close in energy to 
the 4flevels and that a variety of mixed 4f-5d-6s electron configurations are low in energy.i3*14i 
Hence, it is possible that the valence electrons of a low-valent lanthanide metal would possess 5d 
as well as 4f character. This electronic situation would be unique among metals and might provide 
the basis not only for new lanthanide chemistry but also for new types of metal-centered chemistry 
in general. As an example, zero-valent Er in a neutral complex could have single-electron 
approximation configurations such as 4f 135d1, 4f “5d’ and 4f “5d26s’ as well as the 4f 126s2 
configuration of the elemental metal. The chemistry of an uncharged 5d’ or 5d2 metal would 
certainly be unusual. 

IV.2. Lanthanide metal vapor reactivity 

IV.2(a) Reactions with CO. One of the early studies of zero-valent lanthanide metal vapor 
chemistry involved the matrix isolation reaction of the metals with CO.‘42 Based on IR data, a 
variety of metal carbonyl complexes, Ln(CO), (n = l-6), were postulated. This was not a preparative- 
scale experiment, however, and the postulated complexes were not stable except at very low 
temperature. Hence, unambiguous confirmation of the formula and structure of these complexes 
could not be obtained. 

IV.2(b) Reactions with substituted alkynes and alkenes. One major focus of the study of zero 
oxidation state lanthanide chemistry on a preparative scale involved reactions with unsaturated 
hydrocarbons.3*‘43*‘44 Although alkenes and alkynes were not known as ligands or reactants with 
the trivalent lanthanides at that time, it was important to explore the potential of the zero-valent 
lanthanide metals to interact with such substrates given the importance of unsaturated hydrocarbon 
reactions in organometallic chemistry. 
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These exploratory studies demonstrated that the lanthanide metals have an extensive chemistry 
with unsaturated hydrocarbons and generated some of the most unusual organolanthanide species 
currently known. The lanthanide metal vapor reactions (57)-(61): 

Ln + H,C=CH-CH=CH2 + Ln(C4H& (Nd, Sm or Er), (57)‘35 

Ln + H,C=C(CH,)-C(CH3)=CH2 + Ln(C,H,,), (La, Nd, Sm or Er), (58)‘35 

Ln + CH3CH = CH, + Ln(C,H,), (Er), (59)‘45 

Ln + CH,CH,CECCH,CH, -, LnGH 1 d3 (Nd or Er), (60)62 

+ L&d I 0) (Sm or Yb) (61)62 

illustrate the main features of this chemistry. In each case, the metal was vaporized at temperatures 
ranging from 500-1600°C depending on the specific lanthanide involved and cocondensed with the 
unsaturated hydrocarbon at - 196°C. The product was isolated on a preparative scale in an inert- 
atmosphere glove box and the product formula was determined by complete elemental analysis. 
Yields varied depending on the specific metal-ligand combination, but as much as 2-3 g of isolated 
product were obtained in some of the systems.3y144 

The metal vapor reaction products differed from traditional organolanthanide complexes in 
many ways. First, the observed stoichiometries had low ligand: metal ratios. For example, the Yb- 
and Sm-Zhexyne products [reactions (60) and (6111 had formal ligand: metal ratios of 1: 1, whereas 
most organolanthanides are commonly 9- or lo-coordinate. Second, the stoichiometries varied in 
an unusual manner depending on the ligand and metal. For example, 2,3-dimethyl substitution of 
the butadiene ligand changed the ligand: metal ratio from 3: 1 [reaction (57)] to 2: 1 [reaction 58)]. 
In the 3-hexyne system, changing from Nd and Er to Yb and Sm changed the ratio from 1.5: 1 
[reaction (60)] to 1: 1 [reaction (6111. Traditionally, the stoichiometries of organolanthanide 
complexes are invariant to minor substitutional changes on the ligand and are similar for each 
lanthanide in the series. Third, in contrast to traditional organolanthanides, which have pale colors 
(see Section IILl), the metal vapor products were intensely colored materials which displayed 
strong charge transfer absorptions in the near IR and visible regions. Fourth, the room-temperature 
magnetic moments for these complexes were often outside the range of “free-ion” values previously 
reported for organolanthanide compounds. Consistent with this, the NMR spectra of the La, Sm 
and Lu products were broad and uninformative whereas these metals, when trivalent, provide 
sharp interpretable spectra. The lanthanum butadiene product displayed an EPR absorption 
(La3 + is 4f”). Finally, the solution behavior of these complexes was unusual. For example, the 
3-hexyne product [ErC9H1J, was dimeric in arenes, i.e. n = 2 [e.g. Er2(C6H,0)3], but in 
concentrated solution or in thf it was highly associated with n > 10. This is just the opposite of 
the trend found for traditional organolanthanides which are more highly associated in arenes than 
in thf.21,30 Unfortunately, because these metal vaporization products oligomerized rather than 
crystallized in concentrated solution, these species were not structurally characterized by X-ray 
diffraction. 

Analysis of possible zero-valent reaction pathways suggested three conceivable structural types 
for these products and initiated further experimental studies to verify them.144 For the Er-3-hexyne 
product, (ErC9H15),, one possibility was a x-complex as shown in A below: 

A A’ 

This structure has an alternate cyclometallopropene form (A’) which may be more reasonable for 
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these complexes considering the electropositive nature of the lanthanides. No a-complexes of 
lanthanides have yet been observed. However, q2-coordination of C=N double bonds to trivalent 
Er and Y centers has been structurally characterized in formimidoyl complexes’45*146 and 
numerous examples of unsaturated hydrocarbons participating in lanthanide reactions are now 
known 5.6.23.128.133 

Alternatively, the lanthanide may not interact with the unsaturated bond at all, but instead could 
insert into C-H bonds by oxidative addition as in B: 

CH,-CH-CCC- CH-CH3 

I I 

CH3 - T=C=T - CH,CH3 

H-Er Er -H Or H-Er Er-H 

I I I I 
RC = CCH HCCECR CH3 CH = C = CR RC =C = CHCH, 

I I 

CH, C”s 

R 

This type of C-H activation reaction subsequently was demonstrated in lanthanide metal vapor 
reactions with terminal alkynes*’ and C5Me,H,47 

A third possibility for the reaction of a lanthanide metal with an alkyne is radical formation 
(structurec) as has been postulated for the Al-HCrCH system based on matrix EPR spectro- 
~copy.‘~’ If the monovalent Er in the initially formed radical oxidatively inserts into a C-H 

CH, CH 

Er/ ’ R 
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linkage and the resulting Er-H adds to excess 3-hexyne in the matrix, the radical-forming reaction 
can be rationalized to form a product with the exact formula determined experimentally (in contrast 
to structure B which is low in hydrogen). Subsequent studies of the reduction of 
C6H5C=CC6H538 and C6HSN=NC6H5’26 by (C,Me,), Sm(thf), [see reactions (51) and (52)] 
support this reaction pathway. Interestingly, the diphenylethyne and azobenzene products are 
intensely colored like the metal vapor reaction products. Structure C fits the available data best, 
but remains to be structurally established. 

IV.2(c) Reactions with unsubstituted alkenes and cyclopropane. Since the reactions leading to 
structures B and C in the previous section required that substituents attached to the multiply- 
bonded carbon contain hydrogen for C-H activation, it was of interest to investigate metal vapor 
reactions involving smaller unsaturated hydrocarbons which lacked these potentially reactive sites. 
Accordingly, the reactions of ethene and 1,Zpropadiene were surveyed with Sm, Yb and Er. The 
reactivity of two other small hydrocarbons, propene and cyclopropane, was also studied for 
comparison. These studies indicated an even wider range of reactivity was possible for the 
lanthanides.14* 
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In contrast to the reactions discussed in the previous section, lanthanide metal vapor reactions 
with these smaller hydrocarbons did not provide soluble products (with the exception of the erbium 
product, Er(C,H,), [reaction(59)]). Information on reaction pathways was obtained primarily by 
analyzing the products of hydrolysis of the metal vapor reaction product. 

In ethene reactions, these data indicated that simple stable Ir-complexes (type A in the previous 

/““\ 
section) were not predominant products and that o-bonded linkages, such as CHZ-CH, (type A 
in the previous section) or LnCH,CH2Ln were more likely.14* The data suggested that alkene 
insertion and polymerization were occurring as in organolithium chemistry.14’ Lanthanide-based 
alkene polymerization I50 has been heavily studied subsequently.151*152 Hydrolytic formation of 
CH, and homologated three-carbon products from the ethene reaction products suggested that 
the lanthanides had the capacity to break and reform C-C bonds. The presence of Ln-H moieties 
was also indicated and was consistent with activation of C-H bonds by oxidative addition. 

The major reactivity patterns observed in ethene reactions were also found in reactions of 
lanthanide metal vapor with 1,2-propadiene, propene and cyclopropane, although the larger 
hydrocarbons gave less complex reaction products. 14’ With 1,Zpropadiene as the substrate, 

Ln 
/“I I 

oxidative addition of CH and the formation of CH2--C=CH2 or LnCH,-C=CH, appeared to 
be the major routes of reaction. Propene reacted with lanthanide metal vapor primarily by CH 
oxidative addition to form insoluble ally1 hydride complexes. With Er, however, [Er(C,H,),],, was 
obtained. Hydrolysis products also included propyne which indicated that extensive dehydro- 
genation of propene occurred in this system. 

In the cyclopropane-Er system, oxidative addition of C-H to form cyclopropyl Er hydride 
groups as well as ring cleavage and dehydrogenation reactions were inferred from the hydrolytic 
data. The fact that the relatively inert C-H bonds in cyclopropane could be activated by a 
lanthanide metal testifies to the high reactivity found in these systems.‘48 

IV.2(d) Reactions with readily reducible or acidic hydrocarbons. The metal vapor reactions 
described in this section involve substrates which are readily convertible to stable organic anions. 
As described in Section 111.2(a), YbC,H, can be prepared by reacting Yb metal vapor with 1,3,5,7- 
C8H8.51 When this reaction is carried out with lanthanide metals which do not have a readily 
accessible divalent state, for example, La, Ce, Nd or Er, a different type of product is obtained. 
Extraction with thf gives trivalent species consisting of a tight ion pair of [(C8H8)Ln(thf)2]+ and 
[(C8H8)zLn]-.51 Hence, complete oxidation of the metal can occur under these conditions with 
the proper reducible substrate. 

When hydrocarbon substrates containing acidic hydrogen are used, oxidative addition of CH 
readily occurs. As described in Section 111.2(f), ytterbium reacts with 1-hexyne to form alkynide 
hydride complexes [HYb2(CECC4Hg),],. *’ With Sm, trivalent alkynide hydride complexes are 
formed and may involve some dimetalated as well as monometalated alkynide ligands. The Er 
reaction also forms trivalent alkynide hydrides and is even more complex than the Sm system.*’ 
The complexity of these systems increases as the stability of the divalent oxidation state decreases. 

The reactions of Sm metal vapor with C,Me,H and C,Me,EtH also give C-H oxidative 
addition products [see Sections 111.2(d) and (e)]. 47*74 For C,MeSH, a thf workup gives an unstable 
divalent hydride, [(C,Me5)SmH(thf),], which transforms to (C5Mes)2Sm(thf)2.47 .Again, oxidative 
addition of C-H explains this result. When a thf-free workup of the Sm-C,Me5H reaction 
mixture was carried out, an interesting alkane-soluble product was isolated which contained 
nitrogen by elemental analysis. Addition of toluene to this product liberated N, gas and left 
(C,Me,),Sm. Unfortunately, definitive identification of the nitrogen complex was not possible.74 

In a similar reaction to those above, Yb metal vapor reacts with C5H, to form (C5HS)2Yb.‘53 
IV.2(e) Catalytic activity of metal vapor products. In the course of characterizing the lanthanide 

metal vapor 3-hexyne products, it was discovered that these complexes had the capacity to initiate 
catalytic hydrogenation of alkynes to alkenes and alkanes. 62 A variety of lanthanide metal vapor 
products have been found to generate catalytic hydrogenation systems. Not only the 3-hexyne 
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reaction products, but also the products of lanthanide metal cocondensations with 1-hexyne, 2,3- 
dimethylbutadiene, (CH&SiCrCSi(CHs), and P(C,H,), are able to do this.‘54 Using 3-hexyne 
as a substrate, these catalytic systems generally give high yields of cis-3-hexene, many with > 95% 
stereospecificity. 

Although catalytic hydrogenation of alkynes can be accomplished in many other ways, this 
catalytic system was significant because it was the first time an f-element complex had been 
observed to catalytically activate hydrogen in homogeneous solution.62 The result had additional 
importance because the metal hydride complexes presumably involved in the catalyses provided 
the first evidence for the existence of discrete molecular lanthanide hydrides. The existence of 
lanthanide hydride complexes subsequently was demonstrated crystallographically and fully 
characterized lanthanide hydrides were shown to have catalytic activity in hydrogenation reactions.3* 
High levels of catalytic hydrogenation activity have subsequently been observed under optimized 
conditions.i2* 

IV.3. Bulk metal, metal amalgam, and activated metal reactions 

Lanthanide metals in the form of powders, filings or ingots have been used in a variety of systems 
as reagents. In some cases, the metal is “activated” by addition of Hg or HgC12 to form an amalgam. 
When ytterbium is used, divalent products are often obtained and many of these reactions have 
been discussed in Section 111.2. These include oxidation reactions using alkyl and cyclopentadienyl 
halide reagents, transmetalation reactions with cyclopentadienyl, aryl, alkynyl, carboranyl, trans- 
ition-metal, mercury and thallium reagents, and reductions of (C5H5)2YbCl and (C5H5),Yb with 
Yb. The latter two reductions and some of the transmetalations can give clean reactions, whereas 
the RX reactions are generally complex. Extension of these reactions to samarium tends to give 
more complex results due to the formation of Sm(II1) products. As is observed in metal vapor 
reactions with terminal alkynes, the complexity of these oxidations often increases with decreasing 
stability of the divalent oxidation state. 

Lanthanide elements which do not have a readily accessible divalent oxidation state also 
participate in oxidations of the type described above to give trivalent products. The reactions of 
Ce and La with alkyl and aryl iodidesg4 and Pr, Nd, Gd and Ho with triphenylmethylchloride, 
benzyl chloride and phenyl bromide155 have been studied. Mixtures of colored 
products corresponding to R,LnX,_, are thought to be present. In a related approach the 
reactions of La, Tm and Yb with C- and B-mercuriocarboranes have been investigated.“’ 
Tris(cyclopentadieny1) complexes of Ce, Nd, Gd and Er have been prepared from the metals and 
thallous cyclopentadienides.54 

A variety of lanthanide metals have been reacted with transition-metal reagents including 

WdWW412 ,l 56 Mn(CO)5Br,157 C3H5Fe(C0)31,‘57 C5H5Cr(CO)3HgC1157 and 

CW-MWC%I,. 157-15* These are complex reactions and only recently has a product been 
crystallographically characterized. The reaction of “lanthanum amalgam” with 
[(C,H,)Mo(CO),], forms (thf)5La[(p-OC)Mo(CO)2(C5H5)]3 * (thf).15* 

Reduction of PrCl, with K in thf gives an activated reduced form of praseodymium which has 
an organometallic chemistry. Treatment of the reduced praseodymium with 1,5-cyclooctadiene at 
room temperature gives products from which 1,3,5,7cyclooctatetraene can be isolated upon 
oxidation.15g The exact oxidation state of the lanthanide was not determined. The &HI2 to 
CsHg- conversion which apparently occurs led to the development of a high-temperature K-based 
preparation Of 1,3,5,7CsHs from 1,5-CsH12.160 

IV.4. General principles governing zero-valent lanthanide chemistry 

Since little structural evidence is available on most of the products reported in Section IV, this 
area of low-valent lanthanide chemistry cannot be analyzed as precisely as was done for trivalent 
and divalent systems in Sections II.2 and 111.4, respectively. The identity of many of the products 
discussed in Section IV remains unknown. Given what we now know about the reactivity/stability 
of sterically unsaturated trivalent organolanthanides (Section 11.2), and strongly reducing divalent 
lanthanides (Section 111.3) it is not surprising that the zero-valent lanthanide systems would be 
difficult to fully characterize. However, the goal of much of this chemistry, namely to broaden 
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organolanthanide chemistry in general, has been achieved. 

831 

These studies demonstrated several key aspects about the capacity of the lanthanides to participate 
in organometallic chemistry. The lanthanides were clearly shown to interact with the unsaturated 
hydrocarbons, a class of ligands previously uncommon in lanthanide chemistry. The lanthanides 
were shown to have the potential to effect a variety of interesting transformations on hydrocarbon 
substrates including C-H activation by oxidative addition, two-electron reduction of unsaturated 
C-C bonds, C-C cleavage, oligomerization, dehydrogenation, homologation and catalytic 
hydrogenation. The metal vapor reactions generated products which could catalytically activate 
hydrogen and which could probably generate molecular lanthanide hydride complexes. 

The metal vapor syntheses in particular generated a variety of unusual organolanthanide 
complexes and “defined a set of conditions under which a variety of remarkable hydrocarbon 
activation reactions take place in the presence of the lanthanide metals”.‘48 These studies 
demonstrated the potential of the lanthanide metals and indicated areas where further development 
should take place in the field. As stated previously “the challenge in this area is to control this 
reactivity so that it can be used selectively”‘48 and this is being done. 

V. CONCLUSIONS 

The organometallic chemistry of the lanthanide metals in low oxidation states has grown 
enormously since the isolated reports of the first complexes of this type appeared in the 1960s. The 
greatest development has occurred in the past few years and the rate of growth shows no signs of 
diminishing. The field is still too young to have a definable scope and potential at the present time, 
although recent results are starting to provide a basis for developing general principles. 

The utility of the elemental metals in organolanthanide chemistry has been clearly shown in 
terms of demonstrating reactivity and the potential of lanthanides in general. The value of zero- 
valent lanthanide chemistry in forming isolable complexes has yet to be realized. 

Although only three of the lanthanide elements have accessible divalent oxidation states, it is 
clear that divalent chemistry will be an important component of the organolanthanide field. The 
strong reducing capacity of Sm(I1) will continue to distinguish it not only as a special lanthanide, 
but also as a special reducing reagent in chemistry in general. Clearly, low oxidation state lanthanide 
complexes have much to offer the field of organometallic chemistry. 
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Abstract-Complexes of dichlorodicarbonylruthenium(I1) of formula [RuCl,(CO),L,] 
(L = tetramethylthiourea, monomethylthiourea, dimethylthiourea, pyridine 2-thiol, piperid- 
ine or pyridine) and [RuCl,(CO),L’ (L’ = 1,Zdiaminoethane or tetramethylurea), have 
been prepared. The complexes were characterized by their IR, NMR and elemental 
analyses. 

Dihalodicarbonylruthenium(I1) compounds were 
first reported by Manchot and Konig’ in 1924. 
Wilkinson2*3 first reported compounds of type 
[RuCI,(CO)~L,] (L = PPh, or AsPh,). Colton and 
Farthing and later Cleare and Griffith5 have 
reported that refluxing RuCl, *xH,O with formic 
acid produced [RuCI,(CO)~]. almost quan- 
titatively. Since then halocarbonylruthenium(I1) 
{[RuX,(CO),],} has proved to be a very useful 
precursor for the synthesis of a variety of 
complexes.6 Here we report the synthesis of 
dichlorodicarbonylruthenium(I1) complexes of 
type [RuCl,(CO),L,] [L = tetramethylthiourea 
(TMTU), monomethylthiourea (MMTU), di- 
methylthiourea (DMTU) or pyridine 2-thiol 
(PYT)]. These ligands are monodentate and it has 
been suggested on the basis of IR spectroscopic 
data that coordination of these ligands to the 
metal is through the S atom.’ In the case 
of CRuCWWPIPLl> (PIP = piperidine), 

CRuCb(CO),W’),I (PY = pyridine) and 
[RuCl,(CO),(en)], (en = l,Zdiaminoethane), the 
coordination to the metal is through the N atom. All 
the complexes were insoluble in common organic 
solvents such as benzene, petroleum ether and 
carbon tetrachloride, but are soluble or slightly 
soluble in chloroform, ethanol, acetonitrile and 
tetrahydrofuran (THF). All the complexes were 

*Author to whom correspondence should be addressed. 

stable, yellow or pale yellow solids except for 
complex 3, which was a waxy solid, and all can be 
handled in air for a short time. 

EXPERIMENTAL 

The salt “RuCl, * xH,O” and substituted urea, 
thioureas and amines were purchased from Fluka 
Inc. and were used without further purification. 

IR spectra were measured (KBr pellets) using a 
Zeiss Model IMR-16 spectrophotometer. Proton 
magnetic resonance spectra were recorded on a 
Varian EM 390~90-MHz NMR spectrometer. 

Elemental analyses were carried out by the micro- 
analysis laboratory of King Abdulaziz University, 
Jeddah. 

[RuCl,(CO),], was prepared as reported.4 

Preparation of [RuCl,(CO),(TMTU),] 

A typical reaction is described. 
To a solution of [RuCl,(CO),], (0.5 g, 2.2 mmol) 

dissolved in THF (30cm3) was added tetramethyl- 
thiourea (0.6 g, 4.5 mmol). The mixture was refluxed 
for 1 h. During, this period some orange yellow 
crystals separated out. The contents were then 
cooled and the addition of petroleum ether sepa- 
rated out the orange yellow crystals of the product 
{[RUCKUS . (TMTU),]} almost quantitatively. 
This was washed twice with petroleum ether, and 
dried in vacua. Yield 1.08g (98%). M.p. 243°C. 
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All the complexes shown in Table 1 were prepared 
by the same general method from [RuCl,(CO),], 
and a monodentate ligand in a 1:2 mole ratio and 
a bidentate ligand .in a 1: 1 mole ratio, respectively. 
The preparation of complex 8 using a different 
method has been reported.’ 

RESULTS AND DISCUSSION 

The reaction of [RuCl,(CO),], with TMTU or 
other monodentate ligands in a 1: 2 mole ratio gives 
stable yellow crystalline solids. 

IR spectra of all the complexes were determined 
as KBr pellets and the low value of the terminal 
metal-carbonyl (M-CO) stretching frequencies 
observed in all the complexes (Table 1) may be 
attributed to a flow of electron density from the 
ligand to the metal causing a decrease in the 
M . PC0 stretching frequencies. The presence of 
only two strong CO bands indicates that the two 
CO groups are cis.* 

The ambidentate nature of substituted thiourea 
and its mode of coordination with transition metals 
has been a subject of controversy. Schafer and 
Curran’ have suggested for TMTU complexes that 
an increase in the frequency to 1504cm- ’ (which 
they claim is mainly due to the N. C .N anti- 
symmetrical stretching vibration) and a decrease to 
1126 cm- ’ (which is mainly due to C=S band) 
means that ligand-metal coordination is through 
the S atom. Therefore complexes 2, 4 and 5 also 
show a lower C=S value (N lo-20 cm- ‘) compared 

to the free ligands. A similar behaviour has been 
noticed in the case of the pyridine 2-thiol complex 
(6). We have shown earlier a similar trend for these 
ligands with molybdenum carbonyl’O and uranyl’ l 
complexes. 

The low N.H stretching frequencies of PIP 
(acting as a monodentate ligand) in complex 7 and 
en (a bidentate ligand) in complex 9 suggest that 
these ligands are coordinated to the metal through 
N atoms. 

The NMR spectrum (Table2) of the dichloro- 
dicarbonylruthenium(II)-TMTU amplex in CDCl, 
shows only a single peak at 6 3.3 for the four methyl 
groups. If bonding of the ligand to the metal 
occurred through an N atom rather than an S 
atom then the methyl protons of the complexed 
dimethylamino group should have a chemical shift 
different from that of the methyl protons of the 
uncomplexed dimethylamino group. On the other 
hand, the NMR spectrum of the dichloro- 
dicarbonylruthenium(II)-TMU complex in CDCl, 
shows a low-field chemical shift and splitting of the 
methyl protons of the complexed dimethylamino 
group, showing that they are not equivalent. How- 
ever, the IR spectrum of this complex shows a 
decrease of N lOOcm- ’ in v(C=O) compared to 
the free ligand. This may be attributed to the fact 
that the ligand is coordinated to the metal through 
both an 0 atom and an N atom. 

The NMR spectra of complexes 7 and 8 are given 
in Table 2. 

The low-field shift is indicative of a strong 

Table 1. Analvtical data and IR snectra” 

No. Compound 

Expected Found 

C H N C H N v(N--H) v( M-CO) v(C=S) 

CRuWCOLl, 10.5 - - 10.8 - - - 2145”, 2075,202O - 
(2080, 2020)* 

29.2 4.8 11.3 28.9 4.7 11.2 - 2035, 1955 1112 
(1226)’ 

24.4 3.4 8.1 24.2 3.2 8.2 - 2071, 1998 - 

22.0 3.6 12.8 22.6 3.9 12.1 3490, 3260 2070, 1995 1040 
(1030) 

18.7 3.1 14.5 18.9 3.7 14.2 3300, 3180 2060, 1990 1100 
(1120) 

31.9 2.3 6.2 32.0 2.3 6.7 3200 2060, 1982 1128 
(3155,304O) (1140)’ 

36.0 5.5 7.0 36.7 5.8 7.2 3180 2056, 1988 
(328O)c 

37.2 2.5 7.2 37.4 2.6 7.4 - 2045, 1985 - 
16.6 2.8 9.7 16.8 2.9 9.9 3290, 3230, 3140 2060, 1982 - 

(3360, 328Or 

“In KBr discs. 
*In chloroform solution (2080, 2020). 
cValue for free ligand. 
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Compound 

Table 2. Proton magnetic resonance spectra 

Chemical shift Relative intensity 

(6) (ratio) Multiplicity Assignment 

[RuCl,(CO),(TMTU),] 
(in CDCl,) 

CRuWCWTMUM 
(in CDCl,) 

CR~WCWPY’W 
(in CD&N) 

CRuCl, . UW’IPM 
(in CD&N) 

CR~‘&(CWPW 

(in CD,COCD,) 

CRuCWOMen)l 
(in deuterated DMSO) 

3.3 1 WH,) group 

3.1 (centre) 
(2.85)” 
8.05 
7.7 
7.2 
7.5 
3.4 
8.9 

(8.55)” 
8.15 

(7.6) 

(& 
2.85 

(2.65)” 
4.65 

1 
2 
2 
1 

10 
2 

1 

Broad doublet 4@I-I,) group 
1 

Multiplet 
Multiplet 
Multiplet 

NH 
Broad multiplet YCH,) 

Doublet a-Protons 

Multiplet y-Proton 

Multiplet 
1 
1 
1 

fi-Proton 

2(CH,) 

(2.2OP 1 1 2(CHz) 

‘Value for free ligand. 

complexing of the ligand to the metal which results 2. 

in a net transfer of electron density towards the 
metal atom. 3. 

Thus the NH, protons in complex 9 appear at 

T. A. Stephenson and G. Wilkinson, J. Inorg. Nucl. 
Chem. 1966, 28, 945. 

low field (64.65) compared to uncomplexed NH, 4. 
protons. A similar trend was noticed in the case of 
complex 8 (see Table 2). 

5 

J. V. Kingston, T. W. S. Jamieson and G. Wilkinson, 
J. Inorg. Nucl. Chem. 1967, 29, 133. 
R. Colton and R. H. Farthing, Aust. J. Chem. 1967, 
20, 1283. 
M. J. Cleare and W. P. Griffith, J. Chem. Sot. A 
1969, 372. 

The elemental analyses of all the complexes are 
given in Table 1 and are consistent with the 

6. A. R. Joseph, Chem. Rev. 1985, 85, 1 (and references 
therein). 

proposed formulation. 7. M. Schafer and C. Curran, Inorg. Chem. 1966,5,265. 
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Abstract-Two new biuret/vanadyl(IV) complexes, a normal bis(biuret) oxygen-bonded 
VO(biur)&$ - 3H,O and a polymeric one, with bridging-bidentate sulfato groups, VO(biur)- 
SO4* 3H20, have been prepared. They were characterized by their IR and electronic 
spectra and by TG and DTA measurements. One water molecule is strongly bonded to 
the cation in both compounds. 

Vanadium is an essential trace element in both 
plants and animalslW3 with numerous physiological 
effects. There is ample evidence that in living 
organisms, vanadium exists primarily as the vanad- 

Yl(W, V02 +, cation complexed with proteins and 
other cellular components. 

In order to obtain a deeper insight into some 
basic aspects of the inorganic biochemistry of 
vanadium, we have begun the study of different 
model systems, containing this metal, which are 
relevant for a better understanding of its biochem- 
ical properties and effects.“6 

In this context we have now investigated the 
interaction of the V02+ cation with biuret, which 
constitutes a good simple model for studies of the 
coordination properties of amide bonds (cf. for 
example, Ref. 7). Two new V02 + complexes, VO(bi- 
ur)2C12 * 3H,O and VO(biur)SO, * 3H,O, contain- 
ing the neutral biuret as ligand, were obtained and 
thoroughly characterized during these studies. 

EXPERIMENTAL 

Preparation of VO(biur),Cl, * 3H20 

A solution of vanadyl chloride was prepared by 
reacting 0.455 g (2.5 mmol) of V20s with 5 cm3 of 
concentrated HCl in the presence of a few drops of 
ethanol on a water bath until all the pentoxide 
dissolved giving a clear blue so1ution.s After a 
dilution of 30cm3 of water, another solution con- 
taining 1.031 g (10 mmol) of biuret dissolved in 

*Author to whom correspondence should be addressed. 

80cm3 of ethanol was slowly added. The resulting 
mixture was left to evaporate slowly at room 
temperature until a greenish-blue precipitate was 
obtained. The fine crystalline mass was filtered, 
washed with small portions of absolute ethanol and 
dried in a vacuum desiccator over P,Olo. Analysis: 
Found: V, 13.0; N,21.0%; C, 11.9; H, 3.9%. Calc. 
for VO(C2H,02N3),C12~ 3H,O: V, 12.8; N, 21.1; 
C, 12.1; H,4.0%. 

Preparation of VO(biur)SO, * 3H20 

1.256g (5mmol) of VOSO.,. 5H20 were dis- 
solved in a solution of 35cm3 ethanol + 5 cm3 
water. To this solution, 1.03 1 g (10 mmol) of biuret, 
dissolved in 80 cm3 of ethanol, was added dropwise. 
A fine crystalline clear-blue powder precipitated 
after a few minutes. It was filtered and handled in 
the same way as above. Analysis: Found: V, 15.8; 
N, 13.4; C, 7.8; H, 3.3%. Calc. for VO(C2H,02N3) 
SO,. 3H,O: V, 15.9; N, 13.1; C, 7.5; H, 3.4%. 

Physicochemicul measurements 
The electronic spectra of the solid samples were 

recorded with the reflectance attachment of a Shim- 
adzu UV-600 spectrophotometer, using MgO as a 
standard. The IR spectra were obtained with a 
Perkin-Elmer 580 B instrument employing the KBr 
pellet technique. The thermal behavior was investi- 
gated on a Rigaku thermoanalyzer (type 
YLDG/CN 8002 L2) using a chromel-alumel 
thermoelement and working under a flowing N2 
stream, at a heating rate of 10°C min-‘. Al203 was 
used as a DTA standard; sample weight ranged 
between 25-30 mg. 
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1800 1600 1400 1200 1000 800 600 400 [cm-~l 

Fig. 1. IR spectra of VO(biur)SO,.3H,O (A) and VO(biur),C1,~3H,O (B). 

RESULTS AND DISCUSSION 

It is known that biuret (NH2CONHCONHz) can 
form two types of chelate rings,7’9*‘0 coordinated to 
the metal ions through both carbonyl oxygens or 
to the two, single deprotonated, NH2 groups. 

The stoichiometry found for the two new 
vanadyl(IV) complexes indicated the formation of 
C=O coordinated complexes but two different 
environments, which depend on the starting van- 
adyl salt, are found. In the case of the sulfate, this 
anion is incorporated as a bidentate ligand and a 
polymeric complex (see below) is probably gener- 
ated. Starting with the chloride, a normal bis(biuret) 
cationic complex is obtained. 

The IR spectra of both complexes in the range 
2000-250 cm- ’ (Fig. 1) and their assignment shown 
in Table 1, support the above suppositions. The 
spectrum of VO(biur),Cl, * 3H,O is similar to that 
of Cu(biur)&lz”‘iz in which the C=O coordin- 
ation is supported by a structurali as well as by 
a complete normal coordinate analysis.’ ’ 

The VO(biur)SO, . 3Hz0 spectrum is more com- 
plex, due to the presence of the coordinated S04- 
ligand. The spectral features and band positions of 
these SOi- vibrations indicate the presence of 
bridging bidentate sulfato groups,12*14,15 which 
strongly suggest the presence of a polymeric com- 
plex, an assumption which is also supported by the 
rapid precipitation of this species after mixing the 
biuret and the vanadyl sulfate solutions. 

The symmetric stretching and bending vibrations 
(vl and vl) of the sulfate groups apparently are too 
weak in intensity to be detected or they may be 
overlapped by stronger bands lying in the same 
spectral range. Also the antisvmmetric bending (vJ 

is clearly overlapped by a p(NH,) biuret vibration. 
The characteristic V=O stretching vibration lies 

in the same range for both complexes, although it 
shows a small shift to higher wavenumbers and 
also a somewhat higher intensity in the case of 
the chloro-compound. The V-O stretching mode 
which originated in the interaction of the cation 
with the carbonyl oxygens should lie in the lower 
frequency region of the spectra. We have tentatively 
assigned this mode to the band found around 
35Ocm-‘, although in the bis(biuret) copper(I1) 
dichloride and in the nickel(I1) analog it was found 
below 300 cm- . 1 l1 Notwithstanding, in vanadyl(IV) 
acetate a band lying at 442 cm- ’ was assigned to 
this stretching mode.16 

The electronic reflectance spectra of both com- 
pounds are very similar as can be seen from Fig. 
2. They show a very strong and broad band and a 
well-defined shoulder on its higher energy side. The 
first band is found at 760nm (13,757 cm- ‘) in the 
bis(biuret) complex and at 750 nm (13,333 cm- ‘) in 
the sulfato complex. The shoulder is located at 
635 nm (15,748 cm-‘) in the first case and at 
N 600 nm (16,666 cm- ‘) in the second one. 

According to the well known Ballhausen and 
Gray energy level diagram’ ’ the main peak can be 
assigned to the 2E c 2B2 and the shoulder to the 
‘B1 c ‘B2 transitions, respectively. The value for 
the crystal field splitting parameter 1ODq is given 
directly by the last transition. The observed values 
are in good agreement with those obtained for 
other vanadyl complexes with a similar V02+ 
environment.” The small differences in color arise 
from the relative displacements of the shoulders 
and from the different form and extension of the 
‘window’ located between the shoulder and the 
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Table 1. Assignment of the IR spectra of VO(biur),Cl,e3H,O and VO(biur) 
S0,.3H,O in the 2000-250cm-’ region (values in cm-‘) 

VO(biur),Cl, .3H,O VO(biur)SO, . 3Hz0 Assignment 

1700 
1672 

1640 
1605 

1470 

1335 

1132 
1118 
1102 

972 

952 

750 

678 
643 

1712 v(C=O) + 6(NH,) 

1665 
1630 sh &HzO) + &NH,) 

1481 V(CN) 
1326 6(N-H) 

AN-I,) 

1165 
1129 
1043 

965 
946 

760 

v~(S04) + p,(NH,) 

v(V0) 
v(CN) + v(C-NH,) 

Ring deformation 

p(NH,) 

480 

350 

673 
626 
591 sh 

480,471,450 

370 

p(NHz) + v,(SOJ 

Ring deformations 

v(V-0) + &C--NH*) 

I I I I I 

400 500 600 700 800 
[nmi 

Fig. 2. Electronic reflectance spectra of VO(biur) 
SO*. 3H,O (A) and VO(biur),Cl, . 3Hz0 (B). 

beginning of the strong charge-transfer band, 
located at higher energies, and not seen in Fig. 2. 

The thermal analysis gives more information 
about the characteristics of the coordination sphere 

The thermogram of VO(biur)SO, * 3Hz0 shows 
four well-defined endothermic DTA signals, the 
first of which appears in a doublet form. This 
doublet (96” and 1ll’C) corresponds to the loss of 
two water molecules and the release of the third 
one occurs at 192°C. After this loss the thermogravi- 
metric curve shows a continuous but irregular 
weight decrease, related to the other two endo- 
thermic peaks. One of them, located at 258”C, is 
associated with the release of the organic ligand. The 
last one, at 42o”C, corresponds to the generation of 
SO,. Further heating, up to 7WC, gives neither 
mass changes nor thermal effects. From these 
results, the thermal degradation can be formulated 
as follows: 

VO(biur)SO, .3H,O + VO(biur)SO:, - H,O 
I 

+ 2Hz0 (1) 

VO(biur)S04 * H,O + VO(biur)S04 + Hz0 (2) 

VO(biur)SO, + VOS04 + biur (3) 

voso, + vo, + so,. (4) 

of both complexes. The theoretical total weight loss [addition of equa- 
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tions (l)-(4)] gives 74.06% which correlates with 
the value of 73.8% found experimentally. 

In the case of VO(biur)& * 3H20 the release of 
the first two water molecules is associated with a 
strong and well-defined endothermic DTA peak 
centered at 141”C, whereas the release of the third 
one corresponds to a. second endothermic peak, 
located at 200°C. After the loss of water a continu- 
ous weight decrease is observed. Between 220” and 
5WC, the observed weight change corresponds to 
the release of the two biuret molecules. In this range 
two not well-defined and weak endothermic DTA 
signals at 260” and 378°C are observed. At 500°C 
a clear inflexion is observed in the TG curve, and 
a further weight loss begins and continues slowly 
until the maximum temperature (700°C) is reached. 
In this case, the formation of VOC& as an inter- 
mediate can be expected, but pure VOClz decom- 
poses into VOCl and VOCIJ at temperatures above 
380°C.” The total conversion of the complex to 
VOCl requires a weight loss of 74.27% in good 
agreement with the experimentally found values, 
which always lie around 75%. 

Therefore, the degradation of VO(biur), 
Clz * 3H,O can be formulated as follows: 

VO(biur),Cl, * 3H,O + VO(biur),Cl, . Hz0 

+ 2H,O (5) 

VO(biur),Cl, * H,O + VO(biur)&lz + Hz0 (6) 

VO(biur),Cl, + VOClz + 2biur (7) 

2voc1, + VOCl(s) + VOCl,(g). (8) 

The most important result obtained from the 
thermal analysis is the clear evidence of the presence 
of one strongly bonded water molecule in both 
complexes. This molecule is probably coordinated 
directly to the vanadium atom in the trans position 
to the vanadyl oxygen. 

The formation of these complexes is another 
example of the particularly high stability of vanadyl 
complexes with oxygen donors” and suggests a 
preferential interaction of the V02+ cation with 
C=O oxygens in the presence of amide groups in 
biological environments. 
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Abstract-The series of ternary complexes of type [CuAL] where A = 1, IO-phenanthroline 
or 5-nitro-l,lO-phenanthroline and L = catechol, 2,3-dihydroxynaphthalene, dopamine, 
phenylalanine, tyrosine or L-dopa have been synthesized and characterized by spectral and 
magnetic moment studies. 

Tyrosine and L-3,4-dihydroxyphenylalanine (L- 
dopa) are compounds of biochemical importance 
in the neurotransmission process.’ Dopa is also 
used as a drug and is administered orally in the 
treatment of Parkinson’s disease. However, during 
the passage through the intestine or liver, dopa is 
converted into dopamine. 

It was shown’ that coordination of L-dopa with 
a metal ion from the aminocarboxylate end reduces 
the decarboxylation caused by pyridoxal and a 
greater portion of L-dopa is transported to the 
brain. 

L-dopa is also interesting because of its ambi- 
dentate nature,2-8 coordinating with Cu(I1) from the 
amino-acid end at low pH and from the catechol 
end at higher pH. However, it has been shown* that 
in mixed ligand complexes [Cu 2,2’-dipyridyl dopa], 
the chelation of dopa is from amino-acid end up to 
higher pH (- 7.0). The chelate is similar to that 
in phenylalanine, tyrosine or tryptophan. 

The solution study of these complexes [Cu dipy 
aminoacid with side groups] shows that the for- 
mation constant of the mixed ligand complex is 
much higher than expected. This has been attri- 
buted’ to hydrophobic interaction of the side group 
in the axial direction of the metal ion in the ternary 
complexes. 

Following from our study of ternary complexes 
in solution involving 1, lo-phenanthroline or 5- 
nitro- 1, 10-phenanthroline’” and aminoacids with 
aromatic side chains, this paper presents an account 
of the isolation of two series of ternary complexes 
of Cu(I1) containing 5-nitro-l , lo-phenanthroline or 
l,lO-phenanthroline (A) and one of the following 

*Author to whom ccrrespondance should be addressed. 

secondary ligands (L) : phenylalanine, tyrosine, L- 
dopa, catechol, 2,3dihydroxynaphthalene and 
dopamine. The structures of the complexes have 
been characterized by IR spectral, electronic spec- 
tral and magnetic studies. 

EXPERIMENTAL 

Preparation of [Cu A aminoacid] complexes 

An aqueous solution of copper acetate (8 mmol) 
in 20 cm3 distilled water was added to 20 cm3 of 
ethanolic solution of l,lO-phenanthroline or 5- 
nitro- l,lO-phenanthroline (8 mmol). A blue solid 
was formed immediately. As the mixture was stirred 
magnetically the appropriate amount of aminoacid 
(10 mmol) in 10 cm3 0.1 M hydrochloric acid was 
slowly added, followed by 1 M ammonium hydrox- 
ide solution until a clear blue solution was obtained. 
The solution was warmed and stirred for a further 
45 min, heated until its volume was reduced by 
approximately half and then a 0.1 M solution of 
sodium tetraphenylborate was added. The solid 
immediately separated out and was filtered, washed 
with small portions of cold water followed by etha- 
nol and then dried in vacua. 

Preparation of [CuA O- - O-1 complexes 

An aqueous solution of catechol, 2,3,-dihy- 
droxynaphthalene or dopamine (10 mmol) in 20 
cm3 distilled water was slowly added to an ethanolic 
solution of l,lO-phenanthroline or 5-nitro-l,lO- 
phenanthroline (8 mmol). This ligand mixture was 
then slowly added to an aqueous solution of copper 
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Table 1. Magnetic susceptibility measurements and analytical data of Cu(I1) ternary complexes 

Experimental Theoretical 

Name of complex %C %H %N %Cu %C %H %N %Cu CLCR &lax 

[Cu(phen)(phenylalal)]BPh, 73.9 6.0 5.5 8.4 73.4 6.4 5.7 8.6 1.75 606 
[Cu(phen)(tyrosine)]BPh,, 72.1 4.5 5.6 8.8 71.8 4.9 5.6 8.4 1.75 606 
[Cu(phen)(L-dopa)]BPk 70.0 4.5 5.1 8.0 70.3 4.8 5.5 8.3 1.7 606 
[Cu(phen)(cat)] 61.6 3.4 8.2 18.3 61.4 3.4 7.9 18.1 1.75 470 
[Cu(phen)(2,3dihydroxynaphthalene)] 64.9 3.0 6.8 15.7 65.9 2.9 6.9 15.9 1.7 495 
[Cu(phen)(dopamine)] acetate 56.1 4.3 8.8 13.1 56.3 4.2 8.9 13.6 1.8 450 
[Cu(S-nitro-phen)(phenylalal)]BPh, 69.7 4.6 7.1 7.9 69.1 4.7 7.2 8.1 1.75 598 
[Cu(S-nitro-phen)(tyrosine)]BPh, 68.5 4.8 7.1 8.0 67.9 4.6 7.1 7.9 1.7 598 
[Cu(kritro-phen)(L-dopa)]BPh, 66.4 4.4 6.9 7.8 66.1 4.2 6.9 7.7 1.65 598 
[Cu(kritro-phen)(cat)] 54.4 2.7 11.7 16.4 54.5 2.8 10.6 16.0 1.65 530 
[Cu(S-nitro-phen)(2,3dihydroxynaphtbalene)] 57.2 3.1 9.5 13.9 59.1 2.9 9.4 14.2 1.7 540 
[Cu(S-nitro-phen)(dopamine)] acetate 49.4 3.8 10.9 12.3 51.1 3.9 10.9 12.3 1.65 520 

acetate (8 mmol) in 20 cm3 distilled water followed 
by 1 M ammonium hydroxide solution in order to 
raise the pH to 6.0, where upon the complex was 
formed immediately. This was filtered, washed with 
distilled water followed by ethanol and then dried 
in vacua. 

Copper(I1) was estimated gravimetrically. Per- 
centages of nitrogen, carbon and hydrogen were 
estimated on Coleman Analyzer Models 29 and 33, 
respectively. TLC analysis were done on a silica gel 
G (Sichem) plates using ethanol as solvent. 

IR spectra were recorded on a Perkin-Elmer 
Model 638 spectrometer. KBr and Nujol mulls were 
employed. Electronic spectra were run at a con- 
centration of lo-’ mol dmp3 in freshly prepared 
aqueous dioxan (1: 1, v/v) solvent. A Carl Zeiss 
specord W-vis spectrometer with 1 -cm quartz cells 
was used for these measurements. 

Magnetic susceptibilities were determined at 
room temperature only by Gouy’s method using a 
Mettler balance and electromagnet working at a 
constant current strength of 3 A in all cases. The 
balance was calibrated with Hg[Co(NCS)J. 

RESULTS AND DISCUSSION 

TLC of all the complexes, using ethanol as 
solvent, show a single spot confirming their purity. 
The elemental analysis of the ternary complexes 
isolated in the present study are given in Table 1 
along with the values of their magnetic moments. 
The analysis is consistent with the structure 
suggested. As proposed earlier on the basis of sol- 
ution studies, L-dopa is found to be coordinating 
from aminocarboxylate end. Hence [CuA L-dopa] 
has one positive charge and one (Bph$ is present 
as a counter ion. In the case of the ternary complex 
involving dopamine, the complex was immediately 
formed when metal and two ligands were added 
and the pH was raised to 6.0. Dopamine coor- 
dinates from two phenolic groups, and amino group 
remains protonated. Hence the ligand contains 
effectively one negative charge. The complex ion 
is left with one positive charge and hence one 
counter ion (acetate ion) is found to be present. 

The complex exhibits slightly lower magnetic 
moment than expected for one unpaired electron. 

y BP& 

Z 

! 

X = H or NOz, Y = H or OH, Z = H OK OH 

[&A hninoacid)] 
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X = H or NOa 

[ CuA(catechol)] 

CHz-CH2-NH: 
CH,COO- 

J 
X = H or NO2 

[CuA(dopamine)] acetate 

IR spectral studies 

The ternary complexes exhibit IR absorptions 
typical of coordinated ligands (phen : 1625, 1575, 
1420, 840, 700 cm-’ and Snitro-l,lO-phen: 1625, 
15 15,1420,840,720 cm-‘). Furthermore in the case 
of aminoacid complexes remarkable similarities are 
observed among these ternary complexes in the 
absorption regions due to the amino and the car- 
boxy1 groups, which are found to occur at (a) 3450- 
3200 cm-‘, 1640-1600 cm-‘, 1420-1380 cm-’ and 
600-610 cm-’ and (b) 1640-1600 cn-’ and 490- 
460 cm-‘, respectively.11-‘4 

The mode of coordination of the ambidentate 
ligands L-dopa, tyrosine and dopamine can be 
inferred from the IR spectral data of these metal 
complexes. The uncoordinated unionised phenolic 
O-H stretching band occurs at 3500 cm-’ in the 
[CuA L-dopa] complex indicating that it is coor- 
dinating from the aminoacid end. 

In the cases of catechol or 2,3-dihydroxy- 
naphthalene, the coordination is from phenolic 
groups and hence no unionised phenolic stretching 
frequencies of phenolic groups (vOH = 3550-3450 
cm-‘) are observed. In the case of the dopamine 
ternary complexes, there are no un-ionised 
phenolic stretching frequencies of phenolic groups 
and moreover there are uncoordinated protonated 
amino stretching frequencies (vNH = 3450-3400 
cm-‘) present indicating that the coordination is 
from phenolic group and amino group is remaining 
protonated. 

Electronic spectral studies 

The electronic spectra of these ternary Cu(I1) 
complexes in solution and in the solid state exhibit 
broad absorption bands in the visible region due 
to the overlap of three possible transitions 
dxz-yz + d,,, dxz_,,z + d,,, d,z_,,z + dyz. The elec- 
tronic spectra of complexes involving tyrosine and 
L-dopa are similar to those containing phenyl- 
alanine, showing that coordination is from the 
aminoacid site of all the aminoacids. 

The ternary complexes of [CuAL] where L = ca- 
techol, 2,3_dihydroxynaphthalene or dopamine 
exhibit intense broad charge-transfer bands in the 
visible region (N 500 nm), with its tail overlapping 
the Ad absorption bands. 

1. 

2. 

3. 

4. 

5. 

6. 
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Abstract-Addition of R4NX (R = Et, n-Pr, n-Bu) to solutions of Sex2 (X = Cl, Br) in 
acetonitrile results in the formation of tri- and tetra-haloselenate(I1) complexes (Sex; and 
Sex:-). Raman spectroscopic characterization of these solutions and solids, R,NSeX, and 
(R,N),SeX,, which may be crystallized from them, are reported. R4NSeC13 compounds are 
shown to be relatively unstable ; they are readily destroyed by laser light, 

2R4NSeC13 = (R4N)$eC1, + Se(O) 

and especially sensitive to hydrolysis, 

2SeCl; + HZ0 = SeOClI +2HCl+ Cl- + Se(O). 

The Raman spectra of solutions of Sex; and Sex:- are consistent with T-shaped and 
square planar structures, respectively. 

Compounds of selenium in the + 2 oxidation state 
are relatively uncommon. A few reports of selenium 
dihalides have been made. Their existence in the gas 
phase at elevated temperatures has been known for 
a long time’ and recent Raman work has confirmed 
the existence of SeClz in the vapour phase over 
SeCl, at 350°C. 2 Selenium difluoride has been stud- 
ied by matrix isolation. 3 The existence of SeC12 and 
SeBr2 in non-aqueous media has been dem- 
onstratedh6 and the presence of SeC12 in equi- 
librium with Se2C12 and other Se(IV) species in sol- 
utions of elemenetal selenium and SeO, in aqueous 
HCl has been established. 7 Several chloro-, bromo- 
and cyano-complex anions of Se(I1) have been 
described. * These three-coordinate complexes 
dimerize in the solid state in a manner similar to 
that of the oxotrihaloselenate(IV) anions9,” and, 
since this indicates that the coordination shell of 
Se(I1) is not completely filled in these compounds, 
it seemed likely that tetrahaloselenate(I1) complexes 
might be prepared. Indeed since this work was 
started (Ph,P)$eBr, has been prepared and its crys- 
tal structure reported. I1 The oxotetrachloro- and 
oxotetra-bromoselenate(IV) compounds have both 
been synthesized. 12*‘3 Moreover, there is a remark- 
able similarity between the spectra reported for 
SeCl; in acetonitrile and that for solid Et4NSeC13 
with the reported spectra for the SeOCl; and 

(Et4N)2SeC16,‘4,15 respectively. In view of these 
similarities and in order to extend our under- 
standing of Se(I1) chemistry, a study of chloro- and 
bromo-selenate(I1) compounds was carried out. 

EXPERIMENTAL 

Materials 

Acetonitrile (MeCN) and nitromethane(MeN0,) 
were purified by refluxing over P4010 for 1 h and 
distilling (b.p. 81-82°C and lO&lOl”C, respect- 
ively). Selenium (Baker AR) was ground before use. 
Bromine (Baker AR) was distilled (b.p. 59-6O”C) 
before use. Chlorine (Matheson) was used directly. 
All quaternary ammonium halides (Aldrich) were 
dried at 100°C under high vacuum and analysed 
before use. Selenium tetrabromide and tetra- 
chloride were prepared by standard methods. 16,17 

Preparations 

All compounds and solutions were handled under 
dry conditions. The haloselenate(I1) compounds 
were prepared from a stoichiometric solution of 
quaternary ammonium halide, selenium tetrahalide 
and selenium in acetonitrile. 

849 
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2R4NX + Se(O) + Sex, = 2R,NSeX, (1) 

4R4NX + Se(O) + Sex, = 2(R,N)$eX, (2) 

In general - 0.4 M, or less, solutions of Se(I1) com- 
plex were soluble at room temperature and reason- 
able recoveries could be achieved by cooling in dry 
ice to the point of crystallization followed by rapid 
filtration. For instance, 663 mg Et,NCl, 79 mg Se(O) 
and 221 mg SeCl, were combined in 7.4 g MeCN. 
Suthcient time and mixing were allowed to permit 
complete dissolution of the elemental selenium and 
the solution was then cooled and filtered. In the 
case of the chloro-compounds there appeared to be 
initial formation of hexachloroselenate(IV) which 
was insoluble, then slow reaction to give the desired 
product. Found: Se, 24.8; Cl, 33.4. Calc. for 
(Et,N)SeCl, : Se, 25.0 ; Cl. 33.7%. Found : Cl, 29.3. 
Calc. for (Et4N)$eC14: Cl, 29.5%. Found: Cl, 
24.1. Calc. for (Bu,N)SeCl,: Cl, 24.9%. Found: 
Cl, 20.0. Calc. for (Bu,N),SeCl, : Cl, 20.1%. 
Found : Br, 53.2. Calc. for (Et,N)SeBr, : Br, 53.4%. 
Found: Br, 48.8. Calc. for (Et4N)$eBr4: Br, 
48.5%. Found : Br, 47.2. Calc. for (n-Pr,N)SeBr, : 
Br, 47.5%. The trichloro-complexes were orange in 
colour, the tetrachloro-, yellow while the bromo- 
complexes were red-orange. All products were very 
moisture sensitive, turning opaque red on exposure 
to water. The tetra-n-butyl ammonium compounds 
were very difficult to crystallize and could only be 
isolated by pumping to dryness. (Et4N)2SeC1, was 
prepared as described previously. ’ 4 

Melting points 

(Et4N)$eC16 dec. p. 220-225°C; Et,NSeCl, dec. 
p. 5&51”C; (Et4N),SeC14 dec. p. 174182°C. 

Raman spectroscopy 

Raman spectra were taken with a Jobin-Yvon 
grating monochromator in conjunction with PAR 
photon counting. All spectra were excited with a 
Spectra Physics Model 160 Kr ion laser. The spectra 
of the solids were excited at low power levels (40 
mW at 647.1 nm for Et,NSeCl,). In general the 
Raman lines due to the R4N+ ions were very weak 
or not observed. 

RESULTS AND DISCUSSION 

The previous preparations of trihaloselenate(I1) 
complexes in acetonitrile were done by redox reac- 
tions of selenocyanate with sulphur chloride or bro- 
mine* or by reaction of tetraphenylphosphonium 
bromide with the decomposition products of 
SeOBr, or SeBr4 in acetonitrile. The recent dem- 

onstration of the existence of high concentrations 
of Sex, (X = Cl, Br) in 1 : 1 Se/X, mole ratio mix- 
tures in acetonitrile6 suggested that direct addition 
of quaternary ammonium halides to such solutions 
would yield haloselenate(I1) complexes. 

Chloroselenates 

Addition of Et,NCl to a nitromethane or ace- 
tonitrile solution of SeCl, results in the dis- 
appearance of the characteristic strong peak of 
SeCl, at 412 cm- ’ 6 and the appearance of the spec- 
trum shown in Fig. l(A), which corresponds to 1 : 1 
Et,NCl/SeCl, stoichiometry. Further addition of 
Et,NCl results in a weakening of the band at 346 
cm-’ and a broadening and strengthening of the 
band at 261 cm-‘, indicating the formation of 
another species [Fig. l(C)]. The changes are 
accounted for by the formation of the SeCl; 
and SeCl:- anions according to, 

SeCl,+Cl- = SeClj (3) 

SeCl; +Cll = SeCl:-. (4) 

The spectrum of the 2: 1 EL,NCl/SeCl, mole ratio 
solution has a small peak at 347 cm-’ indicating 
that some SeCl, ion is still present. This peak per- 
sists in solution up to 5 : 1 Et,NCl/SeCl, where 
SeCl:- dissociation is finally repressed. Cooling of 
1 : 1 and 2 : 1 Et4NC1/SeC1, mixtures yielded orange 
and yellow crystals respectively, which analysed 
correctly for Et,NSeCl, and (Et4N),SeC14. The 
spectrum of the SeCl; ion in solution reported by 
Wynne and Golen shows a band at 23 1 cm- ‘, which 
is not observed in this work. This band is probably 
due to the presence of SeOCI; ion. Addition of 
water to, or exposure to moisture of, solutions of 
SeCl, ion resulted in a darkening of the solutions 
accompanied by a growth of bands in the Raman 
spectrum at 950 and 231 cm-‘. The growth of these 
bands and the colour change may be accounted for 
by the reactions, 

3Et4NSeC13+H20 = Se,C12+Et4NSeOC1, 

+ 2Et4NC1 + 2HCl (5) 

2Et,NSeCl,+H, = Se(O)+Et,NSeOCl, 

+ Et4NCl+ 2HCl. (6) 

The bands at 231 and 950 cm- ’ are due to the 
SeOCl; ion, which has a Raman spectrum similar 
to that reported* for SeCl;. However, the absence 
of peaks at 139 and 291 cm- ’ as well as the constant 
size of the weak Et4N+ cation band at 410 cm-‘, 
which is nearly coincident with an Se$Zl, band, and 
the solvent band at 370 cm-‘, which is coincident 
with the strongest Se,Cl, Raman band,6 indicates 
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that SezClz is not formed. Moreover, Se2C12 under- 
goes disproportionation in the presence of Cl- ion. 
An attempt was made to prepare chloro-anions of 
SeZC1, in acetonitrile. Addition of Et,NCl to a sol- 
ution of Se2C12 (1 : 1 mole ratio) resulted in an 
immediate darkening of the solution and pre- 
cipitation of elemental selenium and a Raman spe- 
trum of the supernatant showed bands for the 
SeCl; anion 

Se2C12+Cll = Se(O)+SeCl;. (7) 

Thus reaction (6) is favoured in the hydrolysis of 
the SeCl; ion. It should further be noted that 
although the Cl- to Se(IV) stoichiometric ratio for 
the products of reaction (6) is high, the SeOClj- 
anion is not observed in significant concentration 
because the Se(IV) concentration is 10w.l~ 

The spectra of solid Et,NSeCl, and (Et4N)$eC14 
are shown in Fig. 1 and listed in Table 1. While the 
tetrachloroselenate(I1) was stable to 647.1 nm laser 
irradiation at 50 mW power, the trich- 
loroselenate(I1) decomposed rapidly as shown by 
the change in colour from orange to black. This 
change was accompanied by a change in the Raman 
spectrum from that of Et,NSeCl, to that of 
(Et,,N),SeCl,+ Apparently a disproportionation 
occurs according to 

2Et,NSeCl, = (Et4N)$eCls+ Se(O). (8) 

The characteristic Se(O) band at 240 cm-’ I8 is 
masked by the strong Eg stretch of the SeCli- ion 
at 241 cm-‘. I4 The Raman spectrum of the 

cm-’ 

Fig. 1. Raman spectra of chloroselenate(II)s : (A) 
Et,NSeCl, in CH,CN (0.25 M), (B) solid Et4NSeCl,, 
(C) (Et,N),SeCl, in CH3CN (0.25 M), and (D) solid 

(Et4N)$eC14. S = solvent band; * = SeCl; band. 

decomposition product is identical with that 
observed by Wynne and Golen’ for their solid 
Et,NSeCl,. But their spectrum cannot be the result 
of laser decomposition, since their product was yel- 

Table 1. Raman spectra of chloroselenate(II)s 

(Et,N)SeCl, 
solid 

335(5) 
310(4) 
292(4) 
251(2) 
175(2) 
100(l) 

72(9) 
52(9) 

SeOCl ; ’ SeCl;’ Mode 
in MeCN in MeCN description 

~W,P) 350(5,P) v(SeCl,,) 

287(l,dp) 268(5,sh) v,(SeCl,,) 
- 

228(7,p?) 26’W,~) v@eCLJ 
- - 

- - 
- - 

(Et4N)$eCl, SeCl *- ’ 4 
solid in MeCN 

265(10) 262(10,~) 
235(7) 240(l) 
150(5) 157(l) 

“Ref. 14. 
b Et.,N+ and n-Bu,N+ salts. 
’ Et4N+ and n-Pr,N+ salts. 

Mode 
description 

v,(A 3 
VX&J 

VJ(&S) 
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low in colour and had a high decomposition point 
(243-244”(Z) not unlike that of (Et,N),SeC& (22& 
225°C) but very different from that of Et4NSeC1, 
(50-5 1 “C). The nature of their product, which ana- 
lysed correctly for EL,NSeCl,, is unknown. 

The solution spectra for the anions are listed in 
Table 1. The observed spectrum of the SeCl; anion 
is consistent with that expected for the stretching 
modes of an anion with shape based upon a trigonal 
bipyramid with two Cl axial and one Cl equa- 
torial 14.’ ’ 

CL 
a. 

: 

+ 

Se 
Cl 

The spectrum is similar to that of the SeOCl; ion, 
where the SeCl stretching modes are the strongest 
observed. The SeCI, skeleton shape is predicted to 
be the same (T-shaped) by VSEPR theory for both 
ions and the substitution of an oxygen for a lone 
pair in the equatorial position has only a small effect 
on the SeCl stretching modes. There is an increase 
in the mean of the SeCl stretching frequencies on 
going from SeOCl; to SeCl;, which parallels the 
change in SeCl stretching frequencies and force con- 
stants observed for SeOCl, and SeC1,.6 

The Raman spectrum of SeCl; in solution is 
distinctly different from that in solid Et,NSeCl,, 
which supports the proposal that SeCl; is dimerized 
in the solid.5 

. . 

cl\seF --. 
\ 
----I- l+& 

,:;l11Cl )Cl 
. . . . 

There, is however, a similarity between the spec- 
trum of the SeCl:- ion in solid and solution. 
VSEPR theory predicts that the SeCl:- anion will 
have D4* symmetry (F(D,,) = LI~~+A~~+B,~+ 
B, + B,,+2E,) and the spectra are consistent 
with this. Three strong peaks are observed in the 
Raman spectrum of solid (Et,N),SeCl,, two in 
the SeCl stretching region, 265 and 235 cm-’ and 
one in the deformation region, 150 cm- ‘. Of these, 
the peak at 265 cm- ’ is strongly polarized (p - 0.2) 
and may be assigned to the A ,g stretching mode. 
The remaining two peaks are the Bzg stretching 
and B,, deformation modes. There is a weak peak 
at 310 cm-‘, which is not a cation band and is 
unlikely to be due to any impurity in view of the 
analysis and the high crystallinity of the product. 
This may be the forbidden E, stretching band, 
which appears due to a distortion from exact D4h 

symmetry. Such a distortion has been observed in 
the case of the SeBr:- ion in (Ph4P)*SeBr4. l’ 

Bromoselenates 

The strong characteristic peaks of SeBr, in 
CH&N at 290 and 266 cm- ’ 6 decrease in intensity 
on addition of Et4NBr to the solution and are 
replaced by strong peaks at 258 and 159 cm- ‘. The 
spectrum of a 1: 1 SeBrJEt4NBr solution is shown 
in Fig. 2 and the frequencies are listed in Table 2. 
The spectrum is very similar to that reported for 
Et,NSeBr, in nitromethane* except for the presence 
of a small peak at 285 cm-’ no doubt due to the 
presence of a small amount of SeBr, as a result of 
incomplete formation of the SeBr; ion at these 
concentrations (&.(,v) = 0.09 M). Further addition 
of Et4Br up to 1 : 6 mole ratio SeBr,/Et,NBr with 
the same Cse(rvj results in a progressive increase in 
the intensity of the peak near 160 cm- ’ and a 
decrease in that at 258 cm- ’ (Fig. 2). These changes 
are due to further complexation according to 

SeBr; + Br- = SeBrj-. (9) 

E 
2 
s 
S 

Fig. 2. Raman spectra of bromoselenate(II)s: (A) 
Et,NSeBr, in CH,CN (0.09 M), (B) solid Et,NSeBr,, (C) 
6 : 1 Et,NBr-Et,NSeBr, [cse(,vj = 0.09 M], and (D) solid 
(Et.,N),SeBr,. S = solvent band; c = cation band ; * = 

SeBr; band. 
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Table 2. Raman spectra of bromoselenate(II)s 

Et.,NSeBr, (Ph,P)SeBr, SeOBr;’ SeBr ; ’ Mode 
solid solid in MeCN in MeCN description 

222(6,br) 236 261 258(4,~) v(SeBr,) 
230 

189(10) 178 163 190(O) v,(SeW,) 
127(2,br) 130 135 159(1&P) v,(SeBr,,) 
54(2) 95 deformations and 

lattice modes 

(Et.,N),SeBr, (Ph4P)$eBr,” SeBrZpd ‘I Mode 
solid solid in MeCn description 

191(10) 
139(2) 
93( 1,sh) 
75(2,sh) 
60(2,sh) 

160(10) 
149(7) 

88(8) 

162(1&p) v&41,) 
v‘@2g) 

v,(BS 
- deformations and 

lattice modes 

“Ref. 11. 
b SeBr stretches only, Ref. 15. 
’ n-Pr,N+ and Et,N+. 
‘Et,N+. 

Cooling of 1 : 1 and 1 : 2 SeBr*/Et,NBr solutions 
results in crystallization of the corresponding tri- 
bromo- and tetrabromo-salts, Et,NSeBr, and 
(Et,N),SeBr,. The Raman spectra of these com- 
pounds are shown in Fig. 2 and listed in Table 2. 
The spectrum of Et,NSeBr3 corresponds well with 
that reported for (Ph4P)SeBr3,” which is known to 
contain the dimeric anion with Br bridging similar 
to that of Se&- above. The solution spectrum of 
tribromo-selenate(I1) ion differs significantly from 
that of the solid. In solution the monomeric sol- 
vated SeBr; ion is present.* The Raman spectrum 
of this ion parallels closely that of the SeOBr; ion, 
ignoring the Se0 stretching and deformation 
modes, as expected where the ‘SeBr3’ skeletons in 
both anions are T-shaped. 

Only one band is observed in the solution spec- 
trum of the SeBr:- ion. This band at 162 cm-’ is 
strongly polarized and lies very close to the A ,g 
band observed for solid (Ph,P),SeBr,. ’ ’ However, 
the Raman spectrum of solid (EL,N),SeBr, is more 
complex than that reported for (Ph4P)$eBr,’ ’ and 
the strongest peak is 31 cm-’ higher than that 
observed for the latter compound. The spectrum 
suggests that some anion-anion interaction may 
occur in the compound with the smaller cation and 
further work will be necessary to confirm this. 
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METALPHENOXYALKANOIC ACID INTERACTIONS-XXIII.* 
COMPLEXES OF COPPER(H) WITH THE 

PHENOXYISOBUTYRIC ACIDS. THE CRYSTAL 
STRUCTURES OF TETRA-p-[2-METHYL-2-(4- 

CHLOROPHENOXY)PROPANOATO-Cl@‘)]-BIS[(2- 
AMINOPYRIMIDINE)COPPER(II)] AND TWO 
POLYAQUACOPPER(I1) TRI-p-[2-METHYL-2- 

PHENOXYPROPANOATO-0,ol_BIS[(2-METHYL-2- 
PHENOXYPROPANOATO)COPPER(II)] POLYMORPHS 
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Abstract-The crystal structures of three copper(I1) complexes with phenoxyisobutyric 
acid (PIBAH) and p-chlorophenoxyisobutyric acid (PCIBAH) have been determined by 
X-ray diffraction. Tetra-~-[2-methyl-2-(4-chlorophenoxy)-propanoato-~,~‘]-bis[2-amino- 
pyrimidine)copper(II)], [Cu,(PCIBA),(Zaminopyrimidine),], (1) is a centrosymmetric 
tetracarboxylate bridged dimer [Cu * . * Cu, 2.689(2) A] with the nitrogens of the 2-amino- 
pyrimidine molecules occupying the axial positions [Cu-N, 2.198(7) A]. Tetra- 
aquacopper(I1) tri-~-[2-methyl-2-phenoxypropanoato-O,O’]-bis[(2-methyl-2- phenoxypro- 
panoato(copper(II)], [Cu(H20),12+ ([CU~(PIBA)~]-)~, (2), is a disordered precursor of 
the stable structure (3), [CU(H,O),]~+ {[CU~(PIBA)~]-} - 4H20, consisting of centrosymmetric 
square planar [CU(H,O),]~+ cations and tris(carboxylate)-bridged dimer anions [Cu * * * Cu, 
2.85(l) A] (2). The fourth position of each square planar dimer ‘end’ is occupied by a 
carboxylate oxygen of a PIBA molecule which also provides the ether oxygen capping each 
axial dimer site [Cu-0, 2.15(4), 2.19(5) A]. This completes a five-membered chelate ring. 
A symmetrical array of eight hydrogen bonds link the four waters of the [CU(H,O)~]~+ 
cation to the carboxyl oxygens of both the capping PIBA ligands of the two dimeric anions, 
Structure (3) has essentially identical [CU~(PIBA)~]- dimer anions [Cu. * * Cu, 2.929( 1) A] 
and hydrogen-bonding interactions with the tetraaquacopper(I1) cations. However, water 
molecules partially occupy the octahedral sites of these cations [Cu-0, 2.46(l) A], as well 
as a number of lattice sites in the crystal. 

*Part XXII. The structure of silver(I) (2-car- 
bamoyl)phenoxyacetate. 

t Author to whom correspondence should be addressed. 
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Phenoxyisobutyric acid (PIBAH) has been shown 
to form unusual complexes with divalent metal 
ions. With zinc, a novel polymeric complex [Zn, 
(PIBA) , o(HzO)2], is formed, having three indepen- 
dent complex centres, two octahedral and one tri- 
gonal bipyramidal.’ Reaction of copper(I1) car- 
bonate with PIBAH in aqueous ethanol gave several 
polymorphs. An early formed green triclinic form 
(2) showed the unusual stoichiometry {[Cu, 
(PIBA), ,(H,O)J}, while digestion of the reaction 
mixture for longer periods gave stable dark green 
monoclinic crystals. Single crystal preliminaries 
indicated that a disorder problem decreased with 
the digestion period, giving finally complex (3) 
with an analysis consistent with the formula 

[CW’IJW,,W,W. 
When p-chlorophenoxyisobutyric acid (clofibric 

acid or PCIBAH) was used instead of PIBAH, a 
green microcrystalline complex was formed which, 
on digestion with 2-aminopyrimidine, gave the dark 
green adduct [Cu,(PCIBA),(Zaminopyrimidine),] 
(1). The structures of all three complexes were deter- 
mined to help clarify the anomalous behaviour of 
these acids towards copper(I1). 

EXPERIMENTAL 

Preparation 

The complexes were prepared as previously 
described by reacting PIBAH or PCIBAH respect- 
ively with excess copper(I1) carbonate in boiling 
aqueous ethanol. Digestion of copper(I1) p-chlo- 
rophenoxyisobutyrate with 2-aminopyrimidine in 
ethanol gave (1) as dark green needles. Complex (3) 
was obtained as the final product in the cry- 
stallization of copper(I1) phenoxyisobutyrate after 
a minimum of 2 h digestion on a steam bath. 

Analysis 

[CU~(PIBA)~~(H,O),], (2). Found : C, 54.2 ; H, 
5.5. Calc. for C10,,H118C~5034: C, 55.0; H, 5.5%. 

[CU,(PIBA),~(H,O)~], (3). Found: C, 52.6; H, 
5.3. Calc. for ClooH,28C~5039: C, 52.8; H, 5.6%. 

Crystal data 

(1) [Cu,(PCIBA),(2 - aminopyrimidine),], 
C48HSOC14C~ZNs012, Mr = 1171.3, triclinic, 
a = 8.848(l), b = 12.358(4), c = 12.844(3) A, 
a = 102.66(2), j? = 12.358(4), y = 96.10(2)“, 
I’= 1333.0(6) A3, Z = 1, D, = 1.459, Df = 1.43 g 

$ Reduced cell : a = 10.94(l), b = 13.47(l), 
c = 19.67(“) A, c( = 82.21(4), j3 = 80.82(4), y = 70.93(4)“. 

cme3, F(OOO) = 602, 1= 0.71069 A, p(Mo-KU = 
10.9 cm- ‘, space group PT. 

(2) [CM’IWdH@hl, C,~~HII~CU@~~, 

Mr = 2181.7, triclinic, a = 14.32(l), B = 10.950(8), 
c = 19.67(l) A, a = 99.17(4), fi = 90.32(4), 
y = 117.22(4)“,$ I/ = 2697(2) A3, z= 1, 
D, = 1.343, Df = 1.35 g cm3, P(OO0) = 1135, 
;Z = 0.71069 A, ~(Mo-KJ = 10.9 cm-‘, space 
group PT. 

(3) [CW’IWdH,W, CIOOH,&&~, 
Mr = 2271.7, monoclinic, a = 41.90(l), 
b = 12.135(4), c = 21.501(3) A, /I = 91.13(2)“, 
V = 10930(5) A3, Z = 4, D, = 1.380, Df = 
1.38 g cme3, F(OOO) = 4740, A = 0.71069 A, 
p(Mo-KJ = 10.4 cm-‘, space group C2jc. 

X-ray data collection, structure solution and refine- 
ment 

Data for compounds (l)-(3) were collected at 293 
K on a Nicolet R3m four-circle diffractometer using 
monochromated MO-K, radiation. 4662, 5699 and 
4211 unique reflections were collected up to 
20,, = 50, 42 and 40” respectively, from crystals 
measuring 0.40 x 0.24 x 0.05 mm (0, 
0.46 x 0.10 x 0.08 mm (2) and 0.36 x 0.32 x 0.18 mm 
(3). Of these, 2935, 1922 and 3211 respectively, with 
I > 2.50(Z) were considered observed and used in 
structure analysis. Data were processed using 
the learnt profile fitting procedure of Diamond4 
and used without corrections for absorption or 
extinction. The structure of (1) was solved 
by direct methods5 and refined by blocked 
matrix least-squares with unit weights to 
R( = E IIF,-FJ/C IFJ) = 0.082 with anisotropic 
temperature factors for only the atoms of the coor- 
dination sphere and the two chlorines. A number 
of hydrogens were located in a difference-Fourier 
synthesis and included in the refinement at fixed 
positions with their isotropic U values fixed at 0.05 
A’. The high residual is attributed to considerable 
thermal motion in evidence in certain of the ring 
atoms and the attached chlorines, possibly due to 
disorder in these systems. With (2) and (3), sharp- 
ened Patterson syntheses gave the positions of three 
copper atoms, one at (0, 0, 12) (2) or (0, 0, 0) (3) the 
other two at general positions, separated by N 2.8 
A. The latter distance, although long compared 
with typical values for tetracarboxylate bridged 
copper(I1) dimers, e.g. 2.69 A for (1) and a range 
of 2.562.89 A for 43 dimers,6 suggested dimeric 
species. Subsequent weighted difference-Fourier 
syntheses gave for (2) well-defined coordination 
polyhedra for both a square planar [Cu(H,O),]*+ 
monomer about (0, 0, :) and a dimer. However, 
atoms of the phenoxyisobutyrate ligands of (2) were 
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not located with any degree of accuracy, indicative 
of considerable disorder throughout the structure. 
Because of the size of the molecule, resolution of 
the problem in space group PI was not attempted 
and the results are therefore presented in the dis- 
cussion for the structure at R = 0.17, with only the 
copper atoms being refined anisotropically. 

Unlike (2), the ring disorder problem was not 
found in (3) and blocked matrix least-squares 
refinement with anisotropic thermal parameters for 
the coppers, the oxygens of the PIBA ligands and 
the coordinated waters, was used. In addition, a 
number of disordered lattice water molecules, con- 
sistent with the formula derived from chemical 
analyses and density measurements were included 
in the refinement with the appropriate site occu- 
pancy. This gave a final R = 0.088 and Rw = 0.098. 
A value of w = 3.51 (a*F,+1.23 x 10m3Fi) was 
obtained. No hydrogens were located or added to 
the refinement. For all analyses, neutral atom scat- 
tering factors were used, corrected where appro- 
priate for the effects of anomalous dispersion.’ 
Bond distances and angles about the coordina- 
tion polyhedra for (l), (2) and (3) are listed in 
Table 1. Atomic coordinates, anisotropic thermal 
parameters, hydrogen atom coordinates (l), and 
observed and calculated structure factors have been 
deposited with the Editor as supplementary 
material ; copies are available on request. Atomic 
coordinates have also been deposited with the Cam- 
bridge Crystallographic Data Centre. 

DISCUSSION 

Compound (1) forms discrete centrosymmetric 
tetracarboxylate bridged dimers (Fig. l), analogous 
to the 2-aminopyrimidine adduct of copper(I1) 
4-fluorophenoxyacetate, [Cur(CFPA),(2-amino- 

Cl.4 

0,N 

cl 

Fig. 2. Packing of (1) in the unit cell. 

pyrimidine)&’ The bond distances and angles 
about the dimer cage (mean Cu-0, Cu-N and 
Cu. . . Cu) are similar [1.968(7), 2.198(7), 2.689(2) 8, 
(1) and 1.977(3), 2.176(3), 2.710( 1) 8, respectively]. 
Bonding of the pyrimidine molecules is also via one 
of the hetero nitrogens while the 2-amino groups 
provide stabilization to the structure through intra- 
dimer hydrogen bonding associations with carboxyl 
oxygens of one of the coordinated ligands 
[N(21) * * * 0(1 l)B, 2.85 A]. This structure contrasts 
with that for the 2-aminopyrimidine adduct of 
copper(I1) 2-chlorophenoxyacetate, [Cu,(2-CPA), 
(2-aminopyrimidine)]. which forms polymer chains 
through the meta-related hetero nitrogens of the 
pyrimidine ring.9 With (l), there are no inter- 
dimer associations involved in the packing of the 
molecules in the unit cell (Fig. 2). However, the 
packing does appear to influence the conformations 

Fig. 1. Molecular configuration and atom naming scheme for (1). 
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Table I. Bond distances (A) and angles (degrees) about fhe coordinafion spheres for [Cu,(KIBA), 

(aminoPyrimidine),l (I), ~Cu5(PIBA),o(~2W, (2) and D.G’IB4,dH2W, (3) 

(1) Distances 

Cu-O( 10)A 
Cu-0( 1O)B 
Cu-0( 1 l)A 

Angles 

N(~)P-Cu--O(lO)A 
N(~)P-C~-O(~O)B 
N( 1)~-Cu--0( 1 l)A 
N( 1)~-Cu--0( 1 l)B 
O(lO)A-Cu-O(lO)B 
0( lO)A-Cu-O( 1 l)A 
O(lO)A-Cu-O(ll)B’ 
O(lO)B-Cu-O(1 l)A’ 

(2) and (3) 

Distances 

1.961(6) 
1.973(7) 
1.961(7) 

101.5(3) 
97.3(3) 
92.3(3) 
95.8(3) 
88.8(3) 

166.2(3) 
89.2(3) 
87.8(3) 

(2) 

Cu---0(11)B 
Cu-N( 1)p 
cu--& 

O(lO)B-Cu-O(l l)B 
O(ll)A’-Cu-O(ll)B’ 

Cu-N(l)P-C(6)P 
Cu-N(~)P-C(2)p 
Cu-0( lO)A-C(9)A 
Cu-O( 1 O)B-C(9)B 
Cu-O( 1 l)A-C(9)A 
Cu-O( 1 l)B-C(9)B 

(3) (2) 

1.979(7) 
2.198(7) 
2.689(2) 

166.8(3) 
91.2(3) 

114.8(6) 
129.6(6) 
122.5(5) 
120.5(6) 
125.4(5) 
125.1(5) 

(3) 

Cu(l)-Ow(1) 

Cu(lFCW2) 
Cu(l)--ow(3) 
Cu(2+0(7)A 
Cu(2)--0( 1 l)A 
Cu(2)-0( 1O)C 
Cu(2)--0( 10)D 
Cu(2)-0(1 l)E 

Angles 

ow(l)-cu(1)-ow(2) 
ow(l)---cu(l)--ow(3) 
0(7)A-Cu(2)-0( 1 l)A 
0(7)A-Cu(2~(1O)C 
0(7)A--Cu(2)--0( 1 l)D 
0(7)A--Cu(2)--0(1 l)E 
0( 1 l)A-Cu(2)-0( 10)C 
0( 1 l)A--Cu(2)-0( 1 l)D 
0(1 l)A--Cu(2)--0( 1 l)E 
0(10)C-Cu(2)---O(l l)D 
0( lO)C-Cu(2)-O( 1 l)E 
O(1 l)D-Cu(2)--0( 1 l)E 
0(7)A-Cu(2)-Cu(3) 
Cu(2)--0(7)A--C(l)A 
Cu(2)-0(7)A-C(8)A 
Cu(2)--0( 1 l)A-C(9)A 
Cu(Z)--o( lO)C-C(9)C 
Cu(2)-0( 1 l)D-C(9)E 
Cu(Z)-O( 1 l)E-C(9)E 

1.92(4) 
1.92(4) 

2.19(5) 
1.98(4) 
2.03(3) 
2.08(3) 
1.97(3) 

(2) 
89(2) 

78(2) 
97(2) 

105(l) 

95(l) 
92(l) 
89(l) 

173(l) 
158(2) 

90(l) 
91(l) 

174(l) 
119(2) 
1 lO(2) 
118(3) 
133(3) 
113(2) 
116(2) 

1.97(l) 
1.92(l) 
2.46( 1) 
2.201(9) 
1.917(9) 
2.025( 10) 
1.974(9) 
1.910(8) 

(3) 
89.2(3) 
74.1(3) 
76.1(3) 
90.7(4) 

120.8(4) 
92.8(3) 
91.8(4) 
85.9(4) 

166.4(4) 
146.6(4) 
95.7(4) 
93.8(4) 

160.9(2) 
121.9(8) 
114.9(7) 
123.1(8) 
131.7(10) 
128.6(9) 
128.6(8) 

Cu(3)--0(7)B 
Cu(3)-0( 1 l)B 
Cu(3)--0( 11)C 
Cu(3)-0( 1 l)D 
Cu(3)-0( 10)E 

Cu(2)--cu(3) 

0(7)B-Cu(3)-0( 1 l)B 
0(7)B-Cu(3)--0( 1l)C 
0(7)B-Cu(3)--O(lO)D 
0(7)B-Cu(3)-O(lO)E 
O( 11)B-Cu(3)--0( 11)C 
0( 1 l)B-Cu(3)--0( 10)D 
O(ll)B-Cu(3)-O(lO)E 
0( 11)C--&(3)--0( 10)D 
0( 1 l)C-Cu(3)-0( 10)E 
0(10)D-Cu(3)-0(10)E 
Cu(3w(7)&Cu(2) 
Cu(3)-0(7)B-C( l)B 
Cu(3)-0(7)B-C(8)B 
Cu(3t_o( 1 l)B-C(9)B 
Cu(3)--0( 1 l)C-C(9)C 
Cu(3)-O(lO)D-C(9)D 
Cu(3)--0( lO)E-C(9)E 

2.15(4) 
1.94(3) 
1.91(4) 
1.89(3) 
1.93(4) 
2.85(l) 

(2) 
78(l) 
76(l) 

103(2) 

98(2) 
95(l) 
84(l) 

174(l) 
160(2) 

90(2) 
91(l) 

173(l) 
126(3) 
117(3) 
121(4) 
136(3) 
121(3) 
133(6) 

2.220(9) 
1.971(9) 
1.953(10) 
1.984(4) 
1.960(9) 
2.929( 1) 

(3) 
75.8(4) 
97.1(4) 
94.4(4) 
06.9(4) 
89.1(4) 
88.0(4) 

1 76.6(4) 
1 67.1(4) 
92.5(4) 
89.8(4) 

171.3(2) 
124.4(8) 
113.8(8) 
121.0(10) 
119.2(9) 
120.6(9) 
123.8(9) 

assumed by the ligands which tend to orientate so c(1)-0(7)-c@)-c(9) : + 80.3, + 179.9” ; 

as to acheive parallelism in the phenoxy groups. O(7)--C(8)-C(9)-0(10) : + 10.7, - 172X’] indi- 
This is consistent with observations for other cate that B is extended while A is twisted. The 
copper(I1) phenoxyalkanoate dimers. The com- ligands consequently assume gross conformations 
parative torsion angles for ligands A and B with the ether oxygen and one of the carboxyl oxy- 
in (1) [C(2)-C(l)---0(7)-C(8): -84.8, +98.8”; gens synplanar but with significantly different 
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O(ether) * * * O(carboxy1) distances [2.719 8, ; 2.536 
A]. These values compare with 2.723 8, found for 
the acid itself. I0 

Although the structure of (2) was not well refined 
(R = 0.17), disorder appears to be confined to the 
peripheral regions of the complex while the core, 
consisting of the three copper(I1) polyhedra, is quite 
well defined and allows a meaningful comparison 
with (3). The net formula of both (2) and (3) [the 
cell contents in complex (2)] comprises two 
[Cu2(PIBA)J anionic dimers and a square planar 

D.W~0h12+ cation, lying at a centre of inversion 
[(0, 0, :) (2) and (0, 0,O) (3)]. The Cu-Ow distances 
in the monomers are 1.92, 1.92(4) 8, (2) and 
1.92, 1.96(l) 8, (3). The occurrence of a discrete 
square planar tetraaquacopper(I1) species is very 
unusual since the aquated ion more readily gives 
a rhombic distorted octahedral [Cu(H,0)J2+ 
cation, such as found in Tutton’s salts,“,’ 2 
[Cu’i(H20)$04* M$SO.+] and where M’ = K+, 
Rb+ or Cs+. In this isomorphous series, the Cu-0 
distances in the centrosymmetric ‘square’ plane 
range from 1.943(2), 2.069(2) A in [Cu(H,O), 
S0/K2S04J’3 to 1.966(5), 2.004(4) 8, in 
[Cu(H20),$04~Cs2S04] neutron).14 The situation 
is approached in (3) with a water molecule [Ow(4)] 

partially occupying the tetragonal sites of the dis- 
torted octahedron [Cu-O, 2.46(l) A]. Some dis- 
tortion is also apparent in the Cu-0 (equatorial) 
distances compared to those in (2). This axial water 
forms only a very weak bond to copper since the 
Cu-0 (axial) distance in the Tutton’s salts is typ- 
ically 2.26( 1) A. I3 

The [CU~(PIBA)~]- dimers in both complexes 
represent the first examples of tris-carboxylate 
bridged copper(I1) dimeric species, instead of the 
usual tetra-carboxylate bridging mode. However, 
the usual dimer core is essentially retained with the 
fourth position on each square planar ‘end’ occupied 
by a carboxylate oxygen of a non-bridging phenox- 
yisobutyrate ligand, giving mean Cu-0 (equa- 
torial) distances of 1.98(4) A (2) and 1.96( 1) 8, (3). 
These same two non-bridging ligands also provide 
ether oxygens to cap the axial positions of the dimer 
[Cu-0, 2.15(4), 2.19(5) A (2) and 2:201, 2.220(9) 
A] (Figs 3 and 4) forming five-membered chelate 
rings. These axial Cu-0 bonds are close to co- 
linear in (2) [0(7)A-Cu(2). . . Cu(3), 174.3(9)’ ; 
0(7)B-Cu(3) . * . Cu(2), 172.8(8)“] ; and for ligand 
B in (3) [171.3(2)“] but deviate for ligand A, 
[ 160.9(2)“]. This is accompanied by a shortening of 
the Cu-0( 1 l)A distance to 1.917(9) A. In addition, 
the carboxylato-0,O’ bridges are twisted in some 
of the ligands (Fig. 5), presumably because of the 
steric imposition of the bulky PIBA ligands. 

All bond distances are in agreement with those 

Fig. 3. Molecular configuration of the anionic dimer unit in the structure of (2). 
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Fig. 4. Packing of (2) in the unit cell. 

of the conventional copper(I1) dimers’j although the 
Cu. * * Cu separation for (2) [2.85( 1) A] approaches, 
or for (3) [2.929( 1) A] exceeds the maximum known 
(2.89 8, in [Cu,(CF,COO),(quin),].15 The occu- 
pancy of the axial positions of the dimer by ether 
oxygens is consistent with the usual formation in 
monomeric tetragonally distorted octahedral 
copper(I1) phenoxyacetates of bis-chelate species 
having ether oxygens at the tetragonally elongated 
sites.3 However, these Cu-0 distances in (2) and 
(3) are considerably shorter than those in the 

copper(I1) monomers which are typically 2.47 8, 
[Cu(4-fluorophenoxyacetato),(H,0),1.8 

In both (2) and (3), the two complex anions are 
linked to the waters of the [Cu(HzO),]*’ cation by 
a symmetrical network of eight hydrogen bonds 
with the carboxyl oxygens of the terminal PIBA 
ligands (A and B) (Fig. 4). Both the coordinated 
and uncoordinated oxygens [O(ll) and O(lO), 
respectively] are involved [Ow( 1) * * - O(lO)A, 2.72 A 
(2) 2.62 A (3) ; . . . O(lO)B, 2.53 8, (2), 2.58 A (3); 
Ow(2)...0(11) A. 2.58 8, (2), 2.61 8, (3); 

Fig. 5. Molecular configuration of the anionic dimer in (3). 
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. . * 0(1 l)B, 2.63 8, (2), 2.65 8, (3)], resulting in dis- 
crete [Cu,(PIBA) ,0(H20)4] units centred about cry- 
stallographic inversion centres in their respective 
cells. No inter-unit associations are found. The 
ligands show considerable conformational 
variation, but as for the majority of the phenox- 
yalkanoic acids and their ligands found in metal 
complexes, the O(ether) . - 1 O(carboxy1) interactive 
distances are relatively constants [2.59-2.77 A (2); 
2.55-2.77 A (3)]. The shorter distances are found in 
the ligands A and B of both complexes [2.59, 2.63 
A (2) and 2.55, 2.58 A (3)] and are a consequence 
of the chelate ring formation in each. Comparable 
0. . .O distances are found for the analogous che- 
late rings in the tetragonally distorted monomeric 
copper(I1) phenoxyalkanoate complexes.’ With the 
bridging ligands the 0 . . .O distances are closer to 
that of the parent acid PIBAH (2.71 A). lo 

Acknowledgements-The authors acknowledge financial 
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Lattice stability in the case of (3) appears to be 
derived to some degree from the incorporation of 
additional water molecules in the lattice. The 
majority of these waters have only partial site occu- 
pancy and are either inter-associated or form hydro- 
gen-bonding interactions with the waters of the 

[Cu(H,O),l*+ complex or with the carboxylate oxy- 
gens of the dimers. Of greater importance is the 
stability achieved through the hydrogen bonding 
between the [CU(H~O)~]~+ cations and the 
[Cu,(PIBA),,]- dimer anions. This is emphasized 
by the presence of the well-defined complex core 
even in the disordered triclinic crystals of (2), which 
may be considered as a disordered precursor of the 
stable monoclinic form (3). It might be reasonable 
to postulate that a more stable form than (3) was 
possible via full site occupancy by the lattice waters, 
without change in the unit cell. However, there 
is no evidence that any product other than (3) is 
formed even when prolonged digestion and cry- 
stallization conditions are employed. 
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Abstract-The anions lNi2(edt)3]2- (edt = ethane-1,2-dithiolate) and lNi3(edt),J2- have 
been prepared by the reaction of Na2(edt) with NiC12*6H20 and, with subsequent work- 
up, isolated as their [PPh,]+ salts. For the first time, the structure of di- and t&nuclear 
Ni(II) thiolates with identical ligands can be compared. The complex t$Ph,],mi,(edt),] (1) 
crystallizes in the triclinic space group Pi with unit cell parameters (at - 152°C) 
a = 12.861(7), b = 21.057(14), c = 10.324(5) A, CI = 96.03(3)“, /I = 109.88(3)“, 
y = 76.82(3)“, and Z = 2, while [PPh&mi,(edt),] (2) crystallizes in the monoclinic space 
group P2,/c with (at -60°C) a = 13.713(3), b = 13.255(3), c = 15.754(5) A, /I = 96.53(2)O 
and Z = 2. The structures were solved by direct methods and Fourier techniques from 4576 
and 2671 diffractometer data, respectively, and refined to respective R values of 0.0552 and 
0.0649. In the anion of 1, one of the ligands provides two terminal thiolate-groups, and the 
other two each provide one terminal and one p-thiolate-group such that each Ni(I1) has an 
approximately square planar coordination geometry. The central NiS2Ni unit is not planar, 
being folded along the vector joining the two bridging sulphur atoms. The anion of 2 is 
best considered as chelation of two identical pi(edt)2]2- units to a third, central Ni(I1) 
atom. The anion has a crystallographically observed centre of symmetry, with the central 
nickel atom thus lying in a perfect plane formed by its four coordinated sulphur atoms. 
The outer two nickel atoms are approximately square planar and the Ni(Ni$Q2 core 
exists in a chair conformation. Both of the anions described have short Ni * * . Ni distances 
[2.9414(22) in (1) and 2.8301(13) 8, in (2)], The structures and the spectroscopic properties 
achieved for these complexes are described and discussed herein. 

Our interest in the thiolate chemistry of nickel was 
stimulated by reports that in several reduced and 
oxidized hydrogenases the primary coordination 
sphere of nickel contains several sulphur atoms’s’ 
and by the paucity of well-characterized com- 
pounds of this type in the literature which might be 
considered useful structural analogues. Although 
nickel is found in its +3 oxidation level in the 
resting state of the hydrogenases, ‘s2 the + 2 level is 
involved in the catalytic cycle. Hence the synthesis 
and characterization of some nickel(I1) thiolates 
was considered to be of importance as a necessary 
first step in a modelling approach. 

*Author to whom correspondence should be addressed. 

Prior to this work being undertaken, a few struc- 
turally characterized homoleptic nickel(I1) thiolates 
had been reported 3-g but none with edt. In our 
investigation of this area the bidentate ligand 
ethane- 1,2-dithiolate was employed because this 
ligand has recently found much utility in the thiolate 
chemistry of the first row transition metals10~“~1~‘6 
and has been shown to stabilize some of these 
metals in what is regarded as high oxidation 
levels. 11,13,16 

Herein, we report the preparation, spectroscopic, 
and structural characterization of the two title com- 
plexes, [PPhd21Ni&d031 and [PPh412[Ni3(eW41, 
which contribute to the structural diversity already 
established for existing nickel thiolates3-gs’2 and 
allow for the first time direct structural comparison 
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of di- and tri-nuclear Ni(I1) thiolates with identical 
ligands. 

EXPERIMENTAL 

All manipulations were performed using stan- 
dard inert-atmosphere techniques. Acetonitrile was 
distilled from CaH, under a dinitrogen atmosphere 
and ethanol was dried over molecular sieves and 
degassed before use. Ethane-1,2-dithiol was used as 
received. 

Proton NMR spectra were measured for con- 
centrated solutions in (CD&SO at 300 and 360 
MHz on Varian XL-300 and Nicolet NT-360 instru- 
ments. Electronic spectra were obtained in CH$N 
or DMF solution on a 8450A Hewlett Packard UV- 
Vis spectrophotometer interfaced with a Hewlett 
Packard 7470A Plotter. IR spectra were recorded, 
with Nujol mulls between CsI plates, in the range 
4000-200 cm-’ on a Perkin-Elmer 283 spec- 
trometer. Electrochemical measurements were per- 
formed in the cyclic voltammetric mode with an 
IBM model EEC 25 voltammetric analyser in con- 
junction with a glassy carbon working electrode, 
a platinum-wire auxiliary electrode, and an SCE 
reference electrode. The supporting electrolyte 
was 0.1 M tetra-n-butylammonium perchlorate 
(TBAP), and concentrations of electroactive species 
were in the c. 5 mM range. Measurements were per- 
formed in MeCN solution, and potentials are 
quoted vs the normal hydrogen electrode (NHE) 
with ferrocene as an internal standard (El12 = 0.400 
V vs NHE). 

Preparation of [PPh4]2[Ni2(SCH2CH25’)3] 

Sodium metal (0.77 g, 34.0 mmol) was dissolved 
in EtOH (60 cm’) and ethane- 1,2-dithiol(l.40 cm3, 
17 mmol) added followed by solid NiCl, - 6H20 (2.0 
g, 8.4 mmol). Stirring at room temperature resulted 
in the formation of a white precipitate (NaCl) in a 
dark green solution within 0.5 h. The solution was 
filtered into a Schlenk tube containing PPh,Br (7.4 
g, 18 mmol). Intensely green coloured microcrystals 
of the product began precipitating almost immedi- 
ately and after storage at room temperature for 
24 h this product was collected by titration, washed 
with two portions of an EtOH/Et10 mixture (10 
cm3, 1: 1 composition) and dried in vacua. The 
crude yield obtained was 2.8 g (52% with respect 
to nickel). After several days a further 0.55 g of 
product was isolated from the filtrate as very large 
chunky crystals which are intensely green coloured. 
The crude material is analytically and spec- 
troscopically pure and crystals of a suitable size and 
quality for X-ray diffraction can be obtained from 

a slightly more dilute solution. Found : C, 60.7 ; H, 
4.6; S, 18.5. C54H52Ni2P2S6 requires C, 60.4; H, 
4.9; s, 17.9%. 

The crude product can be recrystallized by 
extracting with hot MeCN followed by slow cooling 
to room temperature, though this significantly 
reduces the overall yield (32%). 

Employing a Ni : edt * ratio of 2 : 3 and following 
the procedure described above leads to the isolation 
of the same product in lower yield (1.7 g, 32%, 
crude product). Recrystallization from hot MeCN 
affords rhomb-shaped crystals which appear red- 
brown to transmitted light. [Found : C, 59.9 ; H. 
5.0 ; S, 18.7%.) [Note : Although crystals of 
[PPh,],pi,(edt),] obtained from reactions employ- 
ing 2 : 1 and 3 : 2 ligand to metal ratios consistently 
lead to crystals which have different colours, their 
fully refined X-ray crystal structures are identical. 

Preparation of [PPh4],[Ni3(SCH2CH2S).J 

Sodium metal (0.58 g, 25 mmol) was dissolved in 
EtOH (60 cm3) and ethane-1,Zdithiol (1.06 cm3, 
12.6 mmol) added followed by solid NiC12* 6H20 
(1.50 g, 6.3 mmol). After c. 0.5 h the white precipitate 
(NaCl) was separated by filtration and PPh4Br (5.55 
g, 13.0 mmol) was added to the dark green filtrate 
to incipient crystallisation. The Schlenk tube was 
allowed to stand at room temperature for 36 h 
before the product was collected by filtration. The 
product was washed with two portions of an 
EtOH/Et20 mixture (8 cm3, 1: 1 composition) and 
dried in vacua. The identity of this product was 
established as [PPh,],[Ni,(edt),] (1.0 g, 29.6% 
yield). The filtrate from this product was then 
exposed to the atmosphere for 24 h by removing 
the septum cap and leaving the flask undisturbed. 
A mixture of black crystalline material and white 
solid was precipitated from solution. Anaerobic 
conditions were re-established and the mixture was 
collected by filtration and then extracted with either 
hot EtOH or hot MeCN. Brown crystals were 
obtained from the EtOH solution upon standing at 
room temperature for one week and from the 
MeCN solution upon storage in a freezer (c. 
-20°C) for three weeks. Crystals from the latter 
recrystallization were of a suitable quality for X- 
ray diffraction studies. The non-optimized yield of 
recrystallized material was 0.3 g (12% with respect 
to nickel). Found: C, 54.4; H, 4.7; S, 21.6. 
C,,H,,Ni,P& requires C, 55.0; H, 4.6; S, 21.0%. 

Crystal structure determination 

Crystal data are summarized in Table 1; details 
of the diffractometry, low-temperature facilities, 
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Table 1. Data for crystal structure analyses of [PPh.,]JNi2(SCHFH&] (1) and 

Fph,12[Ni3(SCHzCH2S)~l (2) 

1 2 

Molecular formula 
M 
Crystal system 
Space group 
Temperature (“C) 

a, A 
b, A 
c, A 
CL, deg 
BY deg 
Y, deg 
Z 
u,A3 
D,, gcrn-3 
Radiation 
fi, cm’ 
Method 
Crystal size, mm 
Scan speed, deg min- ’ 
Scan width, deg 
Scan deg range, 
No. of reflections 

collected 
No. of unique intensities 
No. of observed 

intensities 
Criterion for observed, 

n[l 2 no(l)] 
Solution method 
Final R 
Final R, 

Goodness of fit 

CS41-LNi2P2S6 
1072.73 
triclinic 
PT 

-152 
12.861(7) 
21.057(14) 
10.324(5) 
96.03(3) 
109.88(3) 
76.82(3) 
2 
2558.75 
1.392 
M*K,(0.71069 A) 
10.711 
8-28 
0.28 x 0.24 x 0.20 
4.0 
1.8 + dispersion 
6 ,< 29 < 45 

6988 
6714 

4576 

3 
Direct 
0.0552 
0.0537 
0.820 

W-L6Ni3P& 
1131.44 
monoclinic 

R,ln 
-60 
13.713(3)b 
13.255(3) 
15.754(5) 

96.53(2) 

2 
2844.95 
1.321 
MO-K(O.71069 A) 
12.871 
e-28 
0.20 x 0.30 x 0.34 
4.0 
2.0 + dispersion 
6 < 28 < 45 

4360 
3734 

2671 

3 
Direct 
0.0649 
0.0594 
1.075 

0 40 reflections at - 152°C. 
b 30 reflections at - 60°C. 

and computational procedures employed by 
the Molecular Structure Center are available 
elsewhere. ” For 1 a systematic search of a limited 
hemisphere of reciprocal space yielded a set of 
reflections which exhibited no symmetry or extinc- 
tions. The choice of the centrosymmetric space 
group Pi was confirmed by the subsequent solution 
and refinement of the structure. For 2 a similar 
search located a set of diffraction maxima with 
monoclinic symmetry and systematic absences cor- 
responding to space group P2,/n. The structures 
were solved by a combination of direct methods 
and Fourier techniques and refined by full-matrix 
least-squares. 

All non-hydrogen atoms of [PPh4]2[Ni2(edt)3] (1) 
were readily located and the hydrogen atoms were 
located after initial refinement. However, there is a 
slight disorder problem in the anion at atoms C( 12) 

and C( 13). During refinement the hydrogen atoms 
moved to positions which gave unreasonable dis- 
tances. A check of the root mean square dis- 
placements of the anisotropic atoms showed that 
the ellipsoids for C(12) and C( 13) were quite elon- 
gated (. 16.24.39) compared to the rest of the atoms. 
In the subsequent cycles of refinement the C( 12) and 
C( 13) atoms were kept isotropic and the hydrogen 
atoms associated with them were fixed. The struc- 
ture refinement was completed using full-matrix 
least-squares with anisotropic thermal parameters 
on all non-hydrogen atoms (except C(12) and 
C(13)) and all hydrogen atoms were refined with 
isotropic thermal parameters (except H(9) to 
H( 12)). The final difference map was essentially fea- 
tureless except for a few peaks of c. le Ae3 in the 
vicinity of C(12) and C(13). 

In the refinement of Ipph&[Ni,(edt),], non- 
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hydrogen atoms were assigned anisotropic ther- 
mal parameters whilst hydrogens were allowed to 
vary isotropically. A final difference Fourier was 
essentially featureless, with the largest peak being 
0.50 e A- 3. 

Final values of atomic positional and thermal 
coefficients and lists of FJF, values have been 
deposited as Supplementary data with the Editor, 
from whom copies are available on request. Atomic 
coordinates have also been deposited with the 
Cambridge Crystallographic Data Centre. 

RESULTS AND DISCUSSION 

The structure of the anions of [PPh,],[Ni,(edt),] 
(1) and [pPh,],[Ni3(edt)4] (2) are shown in Figs 1 
and 2, respectively. In the anion of 1, one of the 
ligands provides two terminal thiolate groups, and 
the other two each provide one terminal and one /J- 
thiolate group such that each Ni(I1) has an approxi- 
mately square planar coordination geometry. The 
central Ni&Ni unit is not planar, being folded along 
the vector joining the two bridging sulphur atoms. 
The anion of 2 is best considered as chelation of 
two identical [Ni(edt)z]2- units to a third, central 
Ni(I1) atom. The anion has a crystallographically 
observed centre of symmetry, with the central nickel 
atom thus lying in a perfect plane formed by its four 
coordinated sulphur atoms. 

In order to describe the detailed structure of these 
anions a consideration of the Ni-S bond lengths 
given in Table 2 is necessary. It can be seen that a 
simple classification of these bond lengths into 
‘terminal’ and ‘bridging’ is not entirely adequate. 
Those Ni-S bonds which form part of a 
Ni-S-C-C-S-Ni five-membered chelate ring 
are, on average, significantly shorter than those 
Ni-S bonds which are not within this chelate, and 
yet the former group contains ostensibly bridging 
and terminal ligation. Therefore, the [Ni,(edt),12- 

Fig. 1. Structure of [Ni,(edt),]‘- (in 1) showing the atom- 
labelling scheme. 

Fig. 2. Structure of [Ni,(edt)J’- (in 2) showing the atom- 
labelling scheme. 

anion may best be thought of as arising from the 
chelation of a [Ni(edt)2]2- monomeric unit to a 
Ni(edt) fragment with a folding of the two square 
planes thus formed along the common S. . - S edge. 
Similarly, ~i~(edt),]2- may be viewed as the chel- 
ation of a central Ni(I1) atom by two [Ni(edt)2]2- 
units in such a way as to generate a chair-like con- 
figuration of the Ni3Ss core. This Ni3Ss fragment 
closely conforms to CZh symmetry, there being a 
mirror plane passing through the three nickel atoms 
and the mid-points of the sulphur atoms and a C2 
axis perpendicular to this. Inclusion of the meth- 
ylene groups in the anion lowers the symmetry from 
CZh to the crystallographically observed Ci- 1. 
There are precedents for the kind of description 
given above, viz., the trimeric complexes [Ni3(S2- 
o-xyl),12- 4 and [Ni(Ni(NH2CHBCH2S)2)2]2+.5 The 
former comprises the chelation of a central [Ni(S,- 
o-xyl),12- unit to two Ni(S,-o-xyl) fragments whilst 
the latter is analogous to [Ni,(edt),]*-. 

Grouping the Ni-S bonds in the manner 
described above, i.e. within and without a chelate 
ring, gives the following average distances: 
lNi2(edt),12-, 2.181(14) and 2.216(13) A; 
[Ni3(edt)4]2-, 2.183(S) and 2.217(9) A; [Ni3(S2-o- 
x~l)~]‘-,~ 2.192(10) and 2.226(5) A; [Ni(Ni(NH, 
CH2CH,S)2)2]2+,5 2.155(l) and 2.212 A. With 
the exception of the two Ni-S bond distances 
within the Ni-S-C-C-N-Ni chelate ring 
of the latter being slightly shorter than the cor- 
responding distances in the edt and S2-o-xyl 
complexes, there are no significant differences 
between the four complexes with respect to their 
Ni-S bond lengths. The Ni-S bond lengths in 
the [Ni2(SEt)6]2- anion are comparable to those 
lying outside a chelate ring in the four complexes 
above [Ni-Sb = 2.220(6), Ni-S, = 2.208(8) A].” 

There are several notable differences between 
the [Ni2(edt)3]2- and [Ni,(SEt),]*- l2 anions. 



Di- and tri-nuclear Ni(I1) thiolate complexes 

Table 2. Selected interatomic distances (A) and angles (deg) for the anions in [PPh& 

WZ&WU1 (1) and l?W2W3&GH4Ll (2) 

867 

Ni(2)-S(6) 
Ni(2)-S( 10) 

Ni(l)-S(ll) 
Ni(l)-S(14) 

Ni(2)--S(3) 
Ni(2)-S(7) 

Ni( 1)-S(7) 
Ni(l)--S(3) 

Ni(1). . . Ni(2) 

S(3). . . S(7) 

S(3)-Ni( 1)-S(7) 

S(3)-Ni(2>s(7) 

S(ll)--Ni(l)--S(14) 
S(6)-Ni(2eS(lO) 

Ni( I)-S(7)-Ni(2) 
Ni(l)-S(3FNi(2) 

S(7)-Ni(l)-S(l l) 
S(3)-Ni(l)--S(14) 

(1) N3teW41z- (2) 
Ni-S, 

2.2032(25) Ni( 1)-S(3) 
2.1894(24) Ni(l)-S(7) 

2.1680(25) 
2.1774(25) 

Ni-Sb 

2.1673(24) Ni(l)-S(6) 
2.1778(25) Ni(l)-S(lO) 

2.2250(25) Ni(2)-S(6) 
2.2071(24) Ni(2)-S( 10) 

Ni . ..Ni 

2.9414(22) Ni( 1). . . Ni(2) 

s...s 

2.820(3) S(6)...S(lO) 

Sb-Ni-Sb 

79.01(9) S(6)-Ni( l)-S( 10) 
80.92(9) S(6)-Ni(2)-S( 10) 

S(6)-Ni(2+S(lO’) 

S,-Ni-S, 

92.19(10) S(3)-Ni( 1)-S(7) 
93.74(10) 

Ni-S,-Ni 

83.83(9) Ni(l)-S(6+Ni(2) 
84.50(8) Ni(l)-S(lO)-Ni(2) 

S,,-Ni-S, 

93.83(10) S(3)-Ni( 1)-S(6) 
95.28( 10) S(7)-Ni(l)-S(10) 

2.189(3) 
2.1893(28) 

2.1773(26) 
2.175(3) 

2.2232(23) 
2.2102(26) 

2.8301(13) 

2.862(3) 

82.23( 10) 
99.59(9) 
80.41 

91.29(11) 

80.04(8) 
80.38(9) 

93.10( 10) 
93.02( 11) 

0 This is the only S-Ni-S angle that occurs inside a chelate ring in either (1) or (2). 

[Ni,(SEt)J- is centrosymmetric and is formed by 
edge sharing of two planar units to generate an 
Ni2S2 planar rhomb.” In [Ni2(edt)3]2- there is no 
centre of symmetry and the Ni( 1,2)S(3,7) core is not 
planar, there being a folding along the S(3) * * * S(7) 
vector. There is a dihedral angle of 119.07” at the 
intersection of the two NiS., planes. This has the 
effect of bringing the two Ni atoms closer together 
than in [Ni2(SEt),12- [2.9414(22) vs 3.355(2) A] and 
to make the Ni-S-Ni bond angle in the bridge 
more acute [83.83(9) and 84.50(8) o vs 98.2(l)“]. In 
pi2(edt)3]2-, Ni(1) lies in the least squares plane 
formed by S(3,7,11,14) (maximum deviation, S(7) 
0.085 A) and Ni(2) is perpendicularly displaced by 
-0.08 L% from the least squares plane S(3,6,7,10) 
(maximum deviation, S(3,7) 0.048 A). 

The central nickel atom Ni(2) and the four 
attached sulphur atoms are required by the cry- 

stallographic centre of symmetry, located at Ni(2), 
to be exactly planar in [Ni3(edt),12-. There is a 
deviation, though, from perfect square planarity 
of these sulphur atoms as evidenced by the 
S(6)-Ni(2)-S( 10) angle of 99.59(9)“. Each of the 
two outer nickel atoms is perpendicularly displaced 
from its S(3,6,7,10) and S(3’,6’,7’,10’) least squares 
plane by 0.0874 8, in the direction opposite to 
the side of the central nickel atom Ni(2). In 
Ni(Ni(NH2CH2CH2S)2):+ the two outer nickel 
atoms are similarly displaced, by 0.12 A.’ Ni(2) is 
1.556 8, from the least squares plane formed by 
S(3,6,7,10) (maximum deviation by S(lO), 0.00979 

A). 
In order to try and rationalize the degree of fold- 

ing along the S ---S vector and the Ni**.Ni 
distances observed in this and other, similar 
complexes, Table 3 was compiled. This gives a selec- 
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Table 3. Comparison of selected distances (A) and angles (deg) in some thiolate-bridged complexes 
of nickel(I1) 

Ni . . . Ni Ni-S-Ni S. . . S 
Dihedral ’ ’ 

angle Ref. 

PWW612- 
Wi ASEt)P 
[Ni,(S,-0-xyl),]2- 

[Ni&W31z- 

N&W~l*- 

[Ni @Bz) ABzttc) 8 
[Ni,(SEt),(Etttc),] 
Ni(Ni(NH,CH,CH,S)&+ 

3.355(2) 98.2(l) 2.906(4) 180 12 
3.04 87 < 180 12 
3.016(l) 85.66(7)- 2.735(2) < 180 4 
3*131(l) 90.26(7) 2.687(2) 
2.9414(22) 83.83(9) 2.820(3) 119.07 = 

84.50(8) 
2.8301(13) 80.04(S) 2.862(3) 113.19 0 

80.38(9) 
2.795(3) 79.5 2.826(5) 114.3 19 
2.763 78.4 c. 2.84d 110.2 20 
2.733(7) 77.5 2.89( 1) 109 5 

0 This work. 
“SBz = SCH&H,; Bzttc = S$SCH,C,H,. 
’ Etttc = S2CSC1H,. 
dDistance approximated. 

ticm of distances and bond angles in some thiolate- 
bridged nickel complexes. The most notable feature 
is a variation in Ni . . . Ni distances of more than 0.6 
A. There appear to be a number of factors which 
might be responsible for the specific metal-metal 
distances found. These include, (i) direct, net posi- 
tive, Ni . . . Ni interaction, (ii) the stereochemistry at 
the bridging sulphur atom (any chelate constraints 
will be manifested in this), (iii) the total charge 
provided by the ligand set, (iv) the S * . . S separation 
of the bridging sulphur atoms, and (v) ligand-ligand 
steric interactions. Crystal packing may or may not 
be an important additional factor. It is quite clear 
that no one factor dominates over all of the others 
and it would appear that they are capable of 
assuming different relative importances. 

The nickel-nickel separation in [Ni,(edt)3]2- and 
[Ni,(edt),12- is certainly short enough to permit 
some kind of a net weak positive interaction, though 
its nature is not clear. Dahl has proposed that this 
is due to overlap of the filled 3dz2 orbitals on Ni.’ 
Similarly, the bridging S f . * S separation is c 0.4 A 
shorter than would be expected for a non-bonding 
interaction, but there is nothing to suggest that it is 
optimal in these two complexes. Chelate constraints 
alone cannot be responsible for the resulting 
Ni . . . Ni distances, because a difference of 0.6 A 
exists between the two dimers’2*20 which both have 
unconstrained C2H,S as bridging ligands. 

From a consideration of the two trimeric com- 
plexes [Ni3(edt),12- and Ni(Ni(NH2CH2CH,S)2):+ 
we can make some interesting observations. The 
similarities between them indicate that of those fac- 
tors (+(v) listed, (iii) should be the one most 

responsible for the difference in observed Ni . . * Ni 
distance. As noted earlier in this section, the Ni-S 
bonds found within the Ni-S-C-C-N-Ni 
chelate rings are the shortest (2.155 A) Ni-SR 
bonds of any in the complexes under discussion. 
A reason for this might be that the amino- 
ethanethiolate effectively provides two neutral and 
two negatively charged ligands for the outer nickel 
atoms, whereas the edt provides four negatively 
charged ligands. This results in a larger net positive 
charge in the nickel in the former which conse- 
quently leads to shorter Ni-S distances. As a 
result, the Ni * * * Ni separation is decreased. Indeed, 
of the compounds listed in Table 3, Ni(Ni(NH2CH2 
CH,S),):+ has the shortest Ni . . . Ni distance and 
is the only one to have a neutral donor atom in its 
nickel coordination sphere. Pursuing this idea a 
little further, it could be argued that the tri- 
thiocarbonate ligands in ~i(CS3CzH5)(SC2HJ]220 
and [Ni(CS3CH2Ph)(SCH2Ph)]2’9 have only a uni- 
negative charge which allows the Ni-S bonds in 
the bridge to shorten (to 2.186 and 2.189 A) with 
respect to those average distances found in the com- 
pounds having purely thiolate coordination. This 
then leads to the shorter Ni . . . Ni distances found 
in these two complexes. Having said this, however, 
the effect of total charge provided by the ligand set 
cannot explain the difference in Ni . . . Ni separation 
observed for the mi2(edt)3]2- and [Ni3(edt)4]2- 
anions. In these two anions, the mean of four 
Ni-Sb bond distances are identical. The shorter 
Ni.. . Ni separation in the trimer is a net result 
of more acute Ni-S-Ni and dihedral angles and 
larger S . . . S separation. All three changes are con- 
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sistent with a shortening of the Ni . . . Ni separation, 
given no variation in Ni-S,, lengths, but it is 
impossible to categorize them as cause or conse- 
quence. 

The data in Table 3 do show that, without excep- 
tion, a shortening of the Ni - * * Ni distance results 
in a more acute Ni-S-Ni angles in the bridge and 
a more acute dihedral angle. The S-Ni-S bond 
angles within the bridging unit tend to lie in the 
range 79-84” for the complexes listed in Table 5. 
Exceptions to this are one of the angles in the 
lNi,(edt),]*- anion which is exceptionally large 
(99.59(9)“) and the angle in [Ni2(SB,)2(S2CSCH2 
C6H5)r] (98.3”).19 [The data provided4 for the 
wi,(S,-o-xyl),12- anion do not permit a definitive 
comparison.] 

‘H NMR, IR, UV-VIS AND 
ELECTROCHEMICAL STUDIES 

‘H NMR spectroscopy proved to be a very effec- 
tive analytical tool in this work. Integration of the 
ligand methylene protons vs those of the PPh$ cat- 
ion accurately determines the ligand to cation ratio. 
Also, the spectrum of [PPh4]2[Ni,(edt)4] is quite 
distinctly different from and more complex than, 
that of [PPh,],[Ni,(edt),] in the methylene proton 
chemical shift region. In the [Ni2(edt)3]2- anion, the 
proton resonances appear as two multiplets having 
an approximate relative intensity of 1 : 5 centred at 
1.72 and 1.95 ppm respectively. The room tem- 
perature spectrum of the [Ni,(edt),12- complex 
appears to be much more complicated than one 
would expect from the solid state structure. The 
methylene proton resonances are found between 
1.65 and 2.70 ppm. Within this region there are two 
reasonably well-resolved multiplets each having six 
lines centered at 1.7 and 2.65 ppm ; the remaining 
features are relatively broad. It is conceivable that 
fluxional processes are in effect in the DMSO sol- 
vent ; this might involve breaking the weaker Ni-S 
bonds or the existence of different isomers in solu- 
tion. For both compounds the PPh: proton reso- 
nances are centered around 8.0 ppm as expected. 

On the basis of their IR spectra, recorded between 
4000 and 200 cm- ‘, compounds 1 and 2 are essen- 
tially indistinguishable. 

The UV-Vis spectra were recorded for 1 and 2 
on solutions prepared and maintained under an 
inert atmosphere. 1 dissolves to give a green col- 
oured solution in MeCN and 2 gives a red/brown 
coloured solution in MeCN and in DMF. Within 
c. 2 h a solution of 2 in MeCN will turn cloudy. 
The spectrum of 1 has Amax at 468 nm (3,459) 

and 624 nm (954) which agree reasonably well with 
the data reported previously for this complex 
anion. ‘O The spectrum of 2 was recorded for both 
MeCN and DMF solutions and 1,, were found at 
297(sh) nm (15,561), 325(sh) (13,225), 424 (3818) 
and 538 (2806) in MeCN and at 432 nm (6775), 
542 (4944), and 720 (1576) in DMF. These spectra 
show a slight shift in band position in CH,CN 
vs DMF and both clearly differ from the values 
reported ’ O for putative [NEt,],[Ni,(edt),] in 
CH$N [392 nm (2200) and 468 (1280)]. Unfor- 
tunately, neither 1 nor 2 displayed electrochemically 
reversible behaviour when studied by cyclic vol- 
tammetry. 1 gave three oxidation peaks, at 
,?& = -0.32, -0.03 and +0.73 V vs NHE and 
2 gave two oxidation peaks, at Ep,= = -0.06 and 
+0.73 v. 

In conclusion, use of the edt*- ligand has allowed 
nickel(I1) thiolate complexes of differing nuclearity 
to be prepared. Structural characteristics of di- and 
tri-nuclear products can be compared for the first 
time under identical ligation. Unfortunately, use of 
the edt*-, ligand does not result in easier accessi- 
bility of the nickel(II1) oxidation level, as judged by 
our electrochemical results are least, a situation we 
had hoped might result given the stabilization by 
this ligand of manganese(II1) I 3, l6 and cobalt(II1). ’ ’ 
However, the continuing desire for nickel(II1) 
species with sulphur ligation to model the nick- 
el(II1) sites of hydrogenases demands further effort 
in this area, perhaps with mixed ligation around the 
metal center. 
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Abstract-The divalent calcium, manganese, zinc, cobalt, magnesium and nickel complexes 
of benzene-1,Zdioxydiacetic acid (BDDAHJ have been prepared and their structures 
determined by X-ray diffraction. Complexes [Ca(BDDA)(H,O)J, - nHzO and [Mn(BDDA) 
(H20)& .nH20 are isomorphous and isostructural. There is a pentagonal bipyramidal 
seven-coordination about each metal, involving four oxygens of the BDDA ligand, two 
axial waters and a fifth bridging carboxyl oxygen giving a polymer structure. In contrast, 
[Zn(BDDA)(H,O)J - 3.5H,O (and the cobalt and magnesium isomorphs) is discretely 
monomeric with the bridging position of the Ca/Mn structure replaced by a water. The 
nickel complex with formula [Ni(BDDAH),(H,O),] - Hz0 is monomeric and six-coordinate, 
bonded through only one carboxyl group of each of two truns-related BDDAH ligands. 

Benzene-1,Zdioxydiacetic acid (BDDAHJ [O,O’- 
catecholdiacetic acid, CDAHJ is a multidentate 
chelating reagent, analogous to EDTA. However, 
stability constants for the metal complexes with 

OH 

0 a 0 

0 
0 0 

OH 

BDDAH* are substantially smaller than for the 
corresponding EDTA complexes. ’ 

It is possible to modify the basic molecule to 
produce other acidic complexones with varying sel- 
ectivities towards cations.’ An unusual property of 
BDDAH* is its ability to form a crystalline pre- 
cipitate with potassium ion, but not with lithium, 

*Author to whom correspondence should be addressed. 

sodium, caesium or ammonium ions.3 The higher 
precipitimetric selectivity of BDDAHp towards K+ 
compared to NaBPh, is probably due to the more 
compatible size of the potassium ion and a more 
favourable mode of coordination (or electrostatic 
interaction). The crystal structure of the K complex 
has an adducted species with formula 
[K(BDDAH)(BDDAH,)], with a pentagonal anti- 
prismatic ‘coordination’ about the metal, one of the 
known stereochemistries by which K achieves solid 
state stabilization.3 This is also seen in the related 
closed-chain polyether systems ; e.g. di-benzo- 18- 
crown-6 or 2,3,11,12-(bis-1,2-acenaptho)-18- 
crown-6, the latter giving with K’ a regular ‘hex- 
agonal’ interaction. 4 

BDDAH, has also been used to complex trivalent 
lanthanum as a model for a lanthanide shift ‘H and 
13C NMR study5 since it forms both 1: 1 and 1: 2 
complexes. Earlier, thermodynamic data indicated 
that the ligand was tetradentate and approximately 
planar, 6 in contrast with the skew conformation 
proposed for the ligands on the basis of the NMR 
solution spectra. The crystal structure of the com- 
plex Na[La(BDDA),(H,O),] .4H20 showed an s- 
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capped square antiprismatic deca-coordinate 
stereochemistry about La with two essentially 
planar BDDA ligands. 7 

A study of the structural systematics of divalent 
metal complexes of the phenoxyalkanoic acids,‘,9 
which include the commercial herbicides 2,4-dich- 
lorophenoxyacetic acid (2,4-D), 2,4,5-trich- 
lorophenoxyacetic acid (2,4,5-T) and 4-chloro-2- 
methylphenoxyacetic acid (MCPA), has been 
extended to include the complexes of certain difunc- 
tional acids. These have been prepared and char- 
acterized using X-ray diffraction. The acids include 
4-carboxyphenoxyacetic acid (PCPAH2), 2-car- 
boxyphenoxyacetic acid (OCPAH2) and benzene- 
1 ,Zdioxydiacetic acid. The manganese complex 
[Mn(PCPA)2(H20),], is a polymer bridged through 
both carboxyl groups in c&related octahedral coor- 
dination sites, in contrast to the isomorphous Ni 
and Co complexes which have the formula 
[M(PCPAH),(H,O),] and are discretely monomeric 
octahedral with trans-related unidentate phenoxy- 
acetate ligands.’ The two copper(II)--OCPAH, 
complex polymorphs, [Cu(OCPA)(H,O)],, (A) and 
[Cu(OCPAH),(H,O),], (B)” also differ markedly. 
Complex (A) is a step-polymer based on square 
pyramidal repeating units with tridentate OCPA 
occupying positions in the complex square plane 
while in (B), Cu is square planar with truns-related 
OCPA ligands, each having its carboxy group mono- 
protonated. 

The divalent metal complexes of BDDAHz were 
prepared and characterized using elemental analy- 
sis, infrared spectroscopy and where applicable, X- 
ray diffraction. Structural results are reported for : 

(1) WBDDAF-WW, *nI-W 

(2) PWBDDANWM, - nH20 

(3) [Zn(BDDA)(H,0)3] * 3.5H,O 

(4) lNi@DDAHM-LDM * Hz0 

Complexes (1) and (2) are isostructural and 
isomorphous. Isomorphism also exists between 
(3) and [Co(BDDA)(H,O),]* 3.5H20, (3a) and 
[Mg(BDDA)(H,O),] - 3.5H20 (3b). 

EXPERIMENTAL 

Preparation of complexes 

All complexes were prepared using a previously 
described method’ which involved mixing at 80°C 
aqueous solutions, of the ammonium salt of 
BDDAH* and an equimolar quantity of the appro- 
priate metal acetate. An alternative procedure,8 
digesting at c. 80°C an aqueous ethanolic solution 
of BDDAHl with an excess of the metal carbonate, 

followed by removal of the unreacted excess by 
filtration, was also used. Crystals were obtained as 
colourless prisms [except (4) (pale green) and (3a) 
(red)] after partial room temperature evaporation 
of the filtrate. Because of insufficient sample, no 
carbon and hydrogen analyses were obtained for 
3(a) and 3(h). IR spectra were recorded on Perkin 
Elmer model 457 or Jasco IR-810 spectrometers 
using Nujol mulls on KBr discs. Single crystal X-ray 
preliminaries were completed on an Enraf-Nonius 
Weissenberg goniometer using nickel filtered Cu-K, 
radiation. Unique intensity data sets were collected 
on a Nicolet R3m four-circle diffractometer at 20°C 
using graphite crystal monochromated MO-K, radi- 
ation and were corrected for Lorentz and polar- 
ization effects but not for absorption. 

Structure solution and refinement 

Details of unit cell parameters, data acquisition 
and structure solution for compounds (l)-(4) are 
given in Table 1. Data were recorded using a Nicolet 
R3m diffractometer and MO-K, radiation 
(A = 0.7107 A); structures were solved and refined 
via the heavy atom method using the SHELXTL” 
structure solution package on the Nicolet R3m. 
All structures were refined by blocked-matrix least- 
squares with anisotropic temperature factors on all 
non-hydrogen atoms. Three water molecules in the 
zinc structure (3) were found to have only partial 
site occupancy and were subsequently refined at 
half weights. This is consistent with its elemental 
analysis [Found : C, 29.6 ; H, 5.15. Calc. for 

CloH,1012.,Zn, {[Zn(BDDA)(H,0)3]-3.5H20} : 
C, 29.5 ; H, 5.20%]. Neutral atom scattering factors 
and the f’, f” terms for anomalous dispersion were 
taken from Ref. 12. Cell data and details of the 
structure analyses are given in Table 1 while bond 
distances and angles about the coordination 
polyhedra for the four complexes are listed in Table 
2. 

Tables of atomic coordinates, anisotropic ther- 
mal parameters, intraligand bond distances and 
angles, hydrogen atom coordinates, observed and 
calculated structure factors and IR spectra have 
been deposited with the Editor as supplementary 
material ; copies are available on request from the 
Editor or the Authors. Atomic coordinations have 
also been deposited with the Cambridge Cry- 
stallographic Data Centre. 

DISCUSSION 

Series A complexes 

The structures of complexes of the type 
[M(BDDA)(H,O)], * nH20, where M = Ca (1) or 
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Table 1. Cell data for [Ca(BDDA)(H,O),];nH,O (l), [Mn(BDDA)(H,O)];nH,O (2), [Zn(BDDA)(H,O)J-3.5H20 
(3)). and [Ni(BDDAH),(H,O),] -Hz0 (4) 

(1) (2) (3) (4) 

Formula ClOH,&aO, 
M, 318.8 

a (A) 7.158(4) 

b (A) 7.135(l) 

c (A) 23.240(9) 

“v($; 
93.25(4) 
1284.3(g) 

Z 4 

D, (g cm- ‘) 1.645 

D, (g cm- ‘) 1.64 

F(OOO) 664 

!J (cm ‘) 5.19 
Space group P2,ln 

Data collection 

Diffractometer Nicolet R3m 
Radiation MO-K, 
20 range (deg) 245 
Unique reflections 2048 

measured (hkl) (f8, 7,24) 
Crystal size (mm) 0.50 x 0.40 x 0.13 

Structure solution refinement 

Method used Patterson 
R 0.058 
Rw 0.063 
w= A 1.2 x 10-3 
Data used 1676 
Discrimination Z > 2.5a(Z) 

CIoHI.Mn09 
333.1 
7.574(4) 
7.151(3) 
23.031(3) 
93.65(3) 
1244.9(8) 
4 
1.777 
1.79 
684 
11.59 

P2 Jn 

Nicolet R3m 
MO-K, 
345 
1960 

(+ 8,7,24) 
0.35 x 0.14 x 0.05 

Patterson 
0.061 
0.063 
2.1 x 10-3 
808 
Z > 2.50(Z) 

GoH21%5Zn 
406.6 
29.343(2) 
6.7294(g) 
17.259(4) 
109.17(5) 
3218.9(g) 
8 
1.677 
1.66 
1688 
16.38 
c2/c 

Nicolet R3m 
MO-K, 
345 
1752 

(+27, 7, 17) 
0.38 x 0.28 x 0.05 

Patterson 
0.082 
0.089 
3.4 x 10-3 
1450 
Z > 2.50(Z) 

C20H30NQ7 
601.2 
32.45(3)b 
4.987(3) 
28.23( 1) 
146.92(5) 
2493.4(9) 
4 
1.601 
1.58 
1256 
8.66 
c2/c 

Nicolet R3m 
MO-K, 
345 
1642 

(Ik 34, 5, 30) 
0.38x0.12x0.12 

Heavy atom 
0.053 
0.057 
1.5 x 10-3 
1052 
Z > 2.50(I) 

U Cell data, obtained on single crystals of [Co(BDDA)(H,O),] - 3.5H,O (3a) and [Mg(BDDA)(H,O), * 3.5H,O (3b) 
using a Nicolet R3m diffractometer are: (3a), a = 29.5(4), b = 6.75(l), c = 17.4(2) A, /I = 110.0(l)‘, V = 3264(3) A3, 
D, = 1.63 g cme3, Z = 8, D, = 1.634 g cmp3 space group, C2/c. (3b) a = 29.17(l), b = 6.758(2), c = 17.347(8) A, 
/I = 108.99(3)“, V= 3234(2) A3, D, = 1.51 g cmm3, Z = 8,D, = 1.507 g cn-‘, space group, C2/c. 

b Reduced cell : a = 28.23(3), b = 4.987(3), c = 17.74(4) A, j3 = 93.36(5)“. 
‘w = (a2F0+Ae)-‘. 

Mn (2) have been determined. Single crystal X-ray 
diffraction methods have confirmed that complexes 
(1) and (2) are isomorphous and isostructural. Iso- 
morphism has been observed for a number of Mn 
and Mg phenoxyacetates, but (1) represents the first 
reported example of a Ca phenoxyacetate. More- 
over, Ca is not known to behave in a similar manner 
to the other two metals. Because the BDDA ligand 
is essentially planar, as observed in the La complex7 
and the K complex adduct, its donor sites are fixed 

*TPBDD = N,N,N’,N’ - tetrapropyl - 1,2 - benzo- 
dioxydiacetamide. 

TTPCDD = N,N,N’,N’ - tetrapropyl - I,2 - cyclohex- 
anediacetamide. 

$TPDOD = N,N,N’,N’ - tetrapropyl - 3,6 - dioxy- 
octanediamide. 

relative to the metal ion. Therefore the ligand would 
be expected to exert a strong influence on the ster- 
eochemistry assumed by the metal ion. The struc- 
tures of (1) and (2) are therefore based upon pen- 
tagonal bipyramidal repeating units (Fig. l), which 
form into one-dimensional polymer structures. The 
pentagonal plane comprises four oxygens from the 
BDDA ligand, with the bonds to the ether oxygens 
elongated relative to those of the carboxyl oxygen 
[mean M-O(ether); 2.541(4) A (1); 2.441(9) A (2); 
mean-O(carboxyl); 2.322(4) A (2)]. The fifth pos- 
ition is occupied by a bridging oxygen [2.451(3) 8, 
(1); 2.271(8) A (2) while in the axial positions are 
two water ligands [mean M-Ow, 2.366(3) 8, (1) ; 
2.248(8) 8, (2).] Complex systems involving Ca(I1) 
and Mn(I1) with analogous tetra-oxygen donor 
ligands, the neutral noncyclic ionophores 
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Table 2. Bond distances (A) and angles (deg) about the coordination spheres for complexes (l), (2), (3) and (4) 

(1) (2) (3) (4) 

(a) Distances 

M-0(71) 
M-0(72) 
M--0(101) 
M-0( 102) 
M-0( 111)’ 
M-Ow( 1) 
M-Ow(2) 
M-Ow(3) 

(b) Angles 

0(71)-M-0(72) 
0(71)-M-0(101) 
0(71)-M-0(102) 
0(71)---M-Ow(l) 
0(71)-M-Ow(2) 
0(71)-M-Ow(3) 
0(71)--M--0(111)’ 
0(72)-M-0( 101) 
0(72)-M-0( 102) 
0(72)-M-Ow(l) 
0(72)-M--0w(2) 
0(72)--M-Ow(3) 
0(72)--M-0( 111)’ 
0(101)--M-0(102) 
O(lOl)--Maw(l) 
O(lOl)-M-Ow(2) 
O(lOl)--M-Ow(3) 
0(101)--M-0(111) 
0(102)-M-Ow(l) 
0( 102)-M-Ow(2) 
0( 102)--M-Ow(3) 
0(102)-M-0( 111) 
Ow(l)-M-Ow(2) 
Ow( l)---M-Ow(3) 
Ow(l)-M-0(111)’ 
Ow(2)-M-Ow(3) 
Ow(2)-M-0( 111) 
M--0(71)--C(l) 
M-O(71)-C(81) 

M--0(72)--C(2) 
M-0(72)--C(82) 
M-0(101)-C(91) 
M--0( 102)--C(92) 
M-0( 11 l)‘-C(91) 

2521(l) 
2.516(3) 
2.336(3) 
2.308(4) 
2.451(3) 
2.334(3) 
2.398(3) 

61.2(l) 
65.0( 1) 

126.1(l) 
82.0( 1) 

81.6(l) 

140.0(l) 
126.2(l) 
65.1(l) 
91.3(l) 
86.3( 1) 
- 

149.6( 1) 
168.4(l) 
86.6( 1) 
80.8( 1) 
- 

79.3(l) 
86.6( 1) 
80.8(l) 
- 

91.0(l) 
162.5(l) 

- 

78.3(l) 
- 

110.9(l) 
123.8(3) 
118.9(2) 
124.4(2) 
118.8(2) 
126.2(3) 
128.7(3) 
102.5(2) 

2.472(8) 
2.410(8) 
2.181(9) 
2.167(9) 
2.271(8) 
2.197(9) 
2.229(9) 

62.4(3) 
66.2(4) 

130.6(4) 
83.4(3) 
86.2(3) 

128.4(3) 
68.4(3) 
88.6(3) 
91.3(3) 

152.0(3) 
161.8(3) 
89.1(3) 
81.8(3) 

78.2(3) 
99.2(3) 
91.6(3) 

86.8(3) 
168.3(3) 

82.7(3) 
- 

102.5(3) 
122.7(7) 
118.5(7) 
124.5(7) 
119.1(7) 
129.4(7) 
126.1(S) 
114.5(7) 

- 

TPBDD,* TPCDDt and TPDODJ I3 show similar 
bond weakening towards the ether oxygen, 
although the metals do not have pentagonal bipyr- 
amidal stereochemistries in these complexes. 

Both the pentagonal bipyramidal stereochemistry 
and the observed Ca-0 bond distances in (1) are 
quite normal for calcium carboxylates, even when 
the acid ligand has less rigidity than BDDA. A 
strong tendency also exists for Ca to participate in 
a-chelation (more so than for other divalent 

61.2(2) O(lOl~Ni-Ow(l) 92.9(3) 
67.6(2) O(lOl)--Ni-Ow(2) 86.2(3) 

129.0(2) Ow(l)-Ni-Ow(2) 88.2(2) 
87.5(3) Ni-O(lOl)--C(91) 130.2(6) 
84.1(3) 

149.1(3) 
- 

128.4(2) 
67.9(2) 
80.9(3) 
85.3(3) 

149.4(3) 
- 

163.0(3) 
91.4(3) 
95.7(3) 
82.2(3) 
- 

91.4(3) 
90.5(3) 
81.7(3) 
- 

166.0(3) 
99.7(3) 

2.481(7) Ni-O(lOl) 2.064( 10) 
2.469(7) Ni-Ow( 1) 2.092(7) 
2.115(8) Ni-Ow(2) 2.047(7) 
2.184(4) 

2.053(8) 
2.022(8) 
2.112(7) 

93.2(3) 
- 

125.7(7) 
L 16.6(5) 
L25.6(6) 
I15.7(5) 
L28.3(6) 
126.3(5) 

- 

metals). l4 Calcium di-DL-g y 1 cerate dihydrate15 is 
very similar to (l), having two bidentate glycerate 
ligands and a bridging carboxyl-0 in the pen- 
tagonal plane while the two waters occupy the axial 
positions of the bipyramid [mean Ca-O,2.381 A]. 
In calcium malonate dihydrate,16 the structure is 
also polymeric but with the two waters in the pen- 
tagonal plane [mean Ca-0, 2.528 A (X-ray) and 
2.430 A (neutron)]. Other variations are found in 
anhydrous calcium hydrazinecarboxylate ’ 7 
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Fig. 1. [Ca(BDDA)(H,O),];nH,O (1) and [Mn(BDDA)(H,O),];nH,O (2). 

[CaOSN2 ; mean Ca-0,2.35 A] and calcium hydra- 
zinecarboxylate monohydrate” which is similar in 
most respects to the anhydrous complex but has a 
monocapped trigonal bipyramidal stereochemistry 
[Ca06N2; mean Ca-0,2.44 A]. However, the Mn 
complex has no precedent among the phenoxy- 
alkanoates which tend to form polymer structures 
based on octahedral metal centres. Mn-0 bond 
distances are considered normal for manganese car- 
boxylates. 

The comparative Ca-O(ether) and Ca-0 
(amide) distances for [Ca(TPBDD)* * Br,] and 
[Ca(TPDOD)2*C1,] are 2.487,2.327 8, (mean) and 
2.462, 2.365 8, respectively while those for Mn-0 
in the complexes [Mn(TPBDD), - MnBr,] and 
[Mn(TPCDD), - MnBr,,] are 2.380,2.168 and 2.370, 
2.185 A respectively. l3 Mean distances for La-O 
bonds in Na[La(BDDA)2(H20)2].4H207 (2.689, 
2.504 A), where the lanthanum stereochemistry 
approximates to an s-capped square antiprism and 
the equivalent values in [K(BDDAH)(BDDAH,)] 
(2.89, 2.75 A) (irregular pentagonal antiprismatic 
stereochemistry), show similar bond length differ- 
ences. 

The [M(BDDA)(H,O),] repeating units in (1) 

*Symmetry operation (4--x, j+y, +-2). 

and (2) are centrosymmetrically related in step- 
stack polymer chains which form down the b direc- 
tion in their respective unit cells (Fig. 2). The lattice 
water [Ow(3)] is involved in hydrogen bonding 
interactions with the bridging carboxyl oxygen 
[0( 11 l)] ; 2.853 A (2)] and with both coordinated 
waters [...Ow(l): 2.874 8, (1); 2.844 A (2). 
. . * Ow(2): 2.820 A (1); 2.955 8, (2)]. Other sig- 
nificant intermolecular hydrogen bonding contacts 
are: Ow(1) 1. . 0( 112), 2.683 8, (1) ; 2.696 A (2) and 

Ow(1) . * . 0( 11 l), 3.023 A (1) ; 2.952 8, (2). The most 
significant difference between the two polymorphs 
involve the long contacts between the metal and an 
n glide related carboxylate oxygen [O(lOl)]* which 
is considerably shorter in (1) (Ca-O,2.863 A) than 
in (2) (Mn-0, 3.132 A). This may be due to a 
greater tendency for Ca cf. Mn to expand its coor- 
dination polyhedron, although the Ca-0 distance 
is not intepreted as a formal bond. 

Series B complexes 

The complexes of BDDA with zinc(I1) (3), 
cobalt(B) (3a) and magnesium(I1) (3b) have been 
confirmed as isomorphous and isostructural on the 
basis of single crystal X-ray diffraction pre- 
liminaries and IR spectra. Elemental analysis and 
the X-ray determination for (3) is consistent with a 

0 Ca.Mn 
l 0 

Fig. 2. Packing of (1) or (2) in the unit cell viewed perpendicular to ac. 
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Fig. 3. [Zn(BDDA)(H,O),] * 3.5H20 (3). 

formula [Zn(BDDA)(H,O),] - 3.5H20, with partial 
occupancy for the lattice water molecules [Ow(6), 
Ow(7)A, Ow(7)B], which may have significant 
lability in the solid state. The slight variations in 
the water absorption bands of the IR spectra for 
complexes (3) and (3a) are also probably a conse- 
quence of this lability. 

In contrast to the Series A complexes, complex 
(3) is discretely monomeric (Fig. 3). However, the 
stereochemistry about zinc is similarly pentagonal 
bipyramidal. The planar BDDA ligand is qua- 
dridentate with the bonds to zinc similarly elon- 
gated towards the ether oxygens [Zn-0, 2.475(7) 
A] compared to the carboxyl oxygens [Zn-0, 
2.149(7) A]. Th e remaining three meridional pos- 
itions of the pentagonal bipyramid are occupied 
by waters [mean Zn-Ow, 2.061(7) A]. This metal 
stereochemistry has no precedent among the zinc 
phenoxyalkanoates nor among zinc carboxylates 
generally, although there are examples with seven- 
coordination. However, the phenoxyalkanoates 
have previously shown only four, five and six-co- 

ordination, with tetrahedral trigonal bipyra- 
midal, octahedral and skew trapezoidal stereo- 
chemistries. 8,’ 9 Pentagonal bipyramidal coor- 
dination has been found for the isomorphous 
diaquanitratopurpuratozinc(I1) and cobalt(I1) 
dihydrates. 2o The ligand in this complex is similar 
to BDDA but with a tridentate O,N,O donor array 
(Zn-N, 2.229 ; Zn-O,2.112,2.114 A) which, with 
an asymmetric bidentate nitrate group (Zn-0, 
2.266,2.511 A) complete the coordination positions 
about the square plane. The axial positions are 
occupied by water molecules (Zn-0, 2.014, 2.138 
A). The stability constants for the zinc, cobalt and 
magnesium complexes [log K,, 2.0 (3), 1.1 (3a) and 
-C 1.5(3b)‘] are also consistent with the iso- 
structurality observed. 

Packing of the complex molecules in the unit cell 
involves the lattice waters in interactive associations 
with carboxyl oxygens, coordinated waters and 
with other lattice waters in a complex network (Fig. 

4). 
These intermolecular 0 * * * 0 contacts are as fol- 

lows : Ow( 1) * . . O(5), 2.75 A. Ow(2). . . 0( 11 l), 2.67 
@vv) * * * Ow(6), 2.66, 2.80 A. Ow(4). . * Ow(7), 

. . . .Ow(8), 2.76 A; . ..0(102), 2.93 A. 
dw(5)*:*Ow(6), 2.68 A; . ..Ow(8). 2.81 A; 
*.*O(lll), 2.90 A. Ow(6).. .Ow(7), 2.64 A, 
Ow(7)..eOw(7)‘, 2.77 A; ..*Ow(8), 2.90 A; 
. . .0(112), 2.83 A. Ow(8)...Ow(8)‘, 2.58 A; 
. . . 0(112), 2.82 A. 

Series C complexes 

To date, only nickel(I1) forms a complex with 
BDDAH2 with the formula [Ni(BDDAH), 
(H,O),] *H20 (4). This form, in which the second 
carboxyl group is protonated, is the product of 
either the neutral salt method (via the ammonium 
salt from aqueous solution) or by the carbonate 
method (from aqueous ethanol). The latter method, 

Fig. 4. Packing of (3) in the unit cell viewed perpendicular to bc. 
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Fig. 5. [Ni(BDDAH),(H,O),] * Hz0 (4). 

in which some free unreacted carboxylic acid is 
often present in the crystallizing mixture, often 
results in formation of acid adducts of complexes 
of the phenoxyalkanoates.*’ Although this is not 
the case in the present instance, the pH may be 
sufficiently low to protonate the first carboxylate 
group after which the conventional octahedral 
nickel complex proceeds to form from solution. The 
p& and pK,, values for the two carboxyl protons 
are 2.40 and 3.45 respectively for BDDAH2.’ A 
similar effect is observed with the complexes 

lNPCPAH)2(H2W9 and [Cu(OCPAH)* 
(H20)4]. ‘” Complex (4) is centrosymmetric six- 
coordinate with the nickel at the centre of an 
almost regular octahedron comprising four waters 
[Ni-Ow, 2.047, 2.092(7) A] and two carboxylate 
oxygens from unidentate BDDAH ligands [N&O, 
2.064(10) A] (Fig. 5). Unlike previous Series A or 
B complexes, the ether oxygens are not involved in 
coordination to the metal. Despite being unident- 
ate, the BDDAH ligand is essentially planar, a con- 
formational state probably maintained by the pres- 
ence of hydrogen bonding interactions between the 
uncoordinated carboxyl oxygen [0(102)] and a 
coordinated water [Ow(l) ; 0. . * 0, 2.765 A], 

between O(111) and the second coordinated water 
[Ow(l) ; 0. * * 0, 2.718 A] and in addition, a very 
short contact (2.528 A) between the protonated car- 
boxy1 oxygen [0(112)] and an adjacent carboxyl 
oxygen [O(l 1 l)‘] (Fig. 6). This is analogous to the 
formation of inter-complex cyclic hydrogen bond- 
ing contacts found in [Ni(PCPAH),(H20)J9 (2.59 
A) and in [Cu(OCPAH),(H,O),] (2.92 A).” 

The lattice water [Ow(3)], which lies on a cry- 
stallographic two-fold axis is also associated at con- 
siderably longer range with the protonated carboxyl 
oxygen [0(112)] (3.109 A), the uncoordinated car- 
boxy1 oxygen [0( 11 l)] (3.478 A) and with the coor- 
dinated water molecule Ow(2) [3.197 A]. 

The BDDA ligand 

The important structure parameters of the 
BDDA ligands in each of the complexes (1x4) 
are listed in Supp. Table 5. The essentially planar 
conformation of the ligand in all complexes, as well 
as in the K+ 3 and La3+ ’ complexes is consistent 
with the contention that energetically this con- 
formation is preferred for the oxyacetic acid side- 
chain in the free monofunctional phenoxyalkanoic 

Fig. 6. Packing of (4) in the unit cell viewed perpendicular to ac. 
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acids. 22 In addition, other significant structural fea- 
tures generally shared with both the free acids and 
their metal complexes are 

(1) The exo-C( 1) and C(2) angles are considerably 
distorted compared with the expected trigonal 
value, being enlarged away from C(6) and C(3) 
respectively [mean C(2)-C( l)-0(71)/C( l)- 
C(2)-0(72), 115( 1)” ; C(6)-C( 1)-0(71)/C(3) 
-C(2)----O(7), 125(l)“]. These values com- 
pare with means of 115” and 125” for equivalent 
angles in a series of 22 phenoxyalkanoic acids.22 
This indicates that little distortion results from 
the insertion of the metal ion in the ionosphore 
cavity during complexation. 

(2) In these acids, the side-chain conformation with 
the carbonyl oxygen [O(lO)] synplanar with 
respect to the ether oxygen [O(7)] is always 
found. This conformation is also found without 
exception for C-C-C&O among the @-satu- 
rated acids. 23 For the pheno x acids, this results y 
in a relatively constant 0 * - .O interactive dis- 
tance [acid series mean (19 examples), 2.711 
A].24 Furthermore, this interactive distance is 
retained on complexation, irrespective of the 
mode, i.e. unidentate, bidentate, bidentate-che- 
late. The observation is also true for the complex 
series (l)-(4) [mean 0.. .O, 2.60(l) A], the 
BDDA complexes of Kf (2.62 A),3 La3+ (2.62 
A)” and the diacetamide complexes (2.56 A).13 
The comparable 0(7 1) . . .0(72) distance [series 
mean, 2.55 A, cf. 2.57 8, (K+) ; 2.60 8, (La3+) ; 
2.60 A (diacetamide)] also shows little variation. 
From this observation for the known phenoxy- 
alkanoate complexes, it is considered that the 
0 * . .O non-bonded interactions (comparable in 
length to quite strong OH. . .O hydrogen bond- 
ing interactions) is instrumental in conferring 
planarity on these side-chains. This does not 
apply to the analogous (phenylthio)acetic acid 
complexes24 in which there is no regularity in 
the S. . . 0 distance, nor any tendency for the 
thioacetate side-chain to remain planar. This is 
tenable on the basis of weaker S. . .O vs 0. . .O 
interactions. 

(3) The significant differences associated with the 
C--C--O (‘carbonyl’) and the C-C-O 
(‘hydroxyl’) angles, a phenomenon known for 
carboxylic acids generally [typically 123”, 113” 
respectively23 and 125”, 112( 1)” for the pro- 
tonated ligand (4)]. Although this was expected 

* [Cd(BDDA)(H,O),]; Found: C, 30.8 ; H, 3.62. Calc. 
for CIOH,,CdO,; C, 30.7; H, 3.59%. 

f [Cu(BDDA)(H,O),]; Found: C, 31.7; H, 4.72. Cab. 
for C,,H,,CuO,, : C, 31.8; H, 4.77%. 

to disappear on complexation, it is actually 
retained in most cases giving their distinctive 
angular features. This allows labelling of the 
oxygen either as ‘carbonyl’ or ‘hydroxyl’. Thus 
in complexes (l)-(4), complexation of the metal 
involves the ‘carbonyl’ oxygen rather than the 
‘hydroxyl’, with retention of the side-chain con- 
formation expected to be found in the free acid. 

CONCLUSION 

It could be concluded that the free acid BDDAHz 
would be essentially planar in the solid state and 
that the synplunar conformation [as for the pro- 
tonated oxoacetic acid side-chain in complex (4)] 
would be found in both residues in the diprotic 
acid. Complexation results in little change to the 
structural features of the BDDA ligand, with the 
divalent Ca, Mn, Mg, Zn and Co ions providing a 
compatible fit into the molecular pore-space. In 
fact, it would appear that ionic radius is not an 
important determinative factor in predicting the 
stability of the metal complex. A correlation of 
stability constants with ionic radii for this series 
‘shows some anomalous relationships’. ’ The cad- 
mium complex of BDDA (log K,, 3.8 ; r = 0.97 A) 
represents the first example of a Cd chelate in which 
the stability constant is larger than that of the cor- 
responding Cu complex (3.3; 0.73 A). With the 
exception of Cu (high) and Co (low) (1.1; 0.74 A), 
the values of the stability constants increase steadily 
from Mg through Zn and Mn (2.8 ; 0.82 A) to Cd, 
then decrease through Ca (3.1; 0.99 A) to Ba (2.0; 
1.35 A). Suzuki et al. indicate that the unusual 
order is probably due to the structure of the BDDA 
ligand. This study confirms that Series A types (Ca, 
Mn) and Series B types (Zn, Co, Mg) are respect- 
ively isostructural and that both structure types are 
based on the pentagonal bipyramidal ster- 
eochemistry, it would appear that the ligand 
imposes a greater influence on the metal ster- 
eochemistry than vice versa. The structures of the 
Cd and Cu complexes are similar (from IR spectra) 
despite their different stoichiometries 
[Cd(BDDA)(H,O),] ;* Cu(BDDA)(H,O)# and 
are probably based on the pentagonal plane, 
although Cu” shows little tendency to give this ster- 
eochemistry. More often the stereochemistry ranges 
from tetragonally distorted octahedral six-coor- 
dinate through trigonal bipyramidal or square pyr- 
amidal five-coordinate [polymorph A, Cu(OCPA) 
(H20)101, to square planar four-coordinate 
[polymorph B, CU(OCPAH)~(H~O)~‘O]. It is also 
suggested that structurally, Series A and Series B 
complexes are very similar, the stability constants 
being marginally enhanced with the formation of 
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the polymer structure. Morphologically, both 3, 198 1. Nicolet XRD Corporation Cupertino, Cali- 

forms are also similar. Consequently, it may be fornia. 

possible to form both modifications with all metal 12. J. A. Ibers and W. C. Hamilton, International Tables 

ions under suitable conditions. Nickel(I1) usually for X-ray Crystallography, Vol. IV. Kynoch Press, 
Birmingham (1974). assumes octahedral [ML,(H,O),] coordination. It 

does this with BDDA only when the ligand is mono- 
13. 

protonated and unidentate. 14. 
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Abstract-The crystal structures of diaquabis[(benzylthio)acetato]zinc(II), [Zn(BTA)2 
(H,O),] (l), catena-[diaqua-tetra[(benzylthio)acetato)]-bis[cadmium(II)], [Cd2(BTA)4 

H20)21n (2)Y cutena-{tetra-y-[2-methyl-3-(phenylthio)propionato-O,~‘]-bis[copper 

WI}, [CudMP’W,I, (3) and tetra-~-[2-methyl-2-(phenylthio)propionato-O,~’]- 
bis[ethanol copper(I [Cu,(PTIBA),(EtOH),] (4) have been determined using X-ray 
diffraction techniques. Complex (1) is monomeric with distorted octahedral stereochemistry 
and lies on a two-fold rotational axis. The MO6 coordination involves four oxygens from 
two slightly asymmetric bidentate BTA carboxyl groups [Zn-Q, 2.138(3), 2.28(3) A] and 
two c&related waters [Zn-Ow, 1.996(3) A]. Th e cadmium complex (2) is best described 
in terms of a polymer with the repeating unit consisting of two different centres, one seven, 
the other six-coordinate. With the first, the distorted M06S coordination sphere has four 
oxygens from two asymmetric bidentate carboxylate groups (ligands B and C) [Cd-Q, 
2.36, 2.56(l) A; 2.26, 2.67(l) A], an oxygen and a sulphur from a bidentate chelate ligand 
(A) [Cd-O, 2.36( 1) A ; Cd-S, 2.773(4) A] and an oxygen from a bridging carboxyl group 
(ligand D) [Cd-Q, 2.28(l) A]. Ligands C and D also bridge two Cd centres through 

* Part VI, Ref. 1. 
7 Authors to whom correspondence should be addressed. 

881 
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sulphurs [Cd-S, 2.739, 2.723(4) A]. The second carboxyl oxygen of ligand A also forms 
a bridge to the second Cd [(Cd-O, 2.30(l) A], while the distorted octahedral MO& 
stereochemistry is completed by two waters [Cd-O, 2.25(l), 2.49(l) A] and a sulphur 
from ligand D [Cd-S, 2.723(4) A] giving a polymer structure. Complexes (3) and (4) are 
centrosymmetric tetra-carboxylate bridged dimers [for (3) Cu*-. Cu, 2.586(3) A; mean 
Cu-O(equatorial), 1.957(11) 8, ; for the two independent dimers in (4), Cu - * . Cu, 2.596(l), 
2.616(l) A; Cu-0 (equatorial), 1.952(4), 1.968(4) A mean]. The axial positions of the 
dimer in (3) are occupied by carboxyl oxygens of adjacent dimers [Cu-0, 2.280(9) A] 
forming a polymer structure. In contrast, these positions in (4) are occupied by ethanol 
molecules with Cu-O,2.222(3) and 2.177(4) A respectively for the two independent dimers. 

In the course of this current investigation into metal 
(phenylthio)alkanoic acid interactions, some 
unusual and unexpected coordination systems have 
emerged. In the hope of finding some unusual exam- 
ples, this work has now been extended to include 
complexes of (benzylthio)acetic acid (BTAH), 
(phenylsulphinyl)acetic acid (PSAH), 2-methyl-3- 
(phenylthio)propionic acid (MPTPH) and 2- 
methyl-2-(phenylthio)propionic acid (PTIBAH). 
Copper complexes with the first two ligands 
bis[(benzylthio) - acetate] - bis(pyridine)copper(II) 
and diaquabis[(phenylsulphinyl)acetato]-bis-pyri- 
dine)copper(II) have already been reported. ’ The 
object of this study is to determine what effect 
additional carbon atoms in the aliphatic acid side- 
chain have on Zn(I1) and Cd(I1) complexes with 
BTAH, [Zn(BTA),(H&] (1) and [Cd*(BT- 
A),(H,O),], (2) which together with the Cu(I1) com- 
plexes [Cu,(MPTP),], (3) and [Cu,(P- 
TIBA),(EtOH),] (4) are reported here. 

EXPERIMENTAL 

Preparations 

Complexes (l), (2), (3) and (4) were prepared 
by reacting aqueous ethanolic solutions of BTAH, 
MPTPH or PTIBAH with a suspension of excess 
metal carbonate (in aqueous ethanol) and digesting 
for c. 1 h at 70-90°C. After removal of the excess 
carbonate by filtration, standing at room tem- 
perature resulted in deposition of crystals which 
were recrystallised from absolute ethanol as colour- 
less prisms [(l) and (2)] and dark green needles [(3) 
and (4)]. The acid PTIBAH was prepared by the 
Gilman and Wilder * modification of the Galimberti 
and Defranceschi procedure3 by reacting thio- 
phenol (0.1 mol) in 100 cm3 of ethanol with NaOH 
(0.44 mol) and chloroform (0.11 mol) under reflux 

*Atomic coordinates have also been deposited with 
the Cambridge Crystallographic Data Centre. 

for 4 h. After acidification, the acid was obtained in 
34% yield as colourless crystals (m.p. 67°C) after 
recrystallisation from petroleum ether. The crystals 
of complex (4) were found to lose crystallinity rap- 
idly in air, presumably due to loss of ethanol solvate. 
Consequently, data collection was carried out with 
the specimen sealed in a glass capillary under an 
atmosphere of ethanol. 

Crystal data, X-ray data collection and structure 
refinement 

Table 1 lists information about unit cell 
parameters, data acquisition and structure solution 
for compounds (l), (2), (3) and (4). Data were pro- 
cessed using a profile fitting procedure.4 Structures 
were solved by the heavy atom method and refined 
using the SHELX-76 set of programs.’ Refinement 
was by blocked-matrix least-squares, with all heavy 
atoms anisotropic for (1) and (4) but with only those 
for Cd and S in (2) and Cu, S and 0 in 
(3) anisotropic. Hydrogens were located from 
difference Fourier syntheses and included in the 
respective refinements at fixed positions with their 
isotropic Us set invariant at 0.05 A.’ 

Data for (2) were corrected for absorption. Neu- 
tral atom scattering factors were used with the metal 
and sulphur being corrected for anomalous disper- 
sion.6 Final atomic parameters, lists of hydrogen 
atom coordinates, anisotropic thermal parameters 
intraligand bond distances and angles and observed 
and calculated structure factors are available from 
the Editor or the authors.* Bond distances and 
angles about the coordination spheres for complexes 
(lH4) are given in Table 2. 

DISCUSSION 

(1) LWBTAMH20)21 

The structure of (1) consists of very distorted 
octahedral six-coordinate monomers (Fig. l), with 
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Table 1. Comparative cell data for [Zn(BTA),(H,O)J, (l), [Cd,(BTA),(H,O),],, (2), [Cu,(MPTP),],, (3) and 

[Cu,(PTIBA)@OH)J, (4) 

(1) (2) (3) (4) 
- 

Formula 

M, 
a (A) 
b (A) 
c (A) 
01 (deg) 
B (deg) 
Y (deg) 
v (A’) 
Z 

0, (g cmd3) 
Df (g cm- ‘) 
cc (MO-K,) (a- ‘) 
F(OO0) 

Space group 

C1J-L2W2Zn 
463.9 
38.17(l) 
5140(l) 
10.604(3) 

CJ-LoCW,& 
985.8 
8.968(2) 
11.596(3) 
18.887(5) 
95.67(2) 
91.33(2) 
90.25(2) 
1954(l) 
2 
1.675 
1.696 
13.4 
992 
PT 

C4oK&&.S4 
908.2 
39.71(2) 
5.268(2) 
21.68(l) 

94.30( 1) 114.66(2) 

2075(l) 
4 
1.484 
1.480 
14.4 
960 
c2/c 

4122(2) 
4 
1.462 
1.474 
13.2 
1880 
c2/c 

Cd&u~0,& 
1000.3 
13.313(4) 
14.281(4) 
15.446(4) 
116.64(2) 
99.63(2) 
101.16(2) 
2465( 1) 
2 
1.347 
1.372 
11.1 
1044 
PT 

Data collection 

Diffractometer Nicolet R3m Nicolet R3m Nicolet R3m Nicolet R3m 
Radiation MO-K, MO-K, MO-K, MO-K, 
Wavelength (A) 0.71069 0.71069 0.71069 0.71069 

2&,,, (deg) 52 42 45 50 
Unique data 1508 4045 2612 7364 
Crystal size (mm) 0.25 x 0.25 x 0.10 0.30 x 0.24 x 0.05 0.24 x 0.20 x 0.08 0.40x0.40x0.16 

Structure refinement 

R” 0.054 0.074 0.081 
Rd 0.057 0.081 0.081 

w’ (A) 1.17 1.38 2.08 

(B) 1.47 x 10-3 5.00 x 10-3 1.04 x 10-3 
Data used 1344 2759 1143 
Discrimination Z > 2.5a(Z) Z > 2.5a(Z) Z > 2.50(Z) 

0.058 
unit weights 

- 

6086 
Z > 2.5a(Z) 

“R = @IIFol--IFcllPIFoI. 
bra = [(ZW~)F~-(F~~~/ZW~F~*)“~] 

‘W = A/(a2FotOBF:): ’ ’ 

two-fold rotational symmetry coincident with cry- 
stallographic symmetry. In this respect, (1) is similar 
to zinc acetate dihydrate,7 zinc salicylate 
dihydrate,’ zinc phenoxyacetate dihydrate,’ 
zinc(phenylthio)acetate dihydrate”’ and zinc (Zfor- 
myl-6-methoxyphenoxy)acetate dihydrate. ’ ’ The 
carboxyl oxygens of the two (benzylthio)acetate 
ligands in (1) form asymmetric bidentate links to 
Zn [2.139(3), 2.227(3) A, 0-Zn-0, 58.8(l)“] with 
two waters [Zn-Ow, 1.996(3) A] completing the 
coordination sphere. The degree of asymmetry in 
(1) is intermediate between symmetric zinc acetate 
dihydrate (2.17, 2.17 A), and zinc (phenyl- 
thio(acetate dihydrate” (2.18, 2.20 A) and zinc 
salicylate dihydrate’ (2.03, 2.52 A). Examples such 
as zinc phenoxyacetate dihydrate’ (2.12, 2.34 A) 
and zinc 2-ethoxybenzoate dihydrate” (2.05, 2.31 

A) are also intermediate. The substituted benzoate 
complexes 8,‘2 were considered tetrahedral but on the 
basis of repulsion energy calculations, ’ 3 complexes 
of the type [M(bidentate)z(unidentate)2], with small 
normalized ligand ‘bite’, distortion of the six-coor- 
dinate trans-related octahedral structure occurs, 
giving a skew-trapezoidal bipyramidal structure. 
Thus these examples, together with (l), are best 
described on this basis, with the extreme case being 
the undistorted octahedral species in [Zn(2,4- 
D)2(H20)4.Zn(2,4-D)2(H20)2114 (2,4-D = 2,4- 
dichlorophenoxyacetate) and in zinc 2-chloro- 
phenoxyacetate tetrahydrate, ’ ’ where the carboxy- 
late ligands are unidentate. 

The (benzylthio)acetate ligand in (1) is sig- 
nificantly distorted [torsion angle about the 
S(7)-C(8) vector c. 90”], in common with the phen- 
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Fig. 1. Molecular configuration and atom naming scheme 
for (1). 

ylthio ligand in the Zn and Cd complexes” but 
contrasting with (phenylthio)acetic acid (PTAH)” 
and the Ba and K complexes of PTA I5 (torsion 
angles c. 180”). This is the case even when the thio- 
ether-S is not coordinated to the metal as with the 
Zn, I1 Ba, K” and Cu complexes’ but not the Cd 
examples, [Cd,(PTA),(H,O)],” and [Cd,(BTA), 
(H20)& [example (2), this work]. The non- 
bonding S * * . O(carboxylate) distance of 3.03 8, is 
maintained while the only significant intermolecular 
contact is a relatively short hydrogen bonding con- 
tact (2.67 A) between the carboxyl oxygen O(10) 
and a coordinated water (Fig. 2). 

(2) PW-WdH 20) A, 
Complex (2) is a polymer in which the repeating 

unit comprises two independent Cd centres, one 

a 

Fig. 2. Packing of (1) in the unit cell viewed down b. 

seven-coordinate, the other six (Fig. 3). The first, 
Cd(l) has an irregular MO&S coordination, with 
two asymmetric bidentate carboxylate groups from 
ligands B and C [Cd-O: 2.36, 2.56(l) A; 2.26, 
2.67( 1) A respectively], together with a bidentate 0, 
S chelated ligand A (Cd-O( 1 l), 2.36( 1) A ; Cd-S, 
2.773(4) A]. The seventh coordination position is 
occupied by a bridging oxygen [0( 10)Db, 2.28( 1) A] 
(1 -x, 1 - y, 1 - z). Ligands C and D also provide 
two O-S bridges between the two Cd centres 
[Cd(2)-S(7)C, 2.739(4) 8, ; Cd(2)-S(7)D, 2.723(4) 
A] while 0(1 l)C also bridges two centres 

Fig. 3. Molecular configuration and atom naming scheme for (2). 
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[Cd(2)-O(ll)C, 2.61(l) A]. The second Cd has 
very distorted octahedral MOZOw& six-coor- 
dination, with c&angles varying from 75.3” 
[Ow(l)--Cd-S(7)C] to 116.9” [O(lO)A-Cd 
-Ow(2)] while the minimum fruns angle is 150.3” 
[S(7)C--Cd---Ow(2)]. The two c&related waters 
are also bound to Cd(2) by unequal bonds [2.25(l), 
2.49( 1) A]. Longer Cd-O distances are also found 
in the structure, but Cd(l)--O(ll)D (2.83 A) and 
Cd(2)-0(1 l)A (2.88) 8, are not considered as for- 
mal bonds. 

Although Cd2(PTA)4(H20)]n’o is also a poly- 
meric dimer with two independent but different Cd 
centres, it is quite unlike (2) both in the nature 
of the coordination about each Cd centre and 
in the bridging mode. In addition, the analogous 
phenoxyacetate complexes [Cd(PA),(H 20) 2] 
(PA = phenoxyacetate)’ and [Cd(2CPA), 
(H,O),] - 2H20 (ZCPA = 2-chlorophenoxyace- 
tate) ’ ’ are different in all respects. Both are 
monomeric, [Cd(PA),(H,O),] being isomorphous 
with the zinc analogue’ but with no asymmetry in 
the Cd-O(carboxy1) distances [2.363, 2.365 A]. l6 
[Cd(2-CPA),(H,O),] - 2Hz0 is seven-coordinate, 
with asymmetric bidentate carboxylates [Cd-O, 
2.26,2.49(2) A] and three waters [Cd-O, 2.27,2.27, 
2.34(2) A], one on a two-fold axis. ” At this stage 
of the work, no general rules for Cd complexes can 
be formulated as a consistent pattern has yet to 
emerge. 

The packing of the polymer chains of (2) in the 
unit cell (Fig. 4) involves few inter-dimer associ- 
ations, via the two waters attached to Cd(2): 
Ow(l)*.. 0( 1 l)B, (2.74 A) ; Ow( 1). . * 0(1 l)B, 
(2.82 A); Ow(1). . .O(lO)D, 2.72 A and 
Ow(2) *. * O(lO)D, (2.69 A). 

(3) WZ(MPTP)& and (4) D,(~IBNdEtOW~l 

The structures of both (3) and (4) are based on 
centrosymmetric tetracarboxylate bridged dimers 
of the copper acetate hydrate type 
Ph(Ac),(H,O),l. ” However, in the anhydrous 
complex (3), the axial water molecules of the copper 
acetate monomer are replaced by carboxyl oxygens 
of adjacent dimer units (Fig. 5). This extends the 
structure into a two-dimensional step polymer 
which extends down the b direction of the unit cell 
(Fig. 6). In this respect it is similar to other anhy- 
drous examples such as copper(U) propionate, ’ * 
copper(I1) butyrate” and copper(I1) 2-chloro- 
phenoxyacetate. ‘O In all these complexes, the 
structural features of the respective tetra- 
carboxylate cages are generally comparable : 
Cu-Cu, mean Cu-0 (equatorial) and Cu-0 
(axial) distances are 2.568(3), 1.975(9), 2.280(9) A 

Fig. 4. Packing of (2) in the unit cell. 

(3) ; 2.578(4), 1.94(l), 2.28(l) A (propionate) ; 2.565, 
1.982, 2.245 A (butyrate) ; 2.583(2), 1.965(5), 
2.169(5) 8, (2-chlorophenoxyacetate). It has been 
previously noted2’ that these examples exhibit some 
of the shortest known Cu-Cu separations among 
the 55 known dimeric copper carboxylates 
which range up to 2.886 A [Cu2(CF3C00),(qui- 
noline)J.” In the only three known copper(I1) 
(phenylthio)carboxylate dimers [Cu2(PTA)&y)Jz2 
[PTA = (phenylthio)acetate], [CU~(DCMPTA)~ 
(acetone),12’ [(DCMPTA) = (2,4-dichloro-5- 
methyl-phenylthio)acetate and [CU~(DCMPTA)~ 

Fig. 5. Molecular configuration and atom naming scheme 
for (3). 
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Fig. 6. Stereoview of the packing of part of the unit cell for (3), showing the polymer structure. 

(H,O)d * 2 acetone24 the comparative distances 
are 2.685(l), 1.984(4), 2.151(4) 8, (Cu-N) ; 2.646(l), 
1.961(4), 2.206(3) A; 2.639(5), 1.99(2), 2.13(2) A 
respectively. Furthermore the polymer motif of 
(3) contrasts with the more stereotypical dis- 
torted octahedral stereochemistries for the pyridine 
adducts of copper(I1) (benzylthio)acetate and 
(phenylsul8nyl)acetate. ’ 

Structure (4), is also different from that of (3), 
being discretely dimeric but having two inde- 
pendent, but similar centrosymmetric dimers (A 
and B) in the asymmetric unit. These lie at inversion 
centres in the unit cell (Fig. 7). The Cu-Cu and 
mean Cu-0 (equatorial) distances [2596(l) 
1.952(4) 8, (A) and 2.616(l), 1.968(4) 8, (B) respec- 
tively] are within what is considered a normal range 
for copper(I1) dimers. 25 In the axial sites of the 
dimers are found ethanol molecules [Cu-O, 
2.177(4) 8, (A) ; 2.222(3) 8, (B)]. This is a reasonably 
common phenomenon among copper(I1) dimers, 
but (4) represents the first occurrence for either the 
copper(phenylthio)alkanoates or the (phenox- 
y)alkanoates. However, the only known example of 
a dimer with acetone molecules in the axial sites is 

Fig. 7. Molecular configuration and atom naming scheme 
for (4). 

Fig. 8. Packing of (4) 
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one of the current series, [Cu2(DCMPTA)4(a- 
cetone)z].23 In this example, the acetone molecules 
were strongly coordinated [Cu-0,2.206(3) A], pre- 
sumably due to the greater steric freedom allowed 
by the longer (phenylthio)acetate side-chains of the 
acid. 

With (4), few inter-dimer associations are found, 
the most significant being a hydrogen bond between 
the ethanol molecules, O(l)E.. -O(l)F, 2.880 A. 
This links the two independent dimer units, sta- 
bilizing the packing in the unit cell (Fig. 8). 

The (phenylthio)alkanoate ligands 

The thioacetate (1,2), 3-thiopropionate (3) and 
thiobutyrate (4) side-chains in the four reported 
complexes vary markedly in formation. This is con- 
sistent with previous observations. 1*‘o,‘5,16 The 
introduction of an additional methylene group into 
the chain (BTAH) or up to two a-methyl groups 
into the acid (MPTPH or PTIBAH) adds to the 
conformational possibilities imposed by the coor- 
dination and packing modes for the complexes. Pre- 
viously, conformation has not been a predictable 
quantity for this series, unlike the observations for 
the analogous metal phenoxyalkanoates. The much 
weaker non-bonding S + - * 0 cf. 0 * . .O interactions 
are considered the mean causative factor in this 
respect. For this series, the S. . * 0 distances are 3.03 
8, (1); 2.83, 3.00, 3.12, 3.33 8, (2); > 4.0, 3.78 A (3) 

and3.11,3.14,3.20,3.33A(4). 
Furthermore, only in the Cd complex (2) does 

the thioether-S enter into coordination with the 
metal {as is also the case with [Cd2(PTA)4 
(H,O)],“}. This parallels the lesser affinity of the 
ether-O of the phenoxyalkanoates towards metals 
compared to the carboxylate oxygen. With the Cd 
examples, bonding probably is the result of the 
greater tendency for Cd to expand its coordin- 
ation sphere to give irregular stereochemistries 
through polymerization compared with copper(H) 
which is more predictable in its coordination in 
giving monomeric, dimeric or polymeric forms. 
Even in the zinc complex of (phenylthio)isobutyric 
acid, [Zn2(PTIBA),],,26 which involves a tris-car- 
boxylate bridged dimer with tetrahedral zinc 
centres, forming a chain polymer through the 
fourth carboxylate group, only one very weak 
Zn-S interaction if found (Zn-S, 2.98 A). 
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TROPOLONATO COMPLEXES OF OSMIUM, IRIDIUM, 
PLATINUM, MOLYBDENUM AND TUNGSTEN, AND THE 

X-RAY CRYSTAL STRUCTURE OF MoO,trop, 
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Chemical Crystallography and Inorganic Chemistry Laboratories, Imperial College, 
London SW7 2AY, U.K. 
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Abstract-The new tropolonato (trop) complexes Os(trop)3, Ir(trop),, [Pt(trop)(PPh,)d 
BPh4, OsO,(trop),, MoOz(trop), and WzO,(trop), are reported. The vibrational, ‘H and 
13C NMR spectra of the complexes have been measured and the X-ray crystal structure of 
MoO,trop, has been determined. The crystals are monoclinic with a = 15.485(3), b = 
13.583(3), c = 14.21 l(3) A, /3 = 117.74(l)“, space group C2/c, Z = 8; and the structure has 
been refined to R = 0.033. 

We have reported the preparation and charac- 
terisation of catecholato (cat) complexes of 
osmium’,2 and, more recently, of catecholato com- 
plexes of other second and third row elements.3 
The tropolonato ligand (C7H502)- is the seven- 
membered ring analogue of the benzenoid cate- 
cholato ligand (C6H402)‘- ; like the latter4 it is a 
good chelating ligand for transition metals, lanth- 
anides and actinides. 5,6 Tropolonato complexes 
of all the first-row transition elements have been 
isolated6*7 but there are very few such complexes 
known of the second and third row elements, and 
no structural or spectroscopic data on such species. 
We present here the results of a study of complexes 
of this ligand with the platinum group metals and 
with molybdenum and tungsten, complementing 
our earlier work on catecholato complexes of these 
metals. 

Tropolonato complexes of the platinum metals 

The complexes Rh(trop),’ and Pd(trop)26 are 
well-characterised ; the published preparation of 
Ru(trop)37 involves complex separational pro- 
cedures. The only reported iridium complex seems 
to be Ir(trop)(rr-C3H7)2. * 

We find that Os(trop), can be made by reaction 
of [OsC16]3- with tropolone under basic conditions, 

* Authors to whom correspondence should be addressed. 

and 0s02(trop)z can, like its catecholato analogue, 
be made from truns-K2[0s02(OH),] and the 
ligands. Despite many attempts we failed to prepare 
the unknown Pt(trop)2, but [Pt(trop)(PPh3)2]+ was 
made by an adaptation of the procedure used’ to 
make Pt(cat)(PPh3)2. 

Oxo-molybdenum and oxo-tungsten tropolonato 
complexes 

Although there are many oxo-molybdenum and 
0x0-tungsten complexes with catecholato 
ligands 3,4,‘o,” the only tropolonato complexes of 
these metals to have been reported are 
MoO(trop)2C15 and W(trop)(rr-C3H7)(CO)2C1.‘2 

We find that reaction of ammonium molybdate 
with tropolone gives yellow crystals of 
Mo02(trop)2, the structure of which is discussed 
below, but similar reaction of tungstates gives a 
white complex which analyses as W205(trop),. 

Physico-chemical studies on the complexes 

X-ray crystal structure of MoO,(trop),. Although 
there is a number of X-ray crystal structure deter- 
minations on tris- ’ 3 and tetrukis- ’ 4 tropolonato 
complexes, none has been reported on complexes 
also containing an 0x0 ligand. We therefore grew 
crystals of MoO,(trop), and carried out an X-ray 
study (see experimental section) ; attempts to obtain 
single crystals of W,O,(trop), were not successful. 
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C26 Cl4 

Fig. 1. Molecular structure of MoO,(trop),. Thermal vibration ellipsoids are scaled to enclose 50% 
probability. 

Figure 1 shows the molecular structure, and the 

more important bond lengths and bond angles are 
given in Tables 1 and 2, respectively. The molecule 
has approximate Cz symmetry, and coordination 
about the molybdenum atom is distorted octahedral 
with cis 0x0 ligands [mean Mo-0 1.694 A, 
O(l)-Ma-O(2) angle 103.4(2)“]. The two MO-O 
distances tram to these 0x0 ligands are significantly 
longer (mean 2.178 A) than the other two Mo-0 
distances (mean 2.012 A); a similar truns-weak- 
ening effect has been noted in cis-Kz[MoOz(cat)z 
* 2H20” [mean Mo-O(cat) distance tram to 
0x0 ligand 2.15(2) A, mean Mo-O(cat) distance 
cis to 0x0 ligands 2.05(2) A]. 

Within each coordinated tropolonato ligand the 

two C-O distances are significantly different 
(mean of 1.322 and 1.279 A), consistent with the 
short and the long adjacent Mo-0 distances 
respectively. This ‘knock-on’ effect persists in the 
ring systems though becoming slightly less clear-cut 
further from the Mo-0 bonds. The longest bond 
length in the ring is between the carbon atoms 
bonded to the two oxygen atoms in each ligand. 

IR and Raman spectra. The IR and Raman spec- 
trat6 of tropolone have been measured and 
assigned, and also the IR spectra of a number of 
bis and tris tropolonato complexes’ 7 and those of 
normal and ‘*O-substituted Cu(trop),. l8 The spec- 
tra of tropolonato complexes above 750 cn- ’ are 
similar to those of the ligand ; there is a small shift 

Table 1. Bond lengths (A) in MoO,(trop), with estimated standard deviations in 
parentheses 

Mean 

M4ll-W) 1.689(4) Mo(l)_-0(2) 1.699(4) 1.694 

Mo(l>--O(ll) 2.005(3) Mo( l)--0(22) 2.018(3) 2.012 

Mo(l)-G(l2) 2.169(3) MO(~)-0(21) 2.186(3) 2.178 

O(ll)-C(l1) 1.321(6) 0(22)-C(22) 1.322(6) 1.322 
0(12)---c(12) 1.277(6) 0(2l)-C(21) 1.281(6) 1.279 

C(lll---w2) 1.444(7) c(21)---c(22) 1.451(8) 1.448 

C(l2)-~(13) 1.410(7) C(21)-C(27) 1.404(8) 1.407 

C(l3)-C(l4) 1.376(g) C(27)-C(26) 1.362(9) 1.369 

C(l4>--c(l5) 1.372(8) C(26)--C(25) 1.389(10) 1.381 
C(15)---C(16) 1.373(8) C(25)--C(24) 1.357(10) 1.365 

C(l6)-C(l7) 1.394(7) C(24)-C(23) 1.394(8) 1.394 

C(l7)-C(ll) 1.367(7) C(23)-C(22) 1.368(7) 1.368 
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Table 2. Bond angles (deg) in Mo02(trop)2 with estimated standard deviations in parentheses 
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WlWWl)--0(2) 
O(ll)-Mo(l)--O(12) 

O(l)-Mo(l)-CXll) 
D(l)-Mo(l+D(l2) 
D(l)-Mo(l)--0(21) 
O(l)_Mo(l)--0(22) 
0(1 l)-Mo(l)--O(21) 
O(ll)--Mo(1)-0(22) 

wll)--c(ll)--cw 
0(11>--c(11~(17) 
C(l2>--c(l l)--c(l7) 
0(12)-C(12)-C(l1) 

0(12~(12)--~(13) 
C(ll)--c(l2)--c(l3) 
C(l2)-C(l3)--c(l4) 
C(l3)-C(l4)-C(l5) 
C(l4)-C(l5)--c(l6) 
C(l5>-c(l6tc(l7) 
C(lO)-C(l7)-C(ll) 

103.4(2) 
73.2( 1) 

103.7(2) 
93.5(2) 

161.6(2) 
89.9(2) 
89.7(l) 

154.7(l) 

122.2(3) 
117.0(3) 

112.8(4) 
118.9(4) 
128.3(5) 
114.7(4) 
119.9(5) 
125.5(5) 
129.3(5) 
130.7(5) 
127.3(5) 
129.2(5) 
129.8(5) 

0(12)-Mo(l)-O(21) 
0(21)-Mo(l)-O(22) 

O(2)-Mo(lVX22) 
O(2)-Mo(l)--0(21) 
0(2)-Mo(l)-O(l2) 
O(2~Mo(l)--o(ll) 
0(12)-Mo(1)-0(22) 

ww-w%-vl) 
0(22)--c(22-(23) 
C(2l+C(22)--c(23) 
0(2l)--c(2lkC(22) 
0(21)--c(21)--c(27) 
0(22)---C(21)-C(27) 

C(2l)--c(27)-C(26) 
C(27)-C(26)--c(25) 
C(26>-c(25-(24) 
C(25)--c(24-(23) 
C(24)-C(23)--c(22) 

78.1(2) 
73.2(l) 

106.3(2) 
88.6(2) 

159.5(2) 
91.4(2) 
84.9(l) 

121.8(3) 
117.0(3) 

113.7(4) 
118.4(5) 
127.9(5) 
114.3(5) 
120.5(5) 
125.1(5) 
129.9(6) 
130.3(6) 
127.2(6) 
129.4(5) 
129.9(6) 

to lower wavenumber of the v(C-C) stretches near complexes and note only the v(C=O) band in Table 
1615 and 1555 cm-‘, and a slight shift to higher 3. In addition to bands arising from the tropolonato 
wavenumber and considerable increase in intensity ligand there are strong bands in the infrared at 
of the v(C=O) mode at 1330 cm-’ on co- 931 and 900 cm- ’ for Mo02(trop), ; these bands, 
ordination.‘7*‘8 observed also in the Raman, are assigned to the 

We observe these features in the spectra of our symmetric and asymmetric v”(MoOJ and 

Table 3. Spectroscopic data for tropolonato complexes 

IR and Raman data” NMR datah 

v(C-0) v”(M0,) v”“(M0,) ‘H C I,2 C3.7 or % Cs 

Tropolone 1308s 6.87-7.55m 172.4 137.6 123.8 128.1 
Na(trop) 1363m 7.14m 184.7 139.9 128.1 125.5 

Os(trop) 3 1353m 

Ru(trop) 3 1338s 

Ir(trop) 3 1339s 7.167.32m 188.6 134.8 129.0 129.6 
Rh(trop) 3 1330s 7.20-7.40m 187.9 136.8 128.6 128.0 
~~UWtrwW-%)21 1340s 183.6 d d d 

OsWtropL 1310s (884s) 845~s 7.47m 

Mo%(trop), 1315s 931s 9oovs 7.50-8.06m 192.3 141.3 128.0 132.8 
(931vs) (9OOm) 177.6 

W@s(trop)z 1360s 940vs 902~s 
U%(trop), 7.09-7.81m’ 187.2 139.5 127.4 127.2’ 

a Frequencies in cm- ’ ; Raman bands in parentheses. 
b All 6 values are quoted relative to tetramethylsilane on its low-field side. 
‘In *H,O. 
d Obscured by phenyl resonances. 
‘In d,-DMSO; other spectra in C*HCl,. 
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v”“(MoOJ modes, respectively. The greater inten- 
sity of the 931 cm- ’ band in the Raman suggests 
it to be the symmetric stretch ; similar bands are 
observed in cis-K,[Mo02(cat)2]3 and in other cis 
molybdenum(VI) dioxo species. I9 The IR spectrum 
of WzOs(trop), is similar to that for 
(NH,),[Mo,0,(cat),],;3 the two bands at 940 and 
902 cm- ’ are likely to arise from the cis-WOz 
moiety, while the band at 740 cm-’ may be due to 
a W-O-W asymmetric stretch. A similar band at 
733 cm- ’ is observed in (NH4)2[Mo205(cat)J ;3 the 
anion in the latter contains a bridging 0x0 ligand 
and also one oxygen atom from each catecholato 
ligand has a bridging role.20 It is possible that 
W20,(trop)z has a similar structure. 

The strong IR band at 845 cm- ’ in OsO,(trop), 
has no Raman counterpart and is likely to be 
v”“(Os02) of a ,centrosymmetric ‘tram O=Os=O 
‘osmyl’ grouping ; likewise the.strong Raman band 
at 884 cm- ‘, not found in the IR, is likely to be the 
symmetric v”(Os02), as in other osmyl complexes. l9 

‘H and 13C NMR spectra. The ‘H NMR spec- 
trum of tropolone in C2HC13 shows a complex mul- 
tiplet from 6 6.87 to 7.55 ppm, with sodium tro- 
polonate in 2H20 giving an even broader multiplet, 
and the diamagnetic complexes show a slight down- 
field shift. There are few data in the literature on 
‘H spectra of tropolonato complexes, but broad 
multiplets near 6 7.0 ppm have been noted for 

M(trop)(.n-C3HJ2’ and Rh(trop)(diene) com- 
plexes.21 

No 13C NMR data on tropolonato complexes 
have been published. The 13C NMR (proton-de- 
coupled) spectra of liquid tropolone shows four res- 
onances, 22 close to those found by us for the sol- 
ution of the ligand. The peak of lowest intensity 
we tentatively assign to C(n5), the unique carbon 
atom ; the other three are resonances time-averaged 
by hydroxylic proton exchange, and arise from 
C(n1, n2), C(n3, n7) and C(n4, n6). The resonance 
at 6 172.4 ppm is the one most affected by coor- 
dination, shifting to higher field in the complexes 
and in sodium tropolonate, and so may arise from 
C(n1, n2), the atoms bound to oxygen. This shift 
could be a consequence of the increased ring current 
induced in the C7 ring by coordination ; it is inter- 
esting to note that two resonances are observed near 
175 ppm for Mo02(trop), since, as discussed in the 
X-ray section above, the chemical environments of 
C(ll, 22) and C(12,21) are somewhat different. 

Mass spectra. We have measured the mass spec- 
tra of M(trop), (M = OS, Ru, Ir, Rh). These behave 
in a similar fashion to Cr(trop)3 and Fe(trop)3:23 
the complexes show the molecular ion [M(trop),]’ 
which fragments exclusively by loss of a ligand rad- 
ical to give [M(trop),]+. No peak was found for 

[Ml+ however, although weak peaks were observed 
for Cr(trop), and Fe(trop)3.23 This may reflect the 
stability of the trivalent state for the metals studied 
here, and is indeed analogous to the situation 
observed for the mass spectra of M(acac)3 
(M = OS, Ir, Rh).24 

EXPERIMENTAL 

Tris tropolonato complexes 

Tris (tropolonato)osmium(ZZZ), 0s(trop)3. The 
general method used was similar to that described 
for the preparation of 0s(acac)3.25 

Silver powder (1.1 g, 0.01 mol) in water (50 cm3) 
with 36% hydrochloric acid (10 cm3), was degassed 
with nitrogen for 30 min. Solid Na2[OsC1,] * 2H20 
(4.5 g; 0.01 mol) was added, and the reddish sol- 
ution was stirred under nitrogen overnight. To the 
resulting pale yellow-green solution, potassium 
bicarbonate (0.6 g, 6 mmol) was added, followed 
by addition of tropolone (3.67 g, 0.03 mol). The 
solution was boiled for 15 min. Further potassium 
bicarbonate (0.4 g, 4 mmol) was then added to the 
resulting very dark solution which was then heated 
gently for 2 h. After cooling, it was extracted twice 
with chloroform, and the chloroform solution 
washed twice with 2% aqueous sodium hydroxide 
solution. The resulting red chloroform solution was 
reduced on the rotary evaporator and the red- 
brown solid recrystallised from ethanol. 

Found : C, 45.4 ; H, 3.0 ; C2’Hl 5060s requires : 
C, 45.6 ; H, 2.7%. 

Tris (tropolonato)iridium(ZZZ), Ir(trop),. Sodium 
acetate trihydrate (0.19 g, 2 mmol) was dissolved in 
water (10 cm3). Hydrated iridium trichloride (0.12 
g, 0.3 mmol) was added and the solution warmed 
to give a dark green solution. Tropolone (0.25 g, 2 
mmol) was added, with stirring. As the solid tro- 
polone dissolved, the solution became brick red in 
colour. It was warmed and strirred for a few hours. 
After cooling, the oily precipitate was filtered off 
and washed with water, ethanol, and diethyl ether. 
The resulting red powder was dried over con- 
centrated sulphuric acid. 

Found: C, 45.0; H, 2.9; C2,HlsIr06 requires: 
C, 45.4; H, 2.7%, Yield = 40%. 

Tris(tropolonato)rhodium(ZZZ) and ruthen- 
ium(ZZZ), M(trop),. The literature method was used 
for Rh(trop)3.5 The preparation of Ru(trop)3 was 
attempted by adapting the method used for 
Ir(trop), (above) and Rh(trop),.’ It was successful 
only once and could not be repeated. 

Found : C, 54.0 ; H, 3.6 ; C2,H1 506Ru requires : 
C, 54.3 ; H, 3.3%. 
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Substituted tropolonato complexes 

Bis(tropolonato) trans-dioxo-osmium( VI), OsOz 
(trop)z. Potassium osmate, trans-K2[0s02(OH),J 
(0.37 g, 1 mmol) was dissolved in water (30 cm3) 
by stirring. Tropolone (0.25 g, 2 mmol) in ethanol 
(5 cm’) was added, and immediately a mustard 
coloured precipitate came down. It was filtered off 
after standing for 30 min, washed with water, 
ethanol, and diethyl ether, and dried under 
vacuum. 

Found: C, 36.7; H, 2.3; C,4H100sO~ requires: 
C, 36.2 ; H, 2.2% ; Yield = 90%. 

Bis(tropolonato) cis - dioxomolybdenum( VI), 
Mo0,(trop)2. Tropolone (0.25 g, 2 mmol), in etha- 
nol (5 cm’) was added to a solution of ammonium 
molybdate (0.19 g, 1 mmol) in water (10 cm3). A 
light yellow precipitate immediately formed. After 
standing for 30 min it was filtered off, washed with 
water, ethanol, and diethyl ether. It was dried under 
vacuum. 

Found: C, 44.9; H, 2.7; C,4H,0M006 requires: 
C, 45.4 ; H, 2.7% ; Yield = 70%. 

Bis(tropolonato) - p - 0x0 - bis (cis - dioxotung - 
sten(VZ)), W205(trop)2. Tropolone (0.25 g, 2 
mmol) in ethanol (5 cm3) was added to a solution 
of sodium tungstate (0.29 g, 1 mmol) in water (10 
cm’). A pale yellow colour was seen immediately 
on mixing. After standing for 2 h, the resulting pale 
yellow solid was filtered off, washed with water and 
ethanol, and diethyl ether, and dried under vacuum. 
(The solid may be obtained more quickly by pre- 
cipitation with ethanol, after mixing the two reac- 
tant solutions.) 

Found: C, 24.7; H, 1.7; C14H,,,09WZ requires: 
C, 24.4; H, 1.5% ; Yield = 60%. 

Mono (tropolonato) bis (triphenylphosphine)plati- 
num(Zl) tetraphenylboronate [Pt(PPh,),(trop)] 
(BPh4). This complex was prepared using the 
method described for Pt(PPh3)2(cat),9 i.e. via the 
intermediates Pt(PPh3)4 and Pt(PPh3)2(02). All 
manipulations were carried out under nitrogen, and 
all solvents were degassed before use. Tropolone 
(0.06 g, 0.5 mmol) in ethanol (5 cm3) was added 
slowly, with stirring, to a solution of Pt(PPh3)2 
(0,) (0.6 g, 1 mmol) in toluene (10 cm’) kept in ‘an 
ice/water bath. The solution became yellow and 
was left to stir for 1 h. Sodium tetraphenylboron- 
ate (0.17 g, 0.05 mmol) in ethanol (8 cm3) was 
added to the clear yellow solution, and the pale 
yellow precipitate which formed immediately was 
filtered off, washed with ethanol and diethyl ether 
and left to dry under nitrogen. The solid was stable 
in air. 

Sodium tropolonate was prepared as described 
by Sasada and Nitta.26 

IR spectra were measured on a Perkin-Elmer 683 
instrument as liquid paraffin mulls between CsI 
plates, and Raman spectra on a Spex Ramalog 5 
instrument as spinning disks on KBr, using a 
Coherent Radiation Model 52 krypton-ion laser. 
‘H NMR spectra were measured on a Perkin-Elmer 
R32 90 MHz instrument and i3C spectra on a 67.9 
MHz Jeol FX 90Q Fourier transform spectrometer 
at 22.51 MHz. Mass spectra were measured on a 
VG-Micromass 7070E-HS. 

Crystallographic studies 

A prismatic crystal of MoO,(trop,) of approxi- 
mate dimensions 0.11 x 0.075 x 0.056 mm was used 
for intensity data collection. Measurements were 
carried out on a Nicolet R3m/Eclipse S140 diffrac- 
tometer system with graphite-monochromated Cu- 
& radiation. Unit-cell dimensions were determined 
by least-squares refinement of the angular settings 
of 21 automatically centred reflections. 

Crystal data. C14H1006M~, M = 346.3, mono- 
clinic, a = 15.485(3), b = 13.583(3), c = 14.211(3) A, 
/3 = 117.74(l)“, U = 2645.5 A3 (at 2O”C), space 
group C2/c, Z = 8, D, = 1.74 g cmp3, 
P(OO0) = 1472, ~(CU-K,) = 85.1 cm-‘. 

Integrated intensities in one quadrant were meas- 
ured using the w scan technique. Two reflections 
(022 and 220) were monitored every 50 measure- 
ments, and showed no significant variation in their 
intensities. A total of 1789 unique reflections were 
measured (to 8 = 57”), of which 360 were judged to 
be ‘unobserved’ [I c 30(Z)]. The data were scaled 
using the reference reflections and were corrected 
for Lorentz and polarisation effects. At a later 
stage of refinement an analytical absorption cor- 
rection was applied. *’ All calculations and draw- 
ings were made using the SHELXTL program 
system,*’ and the atomic scattering factors and 
anomalous dispersion corrections were taken 
from ref. 28. 

The coordinates of the molybdenum atom were 
derived from an initial Patterson synthesis and the 
positions of all the other atoms were found from 
subsequent difference Fourier syntheses. Least- 
squares refinement was by the block cascade 
method, typical of the SHELXTL system. All non- 
hydrogen atoms are refined with anisotropic tem- 
perature parameters, while the positions of the 
hydrogen atoms were tied to those of the parent 
carbon atoms. A weighting scheme was applied so 
that w = 1/[0(F0)‘+0.00005F,‘] for the last cycle. 
R reduced to 0.033, and R, = (Dv~AF;~*/~w~F,,;,~*)“~ 
was 0.030. The final difference Fourier synthesis 
was featureless, with a highest remaining peak of 
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Abstract-Homo- and heterodinuclear complexes of composition [M,L,](ClO,), * 4H20, 
[CuML~(ClO,),*nH,O (M = Ni, Co or Mn; L = L’ or L2) and [CuML2C12]*2H20 
(M = Ni or Co) have been synthesized with the dinucleating ligands 2-hydroxy-5-methyl- 
benzene-1,3_dicarbaldehyde (HL’) and 1,3-diacetyl-2-hydroxy-5-methylbenzene (HL’). 
These compounds have been characterized and their chemical reactivities investigated. The 
electrochemical behaviour of [M2La(C104)2 .4Hz0 and [CuMLi](C10J2 *nH,O complexes 
have been examined in acetonitrile and dimethyl sulfoxide using Hg and Pt electrodes. The 
cyclic voltammograms obtained with a Hg electrode show quasi-reversible electron transfers 
for both metal centres that often get complicated due to decomplexation of metal ions and 
adsorption phenomena. On a Pt electrode irreversible electron transfers occur at more 
negative potentials. 

Recent studies on dinuclear metal complexes in 
which the two metal centres are held in close prox- 
imity have addressed ligand environment, redox 
behaviour, magnetic exchange interactions and 
spectroscopic properties. I-‘* Considerable interest 
has also been focussed on synthesis and biomimetic 
reactions of model systems ’ 3-21 related to copper 
enzymes.22-25 For obvious reasons, dinucleating 
ligands are often used as the building blocks for 
designing such molecules. While the use of sym- 
metric dinucleating ligands almost invariably lead 
to the formation of homodinuclear species [see, 

* Part 5 of the series : Dinuclear metal complexes. 
t Authors to whom correspondence should be addressed. 

however, Ref. 6(b) for an exception], hetero- 
dinuclear complexes, on the other hand, are gen- 
erally obtained from ligands containing two non- 
equivalent co-ordination sites. Frequently, one 
metal is in an N202 co-ordination site and the other 
occupies an O4 site. Synthesis of heterodinuclear 
complexes from symmetric dinucleating ligands, 
therefore, remains to be an important task. We have 
previously reported chemistry and electrochemical 
behaviour of phenoxo-bridged acyclic and macro- 
cyclic dicopper(I1) complexes.2”30 Herein we 
report the synthesis, characterization and elec- 
trochemistry of homo- and heterodinuclear com- 
plexes of copper( nickel(II), cobalt(I1) and man- 
ganese(I1) from 2-hydroxy-5-methylbenzene-1,3- 
dicarbaldehyde WL’ (la)] and 1,3-diacetyl-2- 
hydroxy-5-methylbenzene [HL2 (lb)]. 

897 



898 B. ADHIKARY et al. 

Me 

R & :I R 

b OH0 

(a) : R=H 
(b) : R=Me 

(1) 

EXPERIMENTAL 

Materials 

All reagents and solvents were purchased from 
commercial sources and used as such unless other- 
wise described. Methanol, ethanol and acetone were 
dried according to standard methods.31 HL’ and 
HL2 were prepared as reported earlier.” Dried and 
purified nitrogen gas was used for the preparation 
of compounds containing cobalt(I1) and man- 
ganese(I1). 

Preparation of the complexes 

ML,*H,O(M=Cu,Ni,CoorMn;L=L’or 
L*). The copper(I1) complexes were obtained as 
described earlier.26 The following method was used 
for the preparation of other complexes. The ligand 
(4 mmol) was dissolved in ethanol (100 cm3) and 
treated with an aqueous solution (400 cm3) of 
NaOH (4 mmol). To this was added with stirring 
an aqueous solution of hydrated metal chloride (2 
mmol). The mixture was heated on a steam bath 
for ca 1 h. The compound separated was collected 
by filtration, washed several times with water, and 
dried over CaCl, in vacua. The compound was 
then dissolved in required amount of chloroform, 
filtered, concentrated to half of its volume, and 
allowed to crystallize by adding an equal volume of 
petroleum ether (b.p. 40-60°C). 

[M2L2](C10J2*4H20 (M = Ni, Co or Mn; 
L = L’ or L2). The preparation of dicopper(I1) 
complexes, [CU~L~](C~O~)~ * 2H20 was reported 
earlier.26 Other homodinuclear complexes were 
obtained according to the method givenbelow. To 
a boiling suspension of the mononuclear complex, 
ML2 - HZ0 (1 mmol) in dry ethanol (25 cm’) cor- 
responding metal perchlorate hexahydrate (1.2 
mmol) was added. In a short period, most of the 
material went into solution and a colour change 
took place. The mixture was refluxed for ca 0.5 h. 
It was then centrifuged to remove a small amount 
of slimy residue that tends to pass through filtering 
glass frit. The centrifugate was concentrated to 
about 5 cm3 and kept in a desiccator over CaCl, 
for several hours. The crystals that deposited during 
this period were collected by filtration, washed with 
a dry ethanol-chloroform (1 : 10) mixture, and 
dried over CaCl,. 

[CuML2](C10J2 *nH20 (M = Ni, Co or Mn ; 
L = L’ or L2). CuL2*H20 (1 mmol) was suspended 
in dry ethanol (20 cm3) and solid M(C10J2 * 6H2O 
(1.3 mmol) was added. The mixture was heated 
under reflux for 1 h. The clear solution that resulted 
was filtered hot and the filtrate on concentration 
gave crystals of the desired complex, which were 
collected and treated as above. 

[CuML:Cl,] *2H20 (M = Ni or Co). These com- 
pounds were prepared in the same way as described 
above using MC12 - 6Hz0 instead of the perchlorate 
salts. 

Analytical data for a few representative com- 
plexes are given in Table 1. 

Physical measurements 

Elemental analysis were performed on a Perkin- 
Elmer model 240C elemental analyzer. IR spectra 

Table 1. Analytical data for the dinuclear complexes 

Analysis” (%) 

Complex Colour C H M, Mz 

[NizL:](CIO,), -4H20 
[NizL$](C1O&-4Hz0 
[CozL:](C1O&-4H20 
[Mn2L3(C10&*4Hz0 
[CuNiL@(ClO&-2H,O 
[CuCoL3(ClO& * 2Hz0 
[CuMnLa(ClO& - H,O 
[CuNiLzClJ - 2H20 
[CuCoL:C1~*2H20 

Green 
Green 
Red 
Yellow 
Green 
Green 
Dark green 
Green 
Green 

30.6 (30.2) 
34.5 (34.2) 
34.5 (34.2) 
34.2 (34.6) 
36.3 (35.7) 
35.4 (35.7) 
37.2 (36.8) 
43.4 (43.2) 
43.1 (43.2) 

3.4 (3.1) 16.6 (16.4) 
3.9 (3.9) 15.1 (15.2) 
4.1 (3.9) 15.0 (15.3) 
3.8 (3.9) 14.6 (14.4) 
3.35 (3.5) 8.4 (8.6) 7.8 (7.9) 
3.3 (3.5) 8.4 (8.6) 8.1 (7.9) 
3.25 (3.3) 8.65 (8.8) 7.8 (7.6) 
4.1 (4.2) 10.2 (10.4) 9.7 (9.6) 
4.1 (4.2) 10.5 (10.4) 9.4 (9.6) 

a Calculated values are given in parentheses. 
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were recorded on a Perkin-Elmer model 783 IR 
spectrophotometer in the range 4000-200 cm-’ 
using KBr discs. Electronic spectra were obtained 
either with a Cary 17d or a Pye-Unicam SP8-150 
spectrophotometer with l-cm quartz cells for sol- 
ution studies and as Nujol mulls on filter paper 
for solids. X-ray powder diffraction measurements 
were carried out on a Philips PW1051 diffrac- 
tometer using Cu-K, radiation. Magnetic measure- 
ments were made with a PAR model 155 vibrating 
sample magnetometer at room temperature 
employing Hg[Co(SCN),] as a calibrant. Dia- 
magnetic corrections were made by using Pascal’s 
constants. The electrochemical measurements were 
made with a previously described32 apparatus. All 
potentials refer to an aqueous saturated calomel 
electrode (s.c.e.). The temperature was controlled at 
20 f 0.1 “C. Cyclic voltammograms were recorded 
using both Pt and Hg working electrodes. The sol- 
vents used were dimethyl sulfoxide (dmso) and 
acetonitrile (MeCN) (Burdick & Jackson U.V. 
grade). Tetraethyl ammonium perchlorate (Carlo 
Erba) dried in a vacuum oven was used as the sup- 
porting electrolyte. Nitrogen gas (99.99%) was 
employed to remove dissolved oxygen from the 
solutions. 

RESULTS AND DISCUSSION 

Synthesis and reactivities of the complexes 

We previously reported26 that CuL, - H20 com- 
plexes are readily formed when copper(I1) acetate 
is reacted with HL. This method, however, is not 
applicable for the preparation of other mono- 
nuclear complexes. ML2 - H20 (M = Ni, Co or Mn ; 
L = L’ or L2) compounds are obtained by reacting 
one equivalent of the metal salt with two equivalents 
of the ligand and two equivalents of sodium hydrox- 
ide in an ethanol-water medium. Water should be 
present in large proportion in order to obtained the 
desired complex. In the case of nickel(II), when the 
reaction was carried out in ethanol alone, a green 
insoluble compound of apparent composition NiL2 
was obtained. This compound appears to have a 
tetrahedral configuration and does not react further 
to produce dinuclear species. ML2 - H20 complexes 
react smoothly with corresponding metal per- 
chlorates in dry methanol or ethanol to form 
homodinuclear complexes, M2L2(C104)2 -&I20 
(M = Ni, Co or Mn ; L = L’ or L2). The het- 
erodinuclear complexes [CUML~](C~O~)~ *nH20 
(M = Ni, Co or Mn; L = L’ or L2) and 
[CuML:C12] - 2H20 are also similarly obtained 
when a suspension of CuL2 - Hz0 in ethanol is 
treated with appropriate metal salts. Conversely, if 

ML2 - H20 is reacted with CU(C~O~)~ * 6H2O, the 
product is always [CU~L~](C~O~)~ - 2H20. This 
reaction demonstrates that copper(I1) has much 
greater affinity for O4 co-ordination sites than 
the other metals. Attempts to prepare heterodi- 
nuclear complexes other than copper were 
unsuccessful. For example, reactions involving 
NiL2*H20 and Co(C10&*6H20 or CoL2*H20 and 
Ni(C104)2 * 6H2O caused scrambling of metal 
ions in the heterodinuclear species (2NiCo 
L:+ + Ni,L:+ + Co2L:+), and the product isolated 
was a mixture of homodinuclear species. It should 
be noted that the dinuclear complexes are stable in 
solution only when the solvent is perfectly dry; 
moisture in the solvent causes hydrolytic cleavage 
of the phenoxo bridge and liberates a metal ion. 
In the case of [CUML~](C~O~)~* 2H20 complexes, 
bridge splitting occur invariably at the M2+ site, 
showing again that the Cu-0 linkages have greater 
bond strengths. The dinuclear complexes of HL’ 
are more susceptible to hydrolysis than those of 
HL2. 

An interesting aspect of the dinuclear metal com- 
plexes of the ligand HL’ is that one of the formyl 
groups is more susceptible to nucleophilic attack. 
For example, [Cu,L:](ClO,), * 2H20 complex gen- 
erated in situ undergoes aldol type condensation 
with a number of ketones containing a-methyl and 
methylene groups. Working up of the reaction 
product followed by removal of the metal ion leads 
to the isolation of 2-hydroxy-3-formyl-5-methyl-l- 
benzal ketone (2) in fairly high yield. By contrast, 

CH3 

4 

:I 
R-C-CH=HC CHO 

8 
OH 

(2) 

no such reaction takes place with the mononuclear 
complex, CuL: - H20. The free ligand, HL’, on 
the other hand, undergoes self- and polycondensa- 
tion reactions in the presence of a base producing 
non-characterized resinous products. The mecha- 
nism of the regioselective aldol condensation of 
[CU~L~(C~O~)~ *2H20 has been investigated in 
detai1,33 and the reaction has been used to syn- 
thesize various derivatives of 2. 

Characterization of the complexes 

The IR spectral features of the homo- and het- 
erodinuclear complexes are similar. They are char- 
acterized by a broad band centred at about 3450 
cm-’ due to the constituent water molecules, two 
strong bands at about 1650 and 1630 cm- ’ due to 
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Table 2. X-ray powder diffraction data for some dinuclear complexes 

[CuNiL~J(ClO&-2Hz0 [CuCoL~(C10&.2Hz0 [Ni2L3(C10J2*4Hz0 

(1) z/z0 (i) z/z0 (I) W0 

5.37 60 5.28 35 5.33 45 
4.72 55 4.62 60 4.64 80 
4.52 60 4.43 50 4.38 30 
4.09 60 
3.88 100 4.00 100 4.15 100 
3.63 55 3.70 50 3.74 60 
3.37 50 3.37 30 3.33 25 
3.13 30 3.11 25 3.10 25 
2.93 20 2.88 20 2.91 20 
2.75 25 2.74 15 2.76 25 
2.51 20 2.51 10 2.53 20 
2.39 10 2.43 20 2.45 15 
2.14 20 2.16 20 2.18 20 
2.07 15 2.07 10 
2.00 15 2.01 20 2.02 10 

the metal bound carbonyl (C&O) stretchings, and 
another strong band at ca 1530 cm- ’ due to metal- 
bonded phenolic v(C=O) vibration. The v(C=C) 
vibration appears at about 1610 cm-‘, often in the 
form of a shoulder. The most important feature, 
that the two v(C=O) vibrations are about 20 cm- ’ 
apart, implies that the two metal atoms are not 
equally strongly bound by the carbonyl groups. 

The X-ray powder data for [CuNiL:] 

(ClO&*2HzO, [CuCoL~](C10,J2*2H20 and 
lNi2L:](C10&*4H20 are compared in Table 2. 

It may be noted that these complexes have similar 
d-spacings and intensities, indicating that they have 
related crystal structures. 

The room-temperature magnetic moments 
(Table 3) of ML2 * Hz0 complexes (M = Ni, Co or 
Mn) are consistent with high-spin octahedral or 
square pyramidal stereochemistries, and do not 
support square planar or tetrahedral arrangements. 
Similar steric configurations are expected for the 
homodinuclear complexes, although the observed 
moments per metal ion for these compounds are 

Table 3. Electronic spectral data and magnetic moments for the mono- and dinuclear complexes 

Complex 
Electronic spectral data : 

3 (cm- ‘) [a (dm’ mol- ’ cm- ‘)] 

NiL:-HzO 
NiL$*H,O 
CoL;*H,O 
CoL;-H,O 
[NizL~(C10&-4H,0 
[Co2L:](C10&-4H,O 
[Mn,La(ClO,),-4H,O 
[CuNiL3(ClO,),-2H,O 
[CuCoL~(ClO,),*2H,O 
[CuNiLiCld * 2H20 
[CuCoL:Cl,]-2H,O 

7300(4), 9260(12), 13,33O(sh), 16,130(22), 24,390(3800)* 
7500(sh), 9260(12), 13,33O(sh), 15,870(40), 24,390(5680)b 
7530(6), 13,9OO(sh), 24,390(3000)b 
9900(5), 15,620(32), 17,100(40), 23,530(4200)* 
9100(16), 13,800(12), 15,870(8) 
8630(14), 18,520(60) 

10,000, 13,800, 16,000d 
9000, 15,700, 1 8,200d 
7020(g), 8470(15), 13,3OO(sh), 15,150(14), 24,100(8120)* 
14,700, 15,500, 17,200, 25,000d 

3.26 
3.28 
5.16 
5.20 
3.08 
4.88 
5.78 
2.98 
4.06 
3.04 
4.06 

“At 298 K. 
*In dimethylformamide. 
‘In ethanol. 
dNujol mull. 
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less than the corresponding mononuclear species, 
indicating magnetic exchange interactions between 
two metal ions. In the case of heterodinuclear com- 
plexes also the observed moments are less than the 
expected spin-only values (Cu-Ni, 3.73 BM ; Cu- 
Co, 4.24 BM ; Cu-Mn, 6.17 BM) in the absence of 
such magnetic interactions. However, we presently 
could not investigate the magnetic properties in 
detail. 

The electronic spectral data of the compounds 
are given in Table 3. The spectral features of 
NiL2 - Hz0 and CoL, * Hz0 complexes provide evi- 
dences in favour of a square pyramidal environ- 
ment34*35 around the metal ions. MnL,- Hz0 spec- 
ies lack absorption peaks in the visible range 
presumably because the weak d-d bands are sub- 
merged in the tail of the charge transfer band 
appearing at about 25,000 cm- ‘. 

Concerning the dinuclear complexes [CuML,Cld 
* 2Hz0, both the metal atoms are likely to have a 
square pyramidal environment. Their spectral 
characteristics (Table 3) show a resemblance 
to ML, * Hz0 species and are reminiscent of 
the chloro-bridged dinuclear macrocyclic com- 
plexes35 obtained by condensing HL’ with 1,3- 
diaminopropane. Similar to the macrocyclic 
systems, the chlorine atoms are also believed to 
be apically bound to the metal atoms. Less clear, 
however, is the steric environment around metal 
ions in the dinuclear complexes containing per- 
chlorate ions. In these compounds it is possible to 
interpret the bands due to nickel(I1) and cobalt(I1) 
ions in terms of a pseudo-octahedral symmetry. 
However, considering the facts that ML* * Hz0 
complexes have C4,-symmetry, and [CuML,] 
(C104)2*2H20 and ~izL2](C104)2-4H20 com- 
plexes are isostructural, it seems more likely that 
the two metal atoms in both homo- and hetero- 
dinuclear species have two different coordination 
environments. In [M 2L2](C104)2 * 4H20 complexes, 
one of the metals is probably having a square pyr- 
amidal arrangement and in the other two water 
molecules are axially bound. Similarly in 
[CuMLJ(ClO,), -4H20 complexes, the metal ion 
M(I1) appears to be hexacoordinated. 

Electrochemistry 

As mentioned earlier the dinuclear complexes of 
the ligand HL’ are more stable with respect to sol- 
volytic decomposition ; consequently, their elec- 
trochemical behaviour was investigated. Cyclic vol- 
tammetric studies were made with MeCN and dmso 
solutions of the complexes using Hg and Pt elec- 
trodes. 

The typical electrochemical responses for the 

compounds [CuML,2](C104), * nH,O (I-III) and 
[M,L3(C104)2*4Hz0 (IV-VI) are those shown in 
Fig. 1, which refer to the voltammograms of [CuCo 
La(ClO,) * 2H20 (II) in MeCN (a) and dmso (b), 
respectively, at an Hg electrode. In MeCN [Fig. 
l(a)], the observed electrochemical features of II 
can be explained as follows. The cathodic-anodic 
peak system, A/H, is due to Cu(I1) + Cu(1) electron 
transfer followed by re-oxidation in the reverse 
scan. The peak, B, which is irreproducible in height, 
is due to adsorption electrode-poisoning phenom- 
ena that made it necessary to clean the electrode 
mechanically after each cycle. The peak, C, is due to 

the subsequent reduction of the copper site 
[Cu(I) --f Cu(O)], as indicated by the appearance of 
the characteristic stripping peak, Z, in the reverse 
scan. The peak system D/G is due to the reduction 
of the second metal centre, Co(I1) + Co(I). Finally, 
the peak system E/F is due to ligand-based electron 
transfer. 

Analysis of the metal-centred responses with scan 
rates reveals that the first cathodic process, 
Cu(I1) + Cu(1) is a quasi-reversible charge transfer 
followed by a chemical reaction. When the scan rate 
(u) was varied from 20 mV s- ’ to 5 V s- ‘, the 
following features hold : 36 (i) the anodic to cathodic 
peak ratio, ipC&,C,+ increases from 0.56 to 0.8, (ii) 
the difference between the peak potentials 
(AE, = E,,- EA) increases from 90 to 220 mV, (III) 
the ratio between the peak current of the cathodic 
sweep and the square root of the scan rate, ipCAj/v’i2, 
tends to increase, in agreement with the adsorption 
phenomenon. It is likely that the chemical com- 
plication following the electron transfer involves 
decomplexation of the electrogenerated copper(I) 
centre giving rise to free Cu+ ions, as evidenced by 
the appearance of a reoxidation peak at about + 1 
V on scan reversal using a Pt electrode (see below). 
The Co(I1) + Co(I) electron transfer appears to be 
a quasi-reversible process on the basis of the 
increase of AEp with scan rate (from 65 to 130 
mv). However, the study of the relevant electrode 
kinetics could not be made due to the presence of 
the pre-peak C. 

In dmso, the electrochemical response from II is 
more simplified [Fig. l(b)]. Here, the peak systems 
present are : A/H [Cu(II) + Cu(I)], D/G [co(II) + 
Co(I)], and E/F (ligand-based). Moreover, these 
responses are better reproducible because of the 
absence of adsorption phenomena ; ipCaj/v1/2 remains 
substantially unchanged with the variation in scan 
rate. However, in this case also the ratio ipCw/ipCA, 
remains less than unity, indicating that the species 
[Cu(I)Co(II)L2]+ is not a stable product. As regards 
the Co(I1) + Co(I) electron transfer, which can be 
better tested here with scan rate than in MeCN, 
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-2.50 F -1.50 

-.60 

lb) 
i 

Ox 

H -10 

i Red/p A 

-30 

Fig. 1. (a) Cyclic voltammogram of [CuCoL~(ClO& *2H,O (II) in MeCN on an Hg electrode at a 
scan rate of 200 mV s- ‘. Concentration of II = 1.3 x lo- 3 mol dm- 3 ; concentration of supporting 
electrolyte, [Et4Nj(C10.,) = 0.1 mol dm- 3. (b) Cyclic voltammogram of II in dmso on an Hg electrode 

at a scan rate of 200 mV S-‘. II = 1.3 x 10m3 mol dm-3; [Et,NJ(ClOJ = 0.1 mol dm-‘. 

appears to have the same characteristic as the 
Cu(I1) + Cu(1) reduction, i.e. a quasi-reversible 
process followed by a chemical reaction (in the scan 
rate range 20 mV s- ’ to 5 V s- ‘, the ipco/ipco, ratio 
increases from 0.4 to 0.8, AEp increases from 70 to 
150 mV, and the ratio ip~~~/~“z remains constant). 
These data indicate that the reduction of cobalt(I1) 
to cobalt(I) leads to its decomplexation. 

At a Pt electrode the voltammetric behaviour of 
the heterodinuclear complexes are quite different in 
both solvents, in particular for the cathodic 

reduction of the copper moiety. It appears as a 
totally irreversible process at a significantly more 
negative potential. In both solvents this step is fol- 
lowed by electrodeposition of copper metal. 37 The 
appearance of different responses at different elec- 
trode materials is not unusual, and can be attributed 
either to the occurrence of inner-sphere electrode 
mechanisms,38 or to the formation of mercury-sta- 
bilized intermediates at the Hg electrode surface.39 

Table 4 summarizes the electrochemical results 
obtained for compounds I-VI. We believe that the 
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E values obtained by averaging the cathodic and 
anodic peak potentials provide a good approxi- 
mation of the formal electrode potentials, albeit the 
experimental conditions prevented us reaching the 
ip(e&aj = 1 requirement. In those cases where, even 
at the highest scan rates, it was not possible to 
reveal the presence of a peak directly associated to a 
response in the reverse scan, the Ep value is given. 
To make the results comparable in the two solvents 
one may recall that for the nominally solvent inde- 
pendent ferroceneferrocenium couple4’ the E” value 
is + 0.38 V in MeCN and + 0.44 V in dmso. There- 
fore, differences in potentials greater than 60 mV 
should be considered as the solvent effect. 

The results given in Table 4 for the het- 
erodinuclear compounds I-III show that the elec- 
trochemistry occurring at the second metal ion, 
M*+, is well out of the redox activity at the copper 
site. More importantly, within experimental error, 
the Cu(I1) + Cu(1) reduction potentials in these 
systems when measured with an Hg electrode 
are independent of the metal ion M2’. This observa- 
tion finds analogy to the reported electrochemical 
behaviour of some heterodinuclear macrocyclic 
complexes. 6(b) In a previous study we reported26 that 
in [Ctt2L:](ClO4)2 * 2H20 complex, the reduction of 
both the copper sites occurs at the same potential 
(- 0.05 V) in dimethylformamide on an Hg elec- 
trode. In the present work we note that, although 
reduction of both the Co*+ ions occurs at the same 
potential (- 1.54 V) in dmso for [Co,L:]*+ species, 
in the case of dinickel(I1) and diamanganese(I1) 
complexes irreversible reductions occur at two 
different potentials. 
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Abstract--The mononuclear rhenium(II1) complexes truns-[ReXz(dppee),]X * nHZO 
(X = Cl or Br, dppee = Ph2PCH=CHPPh2) have been prepared by the reaction of (n- 
Bu4N)2Re2X8 with dppee in methanol-cone. HX ; in the case of X = Cl, ethanol may also 
be used as the reaction solvent. These salts undergo anion exchange reactions with ClO, 
and/or PF;. The rhenium(H) complex truns-ReC12(dppee)z can be prepared by the co- 
baltocene reduction of trans-[ReC12(dppee)2]Cl .4H20 and the reaction of Re2C16(PBu;), 
with dppee in refluxing ethanol. The spectroscopic and electrochemical properties of 
[ReX,(dppee),]+ have been investigated. Cyclic voltammetry (in 0.1 M tetra-n-butyl- 
ammonium hexafluorophosphate-CH2C12 with a Pt-bead electrode) shows reversible redox 
processes at El12(ox) ca + 1.5 V, E,,,(red) ca -0.2 V, and E,,z(red) ca - 1.4 V vs Ag- 
AgCl that correspond to the Re(IwRe(III), Re(IIIkRe(I1) and Re(IIkRe(I) couples, 
respectively. The single-crystal X-ray crystal structure of truns-ReCl,(dppee)2 has confirmed 
its octahedral geometry. This complex crystallizes in the monoclinic space group P2 i/c with 
the following unit-cell dimensions: a = 11.321(2) A, b = 13.011(2) A, c = 17.242(3) A, 
/I = 95.79(2)“, V = 2527(l) A3, and 2 = 2. The structure was refined to R = 0.041 
(R, = 0.070) for 2430 data with F2 > 3.0a(F2). The Re-Cl and Re-P distances are 
2.422(2) and 2.405(2) A, respectively. 

A few instances are known where reactions of the 
quadruply bonded octahalodirhenate(II1) anions 
[ReZXJ2- (X = Cl or Br) with phosphine ligands 
give rise to magnetically dilute rhenium(II1) com- 
plexes rather than the more usually encountered 
multiply bonded dirhenium complexes that pos- 
sess the Re!+, Re:+ or Re$+ cores.“2 Examples 
include the di-p-halo bridged complexes Re2@- 

W2X,(W2, where LL = Ph2PCH2CH2PPh2 or 
Ph2PCH2CH2AsPh2,3-5 and [ReC12(dppa)dPF6, 
where dppa = Ph2PNHPPh2.6 In recent studies 
dealing with the synthesis and characterization 
of the a- and /?-isomers of the triply bonded di- 
rhenium(II) complexes Re2X,(dppee)2 [dppee = 
1,2-bis(diphenylphosphino)ethylene],7 we have 
isolated salts of the mononuclear rhenium(II1) 
cations [ReX2(dppee)d+ and the neutral rhenium(II) 
analogue truns-ReC12(dppee)2. In this paper we 
describe the synthesis and properties of these com- 

*Author to whom correspondence should be addressed. 

plexes together with details of the crystal structure 
of the rhenium(I1) complex, the latter species being 
a rare example of a neutral mononuclear compound 
containing this rather uncommon oxidation state. 

EXPERIMENTAL 

Starting materials 

The following compounds were prepared by stan- 
dard literature procedures : (n-Bu4N)2Re2Xs 
(X = Cl or Br)8*9 and Re,Cl,(PBu~),. lo The cis- 
isomer of dppee was obtained from Strem Chemi- 
cals and used as received. 

All reactions were carried out under a dry nitro- 
gen atmosphere, and all solvents were deoxygenated 
by purging with N2 gas for at least 15 min prior to 
use. 

Syntheses 

(A) [ReWbwd21X. (9 [ReC12(dwN21C1 
*nH20. A mixture of (n-BudN)2Re2C18 (0.20 g, 
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0.175 mmol), dppee (0.60 g, 1.51 mmol) and 10 
cm3 of methanol that contained 8 drops of cont. 
hydrochloric acid was refluxed for 22 h, cooled to 
room temperature and then filtered in air. The yel- 
low filtrate was evaporated to dryness, the yellow 
solid recrystallized from CH&l,-diethyl ether, and 
the crystals washed with water, hexanes and diethyl 
ether, and then vacuum dried : yield 0.09 g (46%). 
Found: C, 53.8; H, 4.3. Calc. for CSZHS2C1304 
P,Re (i.e. [ReCl,(dppee)z]Cl *4HZO) : C, 54.0 ; H, 
4.2%. The presence of water of crystallization was 
confirmed by IR spectroscopy (Nujol mull) which 
showed v(OH) at 3295~ and 3190~ cn- ‘, and an 
additional weak, sharp feature at ca 3660 cm- ‘. 

When the preceding reaction was carried out 
using ethanol as the reaction solvent in place of 
methanol-cone. HCl, work-up of the reaction fil- 
trate gave the same product (based upon spec- 
troscopic and electrochemical measurements) 
although it analysed closer to a dihydrate. Found : 
C, 55.3; H, 4.0. Calc. for C52H48C1302P4Re (i.e. 
[ReCl,(dppee)dCl .2H20) : C, 55.7; H, 4.3%. A con- 
ductivity measurement on an acetonitrile solution 
of this complex (1.5 x 1O-4 M) showed that it 
behaved as a 1: 1 electrolyte (A,,, = 167 R-’ cm’ 
mol- ‘). 

Further proof as to the identity of these salts was 
provided by anion exchange reactions with KPF6 
and NaClO,. A small quantity of [ReCl,(dppee)z] 
Cl * 4H20 (0.10 g) was mixed with a three-fold 
excess of KPF6 (0.05 g) and 10 cm3 of methanol, and 
the mixture stirred at room temperature for 2 h. 
The bright yellow solid was filtered off, washed with 
methanol, hexanes and diethyl ether, and dried 
under vacuum: yield 0.095 g (86%). This product 
was identified on the basis of its spectroscopic and 
electrochemical properties ; its IR spectrum (Nujol 
mull) showed the v(P-F) mode of PF; at ca 850s 
cm-‘. A similar synthetic procedure was used to 
prepare the related perchlorate salt : yield 90%. The 
IR spectrum (Nujol mull) of this orange-yellow solid 
showed v(C1-0) of ClO; at 1090s cn- ‘. 

(ii) [ReBr*(dppee)dBr. A mixture of (n-Bu,N), 
Re,Br, (0.10 g, 0.067 mmol), dppee (0.23 g, 0.580 
mmol) and 10 cm3 of methanol (to which eight drops 
of 48% hydrobromic acid had been added) was 
refluxed for 2 days, cooled to room temperature and 
filtered. The filtrate was allowed to evaporate slowly 
at room temperature to low volume (ca 2 cm3) and 
the orange crystals that resulted were filtered 
off, washed with water, a small volume of meth- 
anol, hexanes and diethyl ether, and vacuum 
dried: yield 0.036 g (22%). Found: C, 50.5; H, 
3.8; Br, 19.3. Calc. for C52H46Br30P4Re (i.e. 
[ReBr,(dppee)dBr *HzO) : C, 50.5 ; H, 3.75 ; Br, 
19.4%. A solution of this complex in acetonitrile 

(1 .O x lop3 M) had a conductivity typical of a 1: 1 
electrolyte (A,,, = 119 R- ’ cm2 mol- ‘). Its IR spec- 
trum (Nujol mull) showed v(OH) at ca 3350w and 
ca 3200~ cn- ‘. 

An exchange reaction with a methanol solution of 
KPF6, similar to that described in A(i), gave the 
yellow salt [ReBr,(dppee)dPF,: yield 73%. Its IR 
spectrum (Nujol mull) showed the v(P-F) mode of 
PF; at 853s cn- ‘. 

(B) ReCl*(dppee)*. This complex was isolated by 
two different procedures. The yellow complex 
[ReCl,(dppee)z]Cl*4H20 (0.1 g, 0.086 mmol) was 
mixed with cobaltocene (0.03 g, 0.159 mmol) and 
this mixture stirred in 10 cm3 of CH2C12 for 30 min 
at room temperature. The orange-yellow solid was 
filtered off, washed with CH2C12, water, methanol, 
hexanes and diethyl ether, and vacuum dried : yield 
0.08 g (83%). Found: C, 54.3; H, 4.3; Cl, 16.5. 
Calc. for C 53.75H47.C15.5P4Re (i.e. ReCUdppee), 
- 1.75CH,Cl,): C, 53.9; H, 4.1; Cl, 16.3%. This 
reaction proceeded similarly when acetone was used 
as the reaction solvent, but in this instance gave a 
product that contained acetone of crystallization ; 
IR spectrum (Nujol mull) with v(CL0) at 1713m 
cm-‘. 

This same complex was obtained as a by-product 
of the reaction between Re$&,(PBu’& (0.10 g, 0.10 
mmol) and dppee (0.26 g, 0.656 mmol) in refluxing 
ethanol (10 cm3) for 4 days. The yellow-green insol- 
uble product was filtered off, washed with hexanes 
and diethyl ether, and dried. It was then washed 
with CH2C12 to leave insoluble orange-yellow 
ReCl,(dppee), : yield ca 30%. 

X-ray structure determination on ReClz(dppee)2 

A batch of [ReCl,(dppee)JCl * 4Hz0 was dis- 
solved in methanol and diethyl ether carefully lay- 
ered over this solution. Diffusion afforded primarily 
yellow crystals of this rhenium(II1) complex, to- 
gether with a few orange-yellow crystals. The 
yellow crystals lost solvent of crystallization and 
were unsuitable for crystal structure analysis. The 
orange-yellow crystals proved to be those of the 
more interesting complex ReCl,(dppee)z and were 
of a quality adequate for a single crystal X-ray 
structure analysis. 

A single crystal of ReCl,(dppee), of dimensions 
0.18 x 0.14 x 0.07 mm was mechanically separated 
and mounted on a glass fiber with epoxy resin. The 
crystal was indexed, and data were collected on 
an Enraf-Nonius CAD 4 diffractometer, equipped 
with a graphite monochromator and a standard 
focus molybdenum X-ray tube. The crystal data 
and information relating to data collection and 
structure refinement are listed in Table 1. Further 
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Table 1. Crystallographic data and data collection parameters for 

ReCI @ppee) 2” 
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Formula ReC12P4G2L 
Formula weight 1049.93 
Space group &lc 
a (A) 11.321(2) 

b (A) 13.01 l(2) 

c (A) 17.242(3) 

B(“) 95.79(2) 

V(A’) 2527( 1) 
Z 2 

d,,,, (g cn- ‘) 1.380 
Crystal dimensions (nun) 0.18 x 0.14 x 0.07 
Temperature (“C) 22.0 
Radiation (wavelength) MO-K, (0.71073 A) 
Monochromator Graphite 
Linear absorption coefficient (cm- ‘) 26.99 
Absorption correction applied Empiricalb 
Diffractometer Enraf-Nonius CAD4 
Scan method e-28 
h, k, I limits - 12-12,0-13,0-18 
28 range (“) 4.00-45.00 
Scan width (“) 0.75+0.35 tan 0 
Take-off angle (“) 4.90 
Programs used Enraf-Nonius SDP 
F 000 1050.0 
p-Factor used in weighting 0.070 
Unique data 3470 
Data with I > 3.000 2430 
Number of variables 271 
Largest shift/esd in final cycle 0.00 
R’ 0.041 
Rwd 0.070 
Goodness of fit’ 1.751 

“Numbers in parentheses following certain data are estimated 
standard deviations occurring in the least significant digit. 

bN. Walker and D. Stuart, Acta Opt. 1983, A39, 158. 

:“, = z IlFol - IFJ~ ‘$1. 
w = [I: w(lF,I-IFJ) /Z ~lF~l~]“~; w = l/d(FJ. 

‘Goodness of fit = [X w(lFJ - IFJ2/(Nob, - Nparametcrs)]‘iZ. 

details of the crystal data collection and reduction 
methods are described elsewhere. ’ ’ 

The structure was refined in the monoclinic space 
group P2 ,/c. Three standard reflections were moni- 
tored after every hour of beam exposure during data 
collection and displayed no systematic variation in 
intensity. The Re, P, Cl and C atoms were refined 
anisotropically. Hydrogen atoms were not included 
in the final least-squares refinement. The final 
residuals were R = 0.041 and R, = 0.070 and the 
final-difference Fourier map displayed no peaks of 
chemical significance. 

All calculations were performed on a PDP 1 l/34 
computer using the Enraf-Nonius structure deter- 

mination package. An empirical absorption cor- 
rection was applied, ’ * and the linear absorption 
coefficient was 26.99 cm-‘. The least-squares pro- 
gram minimized the function w(lF,l - lFel)2, where 
w is a weighting factor defined as w = l/a’(FJ. Cor- 
rections for anomalous dispersion were applied to 
all atoms. Further details of the data set and the 
structure solution and refinement may be obtained 
from Dr P. E. Fanwick. Table 2 lists selected intra- 
molecular bond distances and angles. Tables listing 
atomic positional parameters (Sl), thermal par- 
ameters (S2), a complete listing of bond distances 
(S3) and bond angles (S4) are available as sup- 
plementary material. 
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Table 2. Some important bond distances (A) and angles 
(“) for ReCl *(dppee) 2” 

Re-CI( 1) 2.422(2) 
Re-P( 1) 2.405(2) 
R+P(2) 2.404(2) 
P(lW(I) 1.840(8) 
P(2W(2) 1.821(8) 
C(l )-C(2) 1.36(l) 

Cl(l)-Re-Cl(l) 
Cl(1 jRe-P(I) 
Cl(l)--Re-P(1) 
Cl(l)--R+P(2) 
Cl( I)-Re-P(2) 
P(l)-Re-P(1) 
P( 1 )-Re-P(2) 
P( l)-Re-P(2) 
P(2)--Re-P(2) 

180.0 
99.39(7) 
80.61(7) 
92.13(7) 
87.87(7) 

180.0 
78.75(7) 

101.25(7) 
180.0 

‘Numbers in parentheses are estimated standard devi- 
ations in the least significant digits. 

Physical measurements 

IR spectra were recorded as Nujol mulls using 
IBM Instruments IR/32 and 9198 FTIR spec- 
trometers for the regions 4OOWOO and 400-200 
cm- ‘, respectively. Electronic absorption spectra 
were recorded as CHzClz solutions on a HP8451A 
or IBM 9420 spectrophotometer and as Nujol mulls 
on the IBM 9420. Electrochemical measurements 
were made in CHICll containing tetra-n-butyl- 
ammonium hexafluorophosphate (TBAH) as sup- 
porting electrolyte. Et12 values were determined as 
(E,,= + E,,J/2 and were referenced to the silver-silver 
chloride (Ag-AgCl) electrode at room temperature, 
and are uncorrected for junction potentials. Vol- 

tammetric experiments were performed using a 
Bioanalytical Systems Inc. Model CV-IA instru- 
ment in conjunction with a Hewlett-Packard model 
7035 x-y recorder. Conductivity measurements 
were performed on acetonitrile solutions using an 
Industrial Instruments Inc. Model RC-16B2 con- 
ductivity bridge. Elemental microanalyses were per- 
formed by Dr H. D. Lee of the Purdue University 
Microanalytical Laboratory. 

RESULTS AND DISCUSSION 

Synthesis and properties of [ReX,(dppee),]+ 
(X = Cl or Br) and ReCl,(dppee)z 

The reaction of (n-Bu.,N)zRezXs (X = Cl or Br) 
with the phosphine ligand Ph2PCH=CHPPh2 
(abbreviated as dppee) in methanol-cone. HX or 
ethanol solution affords the yellow-orange 
mononuclear rhenium(II1) species [Rex, 
(dppee)JX * nHzO. These results provide further 
evidence as to the proclivity of bidentate phos- 
phines to cleave the quadruple bond of the 
[RezXJ- anions to give six-coordinate mag- 
netically dilute rhenium(II1) complexes. This has 
previously been demonstrated in the case of the 
ligands Ph2PCH2CH,PPh2 (dppe) and Phz 
PNHPPh2 (dppa) which have been found to pro- 
duce [ReX,(dppe)J+ (X = Cl or Br),13 Re&-Cl)* 

C14(dppe)23-5 and [ReCl,(dppa)$ 6 under cer- 
tain conditions. The formulation of these complexes 
is supported by their conversion to the ClO; and/or 
PF; salts via simple anion exchange reactions with 
NaC104 and KPF6, by their behavior as 1 : 1 elec- 
trolytes in acetonitrile solution, and by the close 
similarity of their electronic absorption spectra (see 
Table 3) to the related spectral data published pre- 

Table 3. Cyclic voltammetric and electronic absorption spectra data for rhenium(II1) complexes of dppee 

Complex 

Electronic absorption 
spectra” 

(n@ 

Voltammetric half-wave potentials* 

-%,,(ox) &lz(red)(I) &(red)(2) 

[ReCl,(dppee)JCl *4Hz0 
1ReWdppee)#E, 
[ReCWppeeWlO, 

[ReBr,(dppee)JBr.H,O 

lReBr~(dppe&.lPF~ 

455sh, 424 (2750) + 1.55 -0.22 -1.40 
455sh, 424 (2610) + 1.55 -0.24 -1.40 
455sh, 424 (2990) +1.58 - 0.22 -1.40 

- 480sh, 428 
450 (5170) +1.53 -0.12 - 1.26 
510sh, 460 
450 (4230) + 1.50 -0.16 -1.30 

a Recorded in CH,Cll solutions (unless otherwise stated) in the region 900-350 nm : E_ values are given 
in parentheses. 

bin V (Ag-AgCl). Recorded on solutions in 0.1 M TBAH<H&l, using a Pt-bead electrode. Data 
obtained at v = 200 mV s- ‘. 

’ Nujol mull spectrum. 
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viously for [ReXz(dppe)JX (X = Cl or Br),13 

[ReCLWw4~lPF66 and truns-[ReC12(dmpe)2]Cl 
(dmpe = Me2PCH2CH2PMe2) ; l4 for example, J,,,, 
values for a solution of [ReClz(dppa)&l in CHzClz 
are 470 (a = 1800) and 425 (E = 2500) mn6 

Of the compounds isolated in the present study 
only [ReCl,(dppee),]Cl has been reported 
previously. ’ 5* I 6 In the previous partial char- 
acterization of this compound, which has been for- 
mulated as the trans-isomer,‘6 it was found to have 
a solid-state magnetic moment of 2.0 BM. In the 
present study we find that the hydrate has peff = 2.3 
BM for a solution in CH2C12. ” The low-frequency 
IR spectrum (Nujol mull) of a sample of 
[ReCl,(dppee),]PF, shows a single v(Re-Cl) mode 
at 338s cm- ’ which supports its assignment as the 
trans-isomer ; similar results have been reported 
previously for trans-[ReCl,(dppa)JPF, [v(Re-Cl) 
at 333 cm- ‘I” and truns-[ReCl,(dmpe),]Cl 
[v(Re-Cl) at 315 cr~-‘].‘~ 

The close relationship between these dppee com- 
plexes is revealed by cyclic voltammetric measure- 
ments on solutions in 0.1 M TBAH-CH2C12 (see 
Fig. 1). The Eljz values (vs Ag-AgCl) for the pro- 
cesses that are assigned to the Re(IV)--Re(III), 
Re(IIIkRe(II) and Re(II)Re(I) couples are listed 
in Table 3. In the case of [ReCl,(dppee),]C1*4H,O 
and [ReBr,(dppee),]Br 0 H20, irreversible processes 
associated with the oxidation of the outer-sphere 
halide ion are seen at Ep,a = + 1.13 V (for Cl-), and 
Epc = +0.85 and + 1.05 V (for Br-) vs Ag-AgCl. 
For the metal-based couples we find that the i,,,/i,,, 

(a) 

lb) 

I I I I I 
2 I 0 -I -2 

V (vs Ag-AgCl) 

Fig. 1. Cyclic voltammograms (recorded at v = 200 mV 
s- ’ using a P&bead electrode) for 0.1 M TBAH-CH2C12 
solutions of: (a) [ReCl,(dppee)$1*4H,O, and (b) 

[ReC&(dppee),]ClO,. 

ratios are close to unity. The values of Ep,a - Ep,C are 
cu 100 mV at scan rate (v) = 200 mV SK’, and 
increased slightly with an increase in sweep rate. 
These properties are (with our cell configuration) 
and this solvent system consistent with electron 
transfer processes that approach reversibility. I8 
These electrochemical redox properties are very 
similar to those exhibited by the previously char- 
acterized complex [ReClz(dppa)z]PF6.6 Using a 
sample available from our earlier study, we find 
that a solution of this complex in 0.1 M TBAH- 
CH2C12 displays processes at Ep,. = + 1.38 V, 
E&red)(l) = -0.22 V, and E,,*(red)(2) = - 1.61 
V vs Ag-AgCl. Cyclic voltammetric measurements 
on 0.5 M n-Bu,NClO,-DMF solutions of truns- 
[ReCl,(dmpe)z]C1 have established14 that the 
Re(IIIkRe(I1) and Re(II)Re(I) couples occur at 
- 0.398 and - 1.548 V vs Ag-AgCl, respectively. 

In the case of [ReCl,(dppee),]Cl-xH,O, the 
accessibility of the Re(III)Re(II) couple has been 
demonstrated by its chemical reduction to 
ReCl,(dppee)* using cobaltocene dissolved in 
CH2C12 or acetone. This rhenium(I1) complex has 
also been isolated as one of the products of the 
reaction between Re2C16(PBU;)2 and dppee in 
refluxing ethanol and was obtained, in single-crystal 
form, as a minor contaminant in batches of crys- 
talline [ReCl,(dppee)&l- nH*O. It is not very sol- 
uble in polar and nonpolar solvents although it 
was sufficiently soluble in 0.1 M TBAH-CH2C12 to 
show that it displayed similar cyclic voltammetric 
behavior to that of [ReCl,(dppee),]Cl - nH,O, with 
the exception that the process at cu -0.2 V now 
corresponds to an oxidation of the bulk complex 
and the wave (Ep,a = + 1.13 V) due to free Cl- is 
no longer present. The electronic absorption spec- 
trum of ReCl,(dppee), recorded as a Nujol mull 
shows &,,, at 398 nm as the most intense lower- 
energy feature. 

Structural characterization of trans-ReCl*(dppee), 

The correspondence between the cyclic vol- 
tammetric behavior of ~eClz(dppee)$Z1*nHzO and 
ReCIZ(dppee), implies that no isomerization process 
follows this one-electron redox change, i.e. that 
both species possess a trunsoctahedral structure. 
This has been conhrmed by a single-crystal X-ray 
structure analysis of a sample of ReCl,(dppee), that 
was found, by chance, to be present in a batch of 
crystalline [ReCl,(dppee)&l -4H20 (see Exper- 
imental). 

An ORTEP view of the ReClz(dppee), molecule 
is shown in Fig. 2. The crystallographic data are 
contained in Table 1, while Table 2 lists the key 
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C224 

Fig. 2. ORTEP representation of ReCl,(dppee), in which atoms are given as their 50% probability 
ellipsoids. Unlabeled Cl, P and C atoms are related to the corresponding labeled atoms by an inversion 

center. 

bond distances and angles.* The structure is clearly 
that of the rrans-isomer as had been inferred from 
the previously discussed electrochemical data. The 
complex contains two chelating dppee ligands in 
which the C(l)-C(2) bond distance [1.36(l) A] 
remains that of a typical C!=C bond which is unco- 
ordinated to a metal center. The Re-P distances 
[2.405(2) A] are a little shorter than those found for 
the rhenium(II1) complex rrans-[ReClz(dmpe),]C1 
[2.438(2) A] ; I4 this may reflect a slight shortening 
due to some small measure of Re-to-P x-bonding 
in the case of the rhenium(I1) complex 
ReClz(dppee)z. It is difficult to make informative 
comparisons with Re-P distances in dirhenium(I1) 
complexes of the type Re,X,(LL), (X = halide, 
LL = bidentate phosphine), since even in the cases 
where the ligands LL are chelating, e.g. tl- 
Re,C14(dmpe)21g and c+Re#&(dppp), 
[dppp = PhzP(CHz)3PPh2],20 these bond lengths 
show considerable variability [2.337(2) and 2.401(2) 
A in these two instances]. The Re-Cl distance of 
2.422(2) A is, as expected, significantly longer than 
the comparable distance in the trans- 

[ReClz(dmpe)2]+ cation [2.337(l) A]. While the 
Cl-Re-Cl unit is perfectly linear, some distortion 

* Atomic positional parameters, thermal parameters, 
a complete listing of bond distances and angles (Tables 
Sl-S4), and observed and calculated structure factors 
have been deposited with the Editor as supplementary 
data. 

in the equatorial ReP, plane is reflected by the range 
of Cl-Re-P angles that are observed (SO-99O) ; 
this clearly reflects the conformational demands of 
the ke--P-CH=CH-P chelate rings. 
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STRUCTURAL STUDIES ON BULKY PHOSPHINES: X-RAY 
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Abstract-The crystal and molecular structures of two bulky phosphines containing the 
2,4,6-(t-B~)~C~H~ group are reported. Compound 1, [2,4,6-(t-Bu),CbH2P(SiMe3)J, cry- 
stallizes in the monoclinic space group P2,/c; a = ?.450(8), b =, 17.154(6), c = 17.790(5) A, 
fi = 101.19(5)“. Compound 2, [~,~,~-(~-Bu)~C~H~POCH~CH~O], also crystallizes in the 
monoclinic space group P2,/c: a = 18.224(5), b = 9.394(2), c = 12.321(2) A, 
fi = 107.28(2)“. Structural features resulting as a consequence of the bulky 2,4,6-(t- 
Bu)~&H~ group, in particular the geometry at phosphorus, are discussed. 

There is currently considerable interest in phos- D’). In addition, this degree of steric protection 
phorus compounds containing the 2,4,6-(t- has enabled compounds such as primary phosphine 
Bu)~C~H~ group, since, by virtue of its large sulphides and oxides (E and F’)’ and RP(H)(hal- 
steric bulk, a range of unusual low-coordinate com- ogen) type phosphines (G)6 to be prepared and 
plexes may be stabilized. Examples of two-coor- 
dinate phosphorus include diphosphenes (A) ’ and 

&/&JR .$& +&a @-p=:l 

0 0 R 
G 

E x=s 

A B F x=0 

phospha-alkenes (B),2 whilst many novel three- characterized. Herein we report the structural char- 
coordinate species have also been isolated such as acterization of two phosphines containing the 2,4,6- 
the dithio- and methyleneoxophosphoranes (C’ and (~-Bu)~C~H~ group : [2,4,6-(t-Bu)3C6H2P(SiMe3)2] 

(1) and [~,~,~-(~-Bu)~C~H&OCH~CH~~)~ (2). 

* Author to whom wrrespondence should be addressed. 
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RESULTS AND DISCUSSION 

The bis(trimethylsilyl)-substituted phosphine (1) 
can be prepared by sequential lithiation and silyl- 
ation of the primary phosphine, 2,4,6-(t- 
Bu)&H2PHZ, and is a key intermediate in the syn- 
thesis of the only known, stable phosphaketene (3) 
reported by Appel and Paulen7*8 via its reaction 

p=c=o 

& 0 

3 

with phosgene (COClp). However, the apparent 
unreactivity of 1 towards other main-group element 
dichlorides, for example R2SiClZg uis-h-G pho- 
sphasilene synthesis, ‘O was indicative of severe 
steric congestion at the phosphorus centre. In order 
to probe this hypothesis further, an X-ray crystal 
structure determination of 1 was undertaken. The 
results are shown in Fig. 1 whilst pertinent bond 
distance and angle data are collected in Table 1. 

Examination of Fig. 1 reveals that the phos- 
phorus centre is indeed sterically well-shielded 
both by the ortho t-Bu and Me$i groups. Most 
notable, however, is the geometry at phosphorus. 
The sum of angles at phosphorus [343.2(l)“] indi- 
cates a close-to-planar configuration, although 
this is somewhat distorted from an idealized 
(albeit rather flattened) trigonal pyramid as evi- 
denced by the widely disparate C(l)-P( 1)-Si 
bond angles [C(l)---P(l)-Si(1) = 127.0(l) and 

Table 1. Selected bond distances (A) and angles (“) for 1 

Bond distances 

P(l)-Si(1) 2.238( 1) 
P( l)-Si(2) 2.255( 1) 
P(l)-c(l) 1.844(3) 

Bond angles 

Si(l)-P(l)-Si(2) 111.03(6) 
B(I)-P(l)-(Y) 127.0(l) 
Si(2)-P(l)--c(I) 105.2(l) 

“Numbers in parentheses are estimated standard devi- 
ations in the least significant digit. 

C(l)-P(l)-Si(2) = 105.2(l)“]. One factor which 
may contribute to a flattened geometry at phos- 
phorus is partial delocalization of the P lone pair 
into vacant silicon 3d orbitals. However, the P-Si 
bond lengths [P(l)-Si(1) = 2.238(l) and P(l)-- 
Si(2) = 2.255(l) A] are in accord with a single- 
bond value predicted from the sum of the covalent 
radii of P and Si, i.e. 2.23 A. There is therefore 
no evidence for P + Si n-donation. We suggest that 
the primary factor responsible for both the above 
observations is intramolecular steric congestion. 

The use of models indicates that the observed 
conformation about the P( l)---C( 1) bond is the only 
one that is sterically tenable in that it minimizes 
close contacts between the Me,Si and ortho t-Bu 
groups. Moreover these contacts are further 
reduced by a flattening of the geometry at phos- 
phorus. The reason for the asymmetry in the angles 

Fig. 1. Molecular structure of 1 showing the atom-numbering scheme. Hydrogen atoms omitted for 
clarity. 
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at phosphorus is less clear but is probably also is steric in origin. Note, however, that, in 2, the 
steric in origin. It is possibly associated with the phosphorus atom is also significantly removed from 
observation that the phosphorus atom is sig- the arene ring mean plane (0.82 A). Further struc- 
nificantly out of the arene ring mean plane (0.85 tural and synthetic studies on phosphorus 
A), a factor which has been noted previously in compounds containing this bulky arene are in 
phosphorus compounds containing this arene progress. 
group” and discussed in terms of the large intra- 
molecular strain associated with the t-Bu groups. 

The synthesis of 2 was mentioned previously in 
a communication. I2 However, here we provide 

EXPERIMENTAL 

details of the synthesis. Under flash vacuum pyrol- 
ysis conditions, the phosphor&e (2) eliminates eth- 

Synthesis 

ene to produce the phosphinate (4) via a proposed All manipulations were performed under a dry 
dioxophosphorane intermediate (5). ” nitrogen atmosphere employing standard inert 

2 

The molecular structure of 2 is illustrated in Fig. 
2 and selected bond distances and angles are col- 
lected in Table 2. In contrast to 1, the geometry at 
phosphorus is markedly pyramidal [sum of 
angles = 291.4(l)“]. While this is undoubtedly due 
to the constraint imposed by incorporation into the 
P02C2 ring, the assymetry in the C(l)-P(l)---0 
bond angles is considerably less than that for the 
corresponding C(l)-P(I)-Si angles in 1 
[c(l)--P(1)---o(1) = 100.7(l), c(1)-P(1)--0(2) = 
97.8(l)“]. Since the 02(CH2)2 group in 2 is much 
smaller than the two Me,% groups in 1, 
supports the contention that the asymmetry 

this 
in 1 

5 4 

atmosphere techniques. All solvents were dried 
prior to use. 

[2,4,6-(t-Bu)&6H2P(SiMe,)2] (1). This com- 
pound was prepared according to the method of 
Appel and Paulen. ‘JI 

[~,~,~-(~-Bu)~C~H~POCH~CH~~] (2). A THF 
solution (80 cm’) of Li[2,4,6-(t-Bu)3C6H2]‘3 (5.0 g, 
20 mmol) was added dropwise to an Et20 solution 
(20 cm3) of 2-chloro-1,3,2-dioxaphospholane’4 
(2.66 g, 21 mmol) at 0°C. After stirring the reaction 
mixture for an additional 12 h at room temperature, 
the solvents were removed in uucuo, and the residue 
extracted with n-hexane. Filtration followed by sol- 

Fig. 2. Molecular structure of 2 showing the atom-numbering scheme. Hydrogen atoms omitted for 
clarity. 
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Table 2. Selected bond distances (A) and angles (“) for 2 herein have been given previously. ’ 5 Crystal data 
for the structures of 1 and 2 are presented in Table 
3. Bond distances 

P(lH(l) 1.643(2) 
F(l>-o(2) 1.647(2) 
F(I)-c(l) 1.874(3) 

Bond anales 

0(1wY1)--0(2) 
O(l)_F(l>--c(I) 
0(2)_P(l~(l) 
P(l>--o(l~(12) 
F(lt-o(2)-(?1 I) 
0(2+c(l I)-C(l2) 
0(1)--c(12~C(11) 

92.9( 1) 
100.7( 1) 
97.8( 1) 

113.2(2) 
109.4(2) 
106.0(3) 
106.4(3) 

vent stripping afforded crude 2 which was purified 
by recrystallization from Et@. Yield of white, crys- 
talline 2 = 5.3 g (79%), m.p. 7678°C. The 31P- 
{‘H} NMR spectrum of 2 (32.384 MHz) comprised 
a singlet at 6 + 169. 

X-ray studies 

General operating procedures and listings of pro- 
grams used in the crystallographic studies reported 

Suitable single colourless crystals of 1 and 2 were 
mounted on an Enraf-Nonius CADCF diffrac- 
tometer. Initial lattice parameters were determined 
from a least-squares fit to 25 accurately centred 
reflections, 15<28<20”, and subsequently 
refined using higher-angle data. These indicated a 
monoclinic lattice for which data were collected for 
one independent quadrant, + h + k + 1. Systematic 
absences observed were Ok0 absent for k odd and 
h01 absent for I odd, thus uniquely determining the 
space group as P2 ,/c (No. 14). 

Data were corrected for the effects of Lorentz, 
polarization and decay, but not for absorption. 
Both structures were solved by direct methods using 
MULTAN16 which revealed the location of most 
non-hydrogen atoms. All others were revealed by 
subsequent difference Fourier analysis and refined 
by full-matrix least squares with anisotropic ther- 
mal parameters. Hydrogen atoms were placed in 
calculated positions 0.95 A from their respective 
carbon atoms, and were included in the structure 
factor calculation. Final refinements converged 
smoothly and revealed no chemically significant 
peaks in the final-difference map. 

Table 3. Crystal data 1 and 2 

1 2 

Formula 
Formula weight 
Crystal system 
Space group 
a (8) 
b (A) 
c (A) 
B (“) 
Volume (A’) 
Z (molecules/cell) 
p(calc.) (g cm- 3, 
A(Mc-KJ (A) 
~(Mo-K,) (cm- ‘) 
Data collection time (h) 
% decay 
28 limits (“) 

0 scan angle 
No. of unique data measured 
No. of data observed 
Data cutoff 
R 
RW 

422.79 336.46 
Monoclinic 

Z’2 Jc (No. 14) 
9.450(8) 18.224(5) 
17.154(6) 9.394(2) 
17.790(S) 12.321(2) 
101.19(5) 107.28(2) 
2829(3) 2014(l) 
4 4 
0.992 1.110 

0.71069 
1.85 1.4 
29.7 47.2 
41.6 4.4 
2.0 < 28 < 40.0 2.0 < 28 < 50.0 
*28 w2e 

0.8+0.35 tan fl 
2544 3597 
1988 2166 
z > 2.0a(Z) Z > 2.50(Z) 
0.0504 0.0571 
0.0764 0.0902 
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Abstract-Complexes of the terdentate ligands bis[2-diphenylphosphino)ethyl]benzylamine 
(DPBA) and bis[2-(diphenylarsino)ethyl]benzylamine (DABA) with Co(II), Ni(II), Pd(II), 
Pt(II), Rh(III), Ir(III), Rh(1) and Ir(1) are reported. The ligand DPBA reacts with Co(I1) 
ion to form two types of complexes : a high-spin, paramagnetic, tetrahedral Co(I1) complex 
of composition [CoCl(DPBA)]Cl and a low-spin, paramagnetic, square-planar complex of 
composition [CoBr(DPBA)]B(C,H,),. The reaction of DPBA with Ni(I1) ion in methanol 
yields low-spin, diamagnetic, square-planar complexes of type [NiX(DPBA)]Y [x = Cl, Br 
or I; Y = Cl or B(C,H,),]. Four-coordinate, square-planar, cationic complexes of type 
[MY(L)]+ [M = Pd(II), Pt(II), Rh(1) or Ir(1) ; Y = Cl or P(C,H,), ; L = DPBA or DABA], 
were obtained on reaction of L with various starting materials containing these metal ions. 
Reaction of DPBA and DABA with rhodium and iridium trichlorides gave octahedral, 
neutral complexes of general formula [MCl,(L)] (M = Rh or Ir, L = DPBA or DABA). 
All the complexes were characterized on the basis of their elemental analysis, molar- 
conductance data, magnetic susceptibilities, electronic spectra, IR spectral measurements, 
and ‘H and “P-( ‘H) NMR spectral data. 

During the past few years, transition metal com- 
plexes of tertiary phosphines and arsines have been 
studied extensively, because of their chemistry and 
utility as catalysts in a number of reactions. ‘v2 The 
chemistry of the metal complexes is govemed3-l3 
by the electronic and steric properties of the ligands 
and the oxidation state and coordination number 
of the metal ion. 

The metal complexes of mixed donor ligands con- 
taining N, P, As and 0 have also gained con- 
siderable importance due to their catalytic activity 
in various homogeneous reactions.‘“‘6 

In our earlier communication I7 we reported the 
synthesis of two new terdentate ligands containing 
N and P or As as donor atoms, bis[2-(diphenyl- 
phosphino)ethyl]benzylamine (DPBA) and bis 
[2-(diphenylarsino)ethyl]benzylamine(DABA) and 
their complexes with Ru(I1) and (III). These ligands 
which have a hard donor amino group confer the 

*Author to whom correspondence should be addressed. 

necessary nucleophilicity and the soft donor phos- 
phino or arsino groups stabilize the low-valent 
metal centers. Both of these properties are very 
important in homogeneous catalytic reactions. ‘**” 

In the present paper the synthesis and char- 
acterization of complexes of Co(II), Ni(II), Pd(II), 
Pt(II), Rh(III), Ir(III), Rh(1) and Ir(1) with the 
ligands DPBA and DABA are reported. 

RESULTS AND DISCUSSION 

Reaction of the ligand DPBA with cobalt(I1) salt 
in a 1 : 1 ratio in methanol gave stable, paramag- 
netic, tetracoordinate complexes of formulation 
[CoX(DPBA)]Y [x = Cl, Y = Cl(l) ; X = Br, 
Y = B(C,H,),(Z)]. The molar-conductance values 
(Table 1) of complexes 1 and 2 are indicative of 
1 : 1 electrolytes,20 suggesting a four-coordinate 
geometry for Co(I1) in these complexes. 

The far-IR spectrum of complexes 1 and 2 exhibit 
intense bands at 3 10 and 265 cm- ‘, respectively, for 
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v(Co-Cl) and v(Co-Br) stretching frequencies, 
respectively, supporting the above formulation. The 
band at 540 cm-’ in both complexes 1 and 2 can 
be assigned to the v(Co-P) frequency. From the 
conductivity and far-IR data, it can be proposed 
that all the three donor atoms of the ligand DPBA 
are coordinated to the metal ion with one of the 
halides inside the coordination sphere of the metal 
ion. This is in contrast to the earlier observation 
made by Sacconi and Morassi * ’ on complexes con- 
taining similar ligands. 

The 3 ‘P-{ ‘H} NMR spectra (Table 2) of com- 
plexes 1 and 2 exhibit resonances at 40.38 and 33.18 
ppm, respectively, indicating that the two ends of 
the coordinated phosphorus atoms of DPBA are 
magnetically equivalent. The downfield coor- 
dination chemical shift in both the complexes is 
considerable compared to the free ligand (Table 2). 

The electronic spectrum of 1 in dichloromethane 
is consistent with a tetrahedral structure. The band 
in the visible region at 629 nm is assigned’0*2’*22 to 
the 4A2(fl + 4T,(P) (vJ transition. This band is 
further split into a number of components, indi- 
cating the presence of considerable deviation from 
Td-symmetry. The fine structure is caused23 by 
spin-orbit coupling which both splits the 4T,(P) 
state and allows the transitions to the neighboring 
doublet states to gain some intensity. The magnetic 
moment (Table 1) also corroborates a tetrahedral, 
Co(I1) complex, with paramagnetism near to the 
spin-only value. 24*25 Complex 1 is therefore a tetra- 
hedral Co(I1) species. 

The electronic spectrum of 2 in dichloromethane 
in the visible region shows only a broad band at 500 
mu. The magnetic moment of 2.51 BM suggests 
2 to be a low-spin Co(I1) complex with considerable 
spin-orbital contribution. Taking the magnetic 
moment and the colour of the complex into con- 
sideration, complex 2 can be tentatively assigned a 
square-planar geometry with two ends of the phos- 
phorus atoms tram to each other. 

Reaction of DPBA with Ni(I1) halides gave dia- 
magnetic, cationic complexes of formulation 
piX(DPBA)]+ p = Cl (3), Br (4) or I (5)], best 
isolated as tetraphenyl borate complexes. Com- 
plexes 3-5 are air-stable and behave as 1: 1 elec- 

trolytes2’ in acetone (Table l), indicating a four- 
coordinate geometry for Ni(I1). The far-IR spectra 
show bands due to v(Ni-X) (X = Cl, Br or I) fre- 
quencies at 340,255 and 250 cm- ’ in complexes 3- 
5, respectively, suggesting the presence of one halide 
group inside the coordination sphere of the metal 
ion and the coordination of all the donor atoms of 
the ligand DPBA to the metal ion. The far-IR spec- 
tra of complexes 3-5 also show v(Ni-P) stretching 
frequencies at 535, 510 and 500 cm-‘, respectively. 

The 3’P-[‘H} NMR spectra (Table 2) of com- 
plexes L&5 show sharp singlets at 22.10, 26.76 and 
35.84 ppm, respectively, with a considerable down- 
field shift upon coordination of DPBA to form five- 
membered rings, indicating the magnetic equiv- 
alency of the two tram phosphorus atoms of the 
ligand DPBA. The downfield shift decreases in the 
order I > Br > Cl, in line with the decreasing po- 

Table 2. “P-{ ‘H} NMR data“ of the complexes 

Chemical shiftsb [6 @pm)] 

Complex Solvent DPBA PPh, J(M-P) JPA-PB) 

1 
2 
3 
4 
5 
7 
9 

11 
13 
15 

DPBA CHCl, 
[CoCI(DPBA)]Cl CHzClz 
[CoBr(DPBA)]B(C,H,), CH&l, 
[NiCl(DPBA)]B(C,H,), CHCl, 
[NiBr(DPBA)]B(C,H,), CHClj 

[NWPBAPGH d4 CHCl, 

[PdCW’WIW~ 44 CHC13 
[PtCl(DPBA)]Cl CHCl, 
[RhCl,(DPBA)] CH&Zl,/CHCl, 
[IrCl,(DPBA)] DMSO 
[Rh(PPh,)(DPBA)]CI CH30H 

16 [Rh(PPh,)(DABA)]Cl CH30H 
17 [Ir(PPh,)(DPBA)]Cl CH,OH 

- .19.25(s) - 
40.38(s) - - - 

33.18(s) - 

22.10(s) - - - 

26.76(s) - - - 

35.84(s) - 

32.23(s) - - - 

28.16 - 2722.16 
3520(d) - 119.6 
29.31(s) - - - 

2503(d) 41.29(d) 119.60, 119.62 24.42 
21.52(d) 37.96(d) 

35.48(d) 
- 34.09(d) 118.19 - 

35.69(d) 3.75(t) -24 

‘Positive chemical shifts downfield from 85% H3P0.,. 
b s = singlet, d = doublet, t = triplet. 
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larizability of the coordinated halide ions. This 
unusual downfield shift may be explained on the 
basis of the increased x-acidity of the coordinated 
halide group in passing through Cl to I. Because of 
the increased x-acidity of coordinated halide the cr- 
basicity of the coordinated phosphine increases due 
to a synergic effect causing an increase in the down- 
field shift with an increase in the x-acidity of the 
halogen. 

The electronic spectra of complexes 3-5 in di- 
chloromethane contain a single strong band at 
490 nm (20,408 cm- ‘), 505 nm (19,802 cm-‘) and 
540 nm (18,518 cm- ‘), respectively, in the visible 
region. This absorption refers to transitions 
which have d-orbital character dXY -dX2_,,2, and 
confirms the square-planar geometry of the com- 
plexes. 26,27 The energy of the band increases in 
the order I- < Br- < Cl- as expected from the 
spectrochemical series for the halides. Complexes 
3-5 are thus square-planar and analogous to the 
complexes with the ligands bis(Zdiphenyl- 
phosphinoethyl)sulphide*’ and bis(2-diphenyl- 
phosphinoethyl)cyclohexylamine’O with a tram 
arrangement of the phosphorus atoms. 

Complex 6 is hygroscopic and behaves as a 1: 1 
electrolyte in acetone (Table 1). The far-IR spec- 
trum shows bands at 3 10 and 540 cm- ‘, which can 
be assigned to v(Ni-Cl) and v(Ni-P) stretching 
frequencies. Complex 6 displays an electronic spec- 
trum identical to that of complex 3, due to the pre- 
sence of the same cationic species, [NiCl(DPBA)] + , 
being present in both complexes. The complex shows 
a band at ca 20,000 cn- ‘, which is characteristic of 
a square-planar geometry. The geometry assigned 
to complex 6 is similar to that of complex 3. 

The terdentate ligand DABA failed to react with 
Co(I1) and Ni(I1) metal salts. 

Reactions of DPBA and DABA with palladium 
dichloride in a 1 : 1 mole ratio in methanol gave 
cationic species of the formulation [PdCIL]+ 
[L = DPBA (7) or DABA (S)], best isolated as tetra- 
phenyl borate salts. The complexes have con- 
ductance values in accord with the presence of a 
1 : 1 electrolyte (Table 1). The far-IR spectra of 7 
and 8 exhibit v(Pd-Cl) frequencies at 345 and 330 
cm- ‘, respectively. Bands at 545 and 470 cm- ’ are 
due to stretching modes of v(Pd-P) and v(Pd-As), 
respectively. 

The 3’P-( ‘H} NMR spectrum (Table 2) of com- 
plex 7 exhibits a single resonance at 32.23 ppm, 
indicating the magnetic equivalence of the two phos- 
phorus ends of the ligand DPBA and also suggests 
a square-planar geometry for the complex with 
phosphorus atoms tram to each other. Based on 
the above data, complexes 7 and 8 can be assigned 
a square-planar geometry similar to other known 

Pd(I1) complexes,7*29 with mono- and terdentate 
tertiary phosphine ligands. The electronic spectral 
data of complexes 7 and 8 are discussed along with 
complexes 9 and 10. 

Treatment of K,PtCl, with DPBA and DABA 
in a 1 : 1 mole ratio gave four-coordinate, cationic 
complexes of type [PtCIL]+ [L = DPBA (9) or 
DABA (lo)]. These complexes appear to be square- 
planar, analogous to the other known complexes of 
similar type of tridentate ligands reported earlier.7 
Both the complexes exhibit molar conductance 
values in accord with their formulation as 1: 1 elec- 
trolytes (Table 1). 

The far-IR spectra of 9 and 10 show peaks at 330 
and 3 18 cm- ‘, respectively, corresponding to the 
v(Pt-Cl) stretching frequency. 3o The strong peaks 
at 520 and 470 cm- ’ in 9 and 10 are due to v(Pt-P) 
and v(Pt-As) vibrational modes, respectively. 

The electronic spectra of complexes 7-10 are con- 
sistent with a square-planar geometry of the com- 
plexes. Complexes of Pd(I1) and Pt(I1) which are 
pale yellow and creamish white, respectively, show 
the bands characteristic of d-d transition of square- 
planar cations. Complex 7 exhibits a band at 341 
nm (29,326 cm-‘), whereas complex 8 shows a 
shoulder at 360 nm (27,778 cm- I). Similarly, com- 
plexes 9 and 10 exhibit bands at 322 nm (31,056 
cm-i) and 359 nm (27,855 cm-‘) respectively. The 
molar extinction coefficient values are slightly 
higher than the conventional values for &d tran- 
sitions due to the LMCT character of these bands. 
A comparison of the energies of the lowest-energy 
d-d band in the corresponding complexes of DPBA 
and DABA showed that the expected spec- 
trochemical order is observed, i.e. the bands in the 
DABA complexes are shifted to a lower energy 
compared to the DPBA ligand, as envisaged from 
ligand field considerations whenever a phosphorus 
donor is replaced by an arsenic donor.31 Com- 
parison of the electronic spectra of complexes 3,7 
and 9 show that as the size of the metal ion increases 
in the triad Ni < Pd < Pt the lowest-energy d-d 
transition decreases in the order Pt > Pd > Ni. This 
hypsochromic shift to larger wavenumbers is due 
to the increase in the covalency of the complexes 
because of the increase in the size of the d-orbitals 
of the metal ions. Such a higher degree of metal- 
ligand bonding can be established in square com- 
plexes, by means of the non bonding d,,, dyz and pz 
orbitals. The intense bands in all the complexes, 
around 250 nm can be assigned to the x-x* tran- 
sitions of the phenyl rings. 

The 31P-{ ‘H} NMR spectrum of complex 9 exhi- 
bits a singlet (with 19’Pt satellites) at 28.16 ppm. 
The platinum-phosphorus coupling constant was 
calculated from its L95Pt satellites. The spectrum 
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shows the two-coordinated phosphorus ends of the 
DPBA ligand are magnetically equivalent and trans 
to each other confirming the above formulation. A 
‘_Z(Pt-P) coupling constant value of 2722.16 Hz has 
been observed for complex 9, which is appreciably 
higher when compared to those of earlier reports 
for similar phosphorus atoms trans to other 
phosphorus atoms in square-planar Pt(I1) com- 
plexes32 of types trans-L2PtC12 and [L,PtCl]+ 
[L = R,(C,H,),_,P, where n = 1, 2 or 3, and 
R = alkyl]. It has been reported in these complexes 
that the coupling constant value increases in every 
case in both the cis and tram series in going from 
trialkyl- to dialkylphenyl-, and to the alkyl- 
diphenylphosphines. This corresponds to the 
increasing x-acceptor character of the phosphines 
as the number of phenyls on the phosphorus 
increases. Thus, the high coupling constant of com- 
plex 9 can be ascribed to the increased dz-dn bond- 
ing between P and Pt due to the presence of phenyl 
groups on the two phosphorus atoms. 

Treatment of hydrated iridium trichloride with 
DPBA and DABA in methanol gave neutral, octa- 
hedral complexes of type [IrC13L] [L = DPBA (13) 
or DABA (1411. Both the complexes exhibit very 
low conductance values (Table 1) in DMSO, indica- 
tive of a non-ionic nature of the complexes. Hence, 
they appear to be octahedral, iridium(II1) com- 
plexes with the ligands occupying three coor- 
dination positions. Here also, such complexes can 
exist either in facial or meridional configurations. 

The far-IR spectra of both the complexes show 
a broad intense signal at 320 cm- ’ due to v(Ir-Cl) 
mode. Peaks at 5 10 and 475 err- ’ in 13 and 14 can 
be assigned to v(Ir-P) and v(Ir-As) frequencies, 
respectively. 

The 3’P-( ‘H} NMR spectrum of complex 13 
exhibits a single peak at 29.3 1 ppm, confirming the 
equivalency of the phosphorus atoms of the ligand 
DPBA. 

The reaction of rhodium trichloride with the 
ligands DPBA and DABA in 1 : 1 mole ratios in 
boiling methanol gave diamagnetic, yellow Rh(II1) 
complexes of formulation [RhC13L) [L = DPBA 
(11) or DABA (12)]. Complexes 11 and 12 have 
low molar-conductivity values in DMF solutions” 
(Table l), indicating the nonelectrolytic nature of 
the complexes. Hence, an octahedral geometry has 
been assigned to complexes 11 and 12. Such com- 
plexes can exist as facial or meridional isomers. 
The far-IR spectrum of 11 shows bands due to 
v(Rh-Cl) stretching frequencies at 316, 295 and 
262 cn- ‘, whereas complex 12 exhibits v(Rh-Cl) 
frequencies at 312, 293 and 281 cm- ‘. These fre- 
quencies are in much closer agreement with the 
v(Rh-Cl) frequencies for a facial type of 
isomer.6,7p33 The far-IR spectra of 11 and 12 also 
show bands due to v(Rh-P) and v(Rh-As) fre- 
quencies at 540 and 480 cm- ‘, respectively. 

Due to solubility reasons, the electronic spectra 
of concentrated solutions of 13 and 14 could not be 
taken. 

A meridional configuration or a facial con- 
figuration of the ligands is proposed for 13 and 14. 

The 31P-(‘H} NMR spectrum of complex 11 
shows a doublet centered at 35.20 ppm, with ‘.Z(Rh- 
P) = 119.6 Hz, suggesting the magnetic equivalence 
of the two phosphorus ends of the ligand DPBA. 

Square-planar, cationic complexes of type 
[Rh(PPh,)L]+ [L = DPBA (15) or DABA (1611 
were synthesized by reacting the Rh(1) complex 
RhCl(CO)(PPh,), with the ligands DPBA and 
DABA, respectively. The reaction in boiling ace- 
tone or methanol resulted in displacement of one 
of the coordinated triphenylphosphine groups and 
carbon monoxide from the starting complex, to give 
diamagnetic complexes of the above formulation. 
The molar-conductance values (Table 1) of both the 
complexes are in accord with their formulation as 
1: 1 electrolytes. The far-IR spectra of the com- 
plexes do not show any band around 300 cm-‘, 
indicating the total absence of the chloride ion 
inside the coordination sphere of the metal ion. 
Both the complexes show bands characteristic of a 
v(Rh-P) stretch, due to the coordinated PPh3 at 
5 10 cm- ‘. The complexes also display strong bands 
at 540 and 470 cm-‘, due to v(Rh-P) and 
v(Rh-As) modes, respectively. 

The electronic spectra of complexes 11 and 12 The 3’P-{1H} NMR spectrum of complex 
show bands at 411 nm (24,331 cm-‘), 429 nm 15 gave a well-resolved spectrum (Fig. l), con- 
(23,310 cm-‘) and 377(sh) nm (26,525 cm- ‘), sistent with a square-planar, four-coordinate 
respectively, in conformity with an octahedral [Rh(PPh,)(DPBA)]+ cation. It exhibits a pair of 
Rh(II1) species.34 These Ad bands with LMCT doublets centered at 25.03 and 21.52 ppm, which 
character can be assigned to the transitions from can be assigned to the two equivalent tram phos- 
the ‘A,, ground state to the ‘Ti, and ‘T,, upper phorus atoms (PA) (structure I) of the ligand DPBA, 
states. The intense bands in the UV region can be with ‘.Z(Rh-PA) = 119.62 Hz. The doublet of doub- 
assigned to the n-x* transitions and LMCT bands. let can be explained on the basis of the splitting of 
A facial configuration with cis phosphorus or two equivalent phosphorus atoms (PA) by a rho- 
arsenic atoms of the ligands is proposed for com- dium nucleus (I = l/2) to give a doublet which in 
plexes 11 and 12. turn is split again by the phosphorus atom (PB) into 
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JWh-F$ ‘119.60 Hz 
J (Rh-?I ‘119.62 Hz 

J(t-P,)=24.42Hz 

I I I I 
60 40 20 0 

8 (PPm) 

Fig. 1. The 3’P-{ ‘H} NMR spectrum of complex [Rh(PPh,)(DPBA)]Cl. 

two doublets. There are three more doublets in the 
downfield region centered at 41.29,37.96 and 35.48 
ppm, that are assigned to the phosphorus atom (PB), 
which is first split by the rhodium nucleus and in 
turn by the two equivalent phosphorus atoms (PA) 
of the ligand (Fig. 1). The coupling constants are 
J(Rh-P,) = 119.60 Hz and ‘J(P*-PB) = 24.42 Hz. 
The chemical shifts are in agreement with the earlier 
reported work. 3 5 

The 31P-{1H} NMR spectrum of complex 16 
exhibits a doublet centered at 34.09 ppm (Table 2) 
with ‘J(Rh-P) = 118.19 Hz, which can be assigned 
to the coordinated phosphorus atom of the lone 
triphenylphosphine group. 

The spectra in and near the visible region of 15 
and 16 show weak d-d transition bands with LMCT 
character at 384 nm (26,042 cm- ‘) and 451 nm 
(22,172 cm- ‘), and 364 nm (27,510 err- ‘) and 299 
mn (33,388 cm-‘), respectively, which are typical36 
of many da complexes. A similar trend of the band 
shifting to the longer wavelengths has been 
observed in the case of DABA complex. The bands 
in the high-energy region can be attributed to the 
X-K* and charge-transfer bands. 

The proposed structures of 15 and 16 are shown 
in I. 

Reactions of DPBA with IrCl(CO)(PPh3)2 in 
boiling acetone resulted in displacement of one of 
the two coordinated triphenylphosphine groups 
and CO, to give a cationic Ir(1) complex of type 
[Ir(PPh,)(DPBA)]+ (17). The molar conductance of 
17 (Table 1) is indicative of a 1: 1 electrolyte. The 
cationic formulation of complex 17 is also sup- 
ported by the complete absence of the v(Ir-Cl) 
stretching frequency around 300 err- ’ in the far- 

- - 

M = Rh or Ir, E = P or As 

I 

IR spectrum of the complex. The intense peaks at 
515 and 545 cm-’ can be assigned to the v(Ir-P) 
modes of coordinated PPh3and the ligand DPBA, 
respectively. 

The 3 ‘P-{ ‘H} NMR spectrum of complex 17 also 
corroborates the above formulation. The spectrum 
exhibits two resonances, a downfield doublet cen- 
tered at 35.69 ppm, and a triplet centered at 3.75 
ppm. The doublet due to the splitting of a PA by P,, 
(structure I) is assigned to the equivalent phos- 
phorus atoms (PA) of the ligand DPBA. The appear- 
ance of a triplet, which can be assigned to the phos- 
phorus atom (PB) of the triphenylphosphine, is due 
to the splitting of PB by the two equivalent phos- 
phorus atoms (PA). The small coupling constant 
J(PA-PB) of N 24 Hz, may be due to the presence of 
PA and PB cis to each other. The proposed structure 
of 17 is shown as structure I. 

The ‘H NMR spectra of complexes 7-12,16 and 
17 could be obtained satisfactorily in CDC13. All 
the complexes exhibited broadened resonance sig- 
nals due to phenyl and methylene protons, with 
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iodo complex 5. The products were filtered, 
washed with methanol and ether, and dried. The 
complexes &5 were recrystallized from an 
acetone-methanol mixture. Yield 0.31 g (78%) 
in the case of 3, 0.36 g (80%) in the case of 4, and 
0.28 g (83%) in the case of 5. 

Chlorobis(2 - (diphenybhosphino)ethyl)benzyl) - 
aminenickel(II)chloride, [NiCl(DPBA)]Cl. The pro- 
cedure adapted for this complex is analogous to 
that described above for complexes s5, except that 
after refluxing the reaction contents for 4-5 h the 
solution was evaporated to dryness to get a red 
precipitate, which was washed and dried and stored 
in a vacuum desiccator because of its hygro- 
scopicity. Yield 0.18 g (65%). 

Chlorobis(2 - (diphenylphosphino)ethyl)benzyl - 
aminepalladium(II)tetraphenylborate, [PdCl@PBA)] 
B(C6H&, and chlorobis(2-(diphenylarsino) ethyl) 
benzylaminepalladium (II) tetraphenylborate, 
[pdCl(DABA)]B(C,H,),. After refluxing the yellow 
methanolic solutions of PdClz (0.10 g, 0.56 mM) 
and the ligands PPBA (0.30 g, 0.56 mM) or 
DABA (0.35 g, 0.56 mM)] for 4-5 h, the reaction 
contents were cooled and a 2-mol excess of 
NaB(C,H,), in methanol was added, when a yellow 
precipitate was obtained in both cases. The com- 
plexes were filtered, washed with hot methanol and 
diethyl ether, and recrystallized from a dichloro- 
methane-methanol mixture. Yield 0.29 g (52%) 
(DPBA), and 0.3 g (51%) (DABA). 

Chlorobis(2 - (diphenylphosphino)ethyl)benzyl - 
amineplatinum(II)chloride, [PtCl(DABA)]Cl, and 
chlorobis(2 - (d@henylarsino)ethyr)benzylamineplati- 
num (II) chloride, [PtCl(DABA)]Cl. To an acetone 
solution of the ligand [DPBA (0.128 g, 0.24 mM) 
and DABA (0.149 g, 0.24 mM)] the compound 
K,PtCl, (0.100 g, 0.24 mM) in 2-3 cm3 of water 
was added, and the solution slightly warmed for 2- 
3 h. The resulting pale yellow solutions in both the 
cases were concentrated to a small volume and the 
complexes precipitated by the addition of diethyl 
ether to get a creamish white precipitate in both 
cases. The complexes were filtered, washed, dried 
and recrystallized from an acetone-&ethyl ether 
mixture. Yield 0.192 g (88%) (DPBA), and 0.180 g 
(88%) (DABA). 

Trichlorobis(2 - (diphenylphosphino)ethyl) benzyl 
aminerhodium(III), [RhCl,(DPBA)], and trichlor- 
obis(2 - (diphenylarsino)ethyI)benzylaminerhodium 
(III), [RhCl,(DABA)]. To the refluxing methan- 
olic solution of RhC13 (0.10 g, 0.47 mM), the ligand 
[DPBA (0.253 g, 0.47 mM) or DABA (0.294 g, 
0.47 mM)] in 5 cm3 benzene was added slowly 
over a period of 1 h, under an N2 atmosphere. 
A silky yellow precipitate settled down in ‘both 
the cases after refluxing for 4-5 h. The pre- 

cipitates were filtered, washed and recrystallized 
from a dichloromethane-diethyl ether mixture. 
Yield 0.14 g (40%) (DPBA), and 0.158 g (40%) 
(DABA). 

Trichlorobis(2 - (diphenylphosphino)ethyl)benzyl- 
amineiridium(III), [IrCl,(DPBA)], and trichloro- 
bti(2 - (diphenylarsino)ethyr)benzylamineiridium (III), 
[IrCl,(DABA)]. To a refluxing methanolic solution 
of the ligand [DPBA (0.302 g, 0.56 mM), or DABA 
(0.35 g, 0.56 mM)] was added IrCl, * 3Hz0 (0.10 g, 
0.28 mM), and the solution further refluxed for 4 
5 h, when a greyish green complex was obtained in 
the case of 13 and a greenish complex in the case of 
14. The products were filtered, washed with meth- 
anol and diethyl ether, and recrystallized from hot 
dimethylsulphoxide. Yield 0.10 g (45%) (DPBA), 
and 0.115 g (44%) (DABA). 

Triphenylphosphinebis(2 - (diphenylphosphino) 
ethyl)benzylaminerhodium(I)chlori&, BW’I%) 
(DPBA)]Cl, and triphenylphosphinebis (2- (diphenyl 
arsino)ethyl)benzylaminerhodium(I) chloride, [Rh 
(PPh,)(DABA)]Cl. To a refluxing acetone solution 
of the ligand DPBA (0.125 g, 0.21 mM) and a 
methanolic solution of DABA (0.130 g, 0.21 mM), 
was added the Rh(1) complex RhCl(CO)(PPh,), 
(0.150 g, 0.21 mM). After 3-4 h of refluxing the 
yellow homogeneous solutions in both the cases 
were concentrated to a small volume and the com- 
plexes precipitated by diethyl ether. The yellow 
products were filtered, washed with diethyl ether 
and recrystallized from a methanol-diethyl ether 
mixture. Yield 0.180 g (89%) (DPBA), and 0.125 g 
(57%) (DABA). 

Triphenylphosphinebis(2 - (diphenylphosphino) 
ethyl)benzylamineiridium(I)chloride, lk(PPh3) 
(DPBA)]Cl. IrCl(CO)(PPh,), (0.100 g, 0.12 mM) 
was added to a refluxing methanolic solution of 
DPBA (0.068 g, 0.12 mM) and further refluxed 
for 3-4 h. The solution was then concentrated 
and diethyl ether added to get a creamish white 
precipitate which was filtered, washed with ether 
and recrystallized from a dichloromethane-diethyl 
ether mixture. Yield 0.055 g (57%). 
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Abstract-The anions in (NH4)10[al-P,W,7061]*8H20 (I) and (MezNH&[az-P&o 
(H20)W1706,]* llHzO (II) both have the [cI-P~W,~O~~]~- structure with one “cap” W 
atom and its terminal oxygen atom missing (I), and a Co(H20)‘+ group in place of one 
“cap” W atom and its terminal oxygen (II). Both anions have approximate mirror symmetry 
but are disordered in the crystal ; in I the anion lies on a crystal inversion centre in two 
equally-weighted orientations, and in II the Co atom appears as two Co,,,W,, composite 
atoms on either side of a crystallographic mirror plane. Crystal data include [diffractometer, 
MO radiation, and IFI > 30(F)]: I, Cmca, a = 18.080(8), b = 17.945(7), c = 21.546(8) A, 
2 = 4, R = 0.067 for 1384 data ; II, Pnam, a = 28.052(1 l), b = 15.069(12), c = 20.638(17) 
A, Z = 4, R = 0.069 for 3057 data. 

The [a-PzW1@6$- anion contains two a-A- 
PWg034 units (each derived from the well-known 
[a-PW ,204,,]3- anion by the removal of a set of 
three corner-sharing WC6 octahedra) which are 
linked through corner-sharing with the elimination 
of six oxygen atoms. ‘9’ The anion has point sym- 
metry D3,,, and contains only two structurally-dis- 
tinct types of W atoms : six “cap” atoms on vertical 
mirror-planes, grouped in two sets of three, and 12 
“belt” atoms which do not lie on mirror-planes and 
are grouped in two sets of six. Nevertheless base 
attack in aqueous solution at pH > 6 initially 
removes just one W atom and its terminal oxygen 
to give [a*-P2w17061] . lo- 3,4 This can then reactss6 
with various Z’+(aq) cations to give products 
[p,Z(OH,)W 17061](12-x--y)- in which Z is believed 
to occupy a W site of the original [a-P2W r80& 
anion. It will also form bonds to larger cations 
through, presumably, the outer four oxygens adjac- 
ent to the vacant W site to give complexes of type 
[Ce(PzW17061)~16-.7,8 The precise location, cap or 
belt, of the vacancy in [~z~-P~W,70~,]~~- has been 
disputed. The 31P NMR spectrum of this anion9 
and the results of polarographic studies of the anion 
and some derived species lo have been taken to indi- 
cate a belt vacancy. However, the presence of a cap 
vacancy was deduced from ESR measurements on 

the derivative [a2-P2V(Iv)W17061]8- ;‘I from the 
incomplete (R = 0.19) crystal structure analysis of 
K16[Ce(PZW170,,)~*aq;* and from the pattern of 
line intensities, consistent only with mirror 
symmetry, in the ls3W NMR spectrum of [a2- 
P2W17061]10-.12 Also, it has been briefly reported’ 3 
that the Sn atom in [a2-P2(Bu”Sn)W i ‘06 i]‘- occu- 
pies a cap position. The X-ray structural analyses 
reported in this paper show that a cap atom is 
missing in (NH4)10[a2-P2W17061]~8Hz0 (I) and 
that a cap substituent is .present in (Me2NH2)*[a2- 
P2Co(II)(H@)Wl@,ji] - llH20 (II). 

EXPERIMENTAL 

Preparation of I and II 

The preparation of I was exactly analogous to 
the procedure4 for the K+ salt. The compound was 
recrystallized from hot (70°C) water to give tablets 
bounded by (00 1 } and { 1 lo} faces. Compound II 
was prepared as described previously,6 or by the 
reaction of equimolar [p2W17061]10- and Co2+ in 
aqueous solution at 40°C followed by the addition 
of excess (Me,NH,)Cl ; the crude product was 
redissolved in water, reprecipitated, and finally 
recrystallized twice from hot water to give prisms 
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with prominent (01 l} faces. Crystals of both com- 
pounds suitable for X-ray work were obtained by 
allowing slightly supersaturated aqueous solutions 
to stand at room temperature. 

Crystallographic studies 

The choice of salts for structural study was 
restricted not only by the availability of well- 
diffracting crystals of suitable size (eliminating, for 
instance, K, ,,lpzW 1 7O6 ,] - aq which is always 
obtained as tiny laths) but by the requirement that 
the space-group and number of anions in the cell 
be consistent with a disorder-free structure. The K+ 
and Rb+ salts of i&~Z(II)(H20)W,,061]8- (X = P 
or As ; Z = Mn, Co, Ni or Zn), for example, are 
rhombohedral (R3 or R3) with one anion in the 
primitive cell ; ‘3 ’ 4 consequently, if the anion has 
the [G(-P2W1806$- structure the Co atom must 
be disordered over three or six sites. Preliminary 
Weissenberg photographs of II indicated space- 
groups Pnam or Pna2, which for Z = 4 respectively 
impose mirror-symmetry or no symmetry on the 
anion. In the case of I, the possible space-groups 
Cmca or C2 lea respectively impose Czh- or C2-sym- 
metry on the anion (2 = 4), neither of which is 
consistent with a well-ordered “defect” P;?W, ,-type 
anion. Moreover, Weissenberg photographs 
showed a number of additional diffuse reflections 
at positions forbidden by the C-centering, and also 
regions of diffuse background scattering. Despite 
these indications of disorder, the structural analysis 
of I was undertaken in the hope that the heavy- 
atom framework at least could be distinguished. 

Crystal data 

I, (NH,), ,,[P2W1 706 ,I. 8H20. Orthorhombic, 
Cmca, a = 18.080(8), b = 17.945(7), c = 21.546(8) 
A, Z = 4, dcalc. = 4.26 g cm- 3 ; MO radiation 
(A = 0.71069 A), p = 286 cm-‘. 

II, (Me2NH*)*[P2Co(H20)W170611 * 11I-N. 
Orthorhombic, Pnam, a = 28.052(1 l), b = 
15.069(12), c = 20.638(17)81, Z = 4, d_,=. = 
3.66 g cmp3; MO radiation (A = 0.71069 A), ,u = 
230 cm- I. 

Data collection 

Data for I and II were collected on an Enraf- 
Nonius CAD-4 diffractometer by c0-26 scans in 
the 28 ranges 240” (I) and 2-48” (II), after the 
refinement of cell parameters from the setting angles 
of 25 reflections in the 28 ranges 22-24” (I) and 24 
26” (II). In neither case was there evidence of crystal 
deterioration during data collection. The numbers 

of reflections for I were : total, 3635 ; unique, 1702 ; 
reflections with IFI 3 3a(F), 1384. The cor- 
responding figures for II are : 7603, 6962 and 3057 
reflections. 

Structure solution and refinement 

The SHELX-76 program I5 was used for all cal- 
culations other than absorption correction. 
Approximate positions of the P and W atoms were 
readily obtained in each case by use of the direct- 
methods sub-programs EEES and TANG on the 
assumption that the centrosymmetric choice of 
space group (I, Cmca ; II, Pnam) indicated by the 
E statistics was the correct one. The oxygen atoms 
of the anions were located in difference syntheses 
alternating with cycles of least-squares refinement. 
The presence of the Co atom in II as two composite 
atoms, M = CO~.~W,,~, related by the cry- 
stallographic mirror-plane was suggested by the 
appreciably larger value of Vi,, for M when treated 
as W, and by the short M . . M’ distance compared 
with other W.. W distances. Separate Co and W 
positions at the M site could not be distinguished. 
After isotropic refinement of the P, Co and W atoms 
in I, and all anion atoms in II, the original set of 
unmerged IF] values was subjected to an empirical 
absorption correction by means of the program 
DIFABS, I6 and refinement was continued after 
remerging the data. Ab initio structure solutions 
were also attempted with assumption of the alter- 
native non-centrosymmetric space-groups, C2 lea 
for I and Pna2, for II. Essentially the same struc- 
tures appeared [and in particular the same kinds of 
disorder (see Discussion)], with numerous strong 
correlations between the parameters for atoms 
related by symmetry in the original space-groups. 
Therefore the centrosymmetric space-groups were 
retained. A number of inter-anion atoms were 
located ; but in the case of II it was clear that the 
Me,NH: cations and lattice H20 molecules were 
highly disordered, no C,N units being clearly dis- 
cernible, and only the strongest difference peaks 
were included (arbitrarily, as N) in the last cycles 
of refinement. Convergence was reached for I at 
R = 0.067, wR (= [C wA’/x wF’]i/*) = 0.091 for 
1384 data, 180 parameters, full matrix, 
w = [cr2(F)+0.0016P2]-’ in the last cycle ; and 
for II at R = 0.069, wR = 0.090 for 3057 data, 
247 parameters, blocked matrix, w = [02(F) 
+ 0.0026F2]- ’ in the last cycle. 

DISCUSSION 

Bond lengths and other intra-anion distances are 
shown in Table 1 for I, and in Table 2 for II. Atomic 
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Table 1. Bond lengths and other interatomic distances (A) for I, 
(NH3,oFzW1,06,1.8HzO 
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P-oP( 11) 
P-oP(12) 
P-OP(23) 
P-oP(33) 
P-oP(46) 
W(lt-o(l) 
W(l+o(ll) 
W(l)--o(llA) 
W(l)--cNl2) 
W(1)--0(13) 
W(lHXl4) 
W(l>-oP(ll) 
W(l)--oP(l2) 
W(2)--0(2) 
W(2)--0(12) 
W(2>-0(23) 
W(2>-0(22) 
W(2)--0(24) 
W(2t--oP(l2) 
W(2)--oP(23) 
W(3>-0(3) 
W(3w(23) 

W(1). . W( li) 
W(1). . W(2) 
W(1). . W(3’) 
W(1). . W(4) 
W(2). . W(P) 
W(2). . W(3) 
W(2). . W(4) 
W(2). . W(5) 
W(3). . W(F) 
W(3). . W(5) 

1.54(7) 
1.51(4) 
1.55(5) 
1.53(7) 
1.55(4) 
1.68(3) 
1.87(4) 
2.07(5) 
1.81(4) 
1.95(4) 
1.83(3) 
2.45(7) 
2.45(5) 
1.68(3) 
1.93(4) 
1.76(4) 
1.88(4) 
1.92(3) 
2.29(5) 
2.29(5) 
1.70(3) 
1.89(3) 

3.489(4) 
3.505(4) 
3.820(4) 
3.576(5) 
3.760(4) 
3.478(4) 
3.668(5) 
3.757(5) 
3.529(4) 
3.757(5) 

W(3)--0(33) 
W(3)--0(35) 
W(3HXl3) 
W(3)--oP(23) 
W(3HP(33) 
W(4H(24) 
W(4)--0(14) 
W(4HX4) 
W(4HX44) 
W(4>--0(46) 
W(4)--oP(46) 
W(5H(35) 
W(5)--0(24) 
W(5)--0(5) 
W(5MX57) 
W(5>-0(55) 
W(5)--oP(46) 
W(6+0(6) 
W(6)--0(35) 
W(6)--0(46) 
W(6WP(46) 

W(3). . W(6) 
W(4). . W(4’) 
W(4). . W(6) 
W(5). . W(Y) 
W(l)..P 
W(2)..P 
W(3). . P 
W(4) . . P 
W(5). . P 
W(6). .P 

1.87(2) 
1.88(3) 
1.90(4) 
2.39(5) 
2.40(7) 
1.95(3) 
1.95(3) 
1.72(6) 
1.87(3) 
2.03(8) 
2.35(4) 
2.07(3) 
2.05(3) 
1.65(7) 
1.80(6) 
1.91(6) 
2.38(4) 
1.68(4) 
1.99(3) 
2.02(7) 
2.27(4) 

3.640(6) 
3.379(6) 
3.361(6) 
3.328(6) 
3.485(16) 
3.515(16) 
3.502(16) 
3.451(17) 
3.521(17) 
3.383(15) 

“i = -x, y, z; ii = -x, -y, -z. 

coordinates and thermal parameters have been 
deposited as supplementary data. 

The heavy-atom framework in the parent [a- 
PzW,s06J- anion’ is retained in the anion of I, 
but with a vacancy at one cap position. The anion 
has symmetry m (C,), but occupies a site of cry- 
stallographic symmetry 2/m(C2,,) in two equally- 
weighted orientations related by the inversion cen- 
tre midway between the P atoms (or equivalently, 
by the crystal diad axis normal to the P . . P vector). 
This disorder is illustrated in Fig. 1. The act of 
inversion brings each belt W atom into near coinci- 
dence with an atom of the other belt, to give “com- 
posite” belt atoms W(1,2,3) whose components 
could not be resolved. In [&PzW1&&z]6-, W06 
octahedra in the same belt share edges and corners 
alternately,’ with averaged W . . W distances of 3.36 
and 3.68 A, respectively ; in I, the apparent W . . W 
distances within each belt have intermediate values, 
3.48-3.53 A. The other W.. W distances (Table 

1) are clearly consistent with edge-sharing between 
W06 octahedra in the same cap, with comer-shar- 
ing between adjacent cap and belt octahedra, and 
with corner-sharing between octahedra in different 
belts. The composite belt atoms W(1,1’,2,2’,3,3’), 
where ‘Y denotes reflection at x = 0, are coplanar 
[maximum deviation 0.020 8, for W(2,2’), towards 
centre of anion]. Their mean plane is parallel to the 
plane of the atoms of the unbroken cap, W(4,4’,6) 
(dihedral angle 0.16”). Distortions arising from the 
removal of a W atom from the other cap are shown 
by the displacement of the remaining atoms W(5,5’) 
from the W(4,4’,6) plane by 0.14 8, (away from the 
centre of the anion), and by the angles between the 
P.. P vector and the normals to the W(1,1’,2,2’,3,3’) 
and W(4,4’,6) planes, respectively 1.1 and 1.3”. Oxy- 
gen atoms of the anion were also located, with the 
restriction that a number of oxygen atoms in one 
orientation of the anion nearly coincide with oxy- 
gens in the superimposed inverse orientation (par- 
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Table 2. Bond lengths and other interatomic distances (A) for II, 
(Me,NH,)[P,Co(H,O)W,,O,,l. 1 lHzO 

wbQt1) 
WI-W) 
W(lF(3) 
W(lH(4) 
W(2)--0(2) 
W(2H(4) 
W(2>-0(5) 
W(2)--0(6) 
W(2)--0(7) 
W(2>-0(8) 
W(3+0(3) 
W(3)_-0(9) 
W(3HXJO) 
W(3>-0(11) 
W(3+0(12) 
W(3)--0(13) 
W(4W(5) 
W(4>--0(11) 
W(4H(l3) 
W(4+0(14) 
W(4HX15) 
W(4)_-0(16) 
W(5FcX7) 
W(5)-N 5) 
W(5HU7) 
W(5)---0(18) 
W(5)-009) 
W(5)--0(20) 
W(6HX20) 
W(6>--0(21) 
W(6HX22) 

W(l)..W(2) 
W( 1) . . W(3) 
W(2). . W(2i) 
W(2). . W(4) 
W(2). . W(5) 
W(3). . W(3’) 
W(3). . W(4) 
W(3). . W(8) 
W(4). . W(5) 
W(4). . W(7) 
W(5). . W(5’) 
W(5). . W(6) 
W(6). . W(6’) 
W(6). . W(7) 
W(6). . M(9) 
W(7). . W(8) 

1.62(6) 
2.33(4) 
1.92(4) 
1.88(4) 
2.37(4) 
1.98(4) 
1.91(3) 
1.74(4) 
1.93(3) 
1.93(2) 
1.89(4) 
1.69(4) 
1.91(2) 
1.79(4) 
1.91(3) 
2.35(3) 
1.92(3) 
1.98(4) 
2.38(4) 
1 H(4) 
1.90(3) 
1.87(4) 
1.93(3) 
1.86(3) 
1.74(3) 
1.96(3) 
2.31(3) 
1.90(3) 
1.93(6) 
1.62(4) 
1.90(2) 

3.373(5) 
3.709(4) 
3.373(4) 
3.702(4) 
3.696(4) 
3.648(3) 
3.356(4) 
3.761(3) 
3.656(3) 
3.778(3) 
3.359(3) 
3.768(3) 
3.361(3) 
3.634(3) 
3.680(4) 
3.349(3) 

Wt6)--0(23) 
W(6)--0(24) 
W(6>--0(25) 
W(7>-0(16) 
W(7H(25) 
W(7)--0(26) 
W(7)--0(27) 
W(7H(28) 
W(7)--0(29) 
W(8HXl2) 
W(8>-0(27) 
W(8w(28) 
W(8H(30) 
W(8toY 1) 
W(8>--0(32) 
M(9>--0(24) 
M(9H(29) 
M(9)--0(33) 
M(9HX34) 
M(9>-0(35) 
M(9w(36) 
W(lO)--o(32) 
W(lO)--o(33) 
W(lOH(36) 
W(lOH(37) 
P(JFX2) 
P(lW(l3) 
P(l)--o(l9) 
P(2~(23) 
P(2>-0(28) 
P(2)_-0(33) 

W(7)--M(9) 
W(8). . W(8) 
W(8). . W(10) 
M(9). . M(9) 
M(9) . . W( 10) 
P(l)..W(l) 
P( 1) . . W(2) 
P( 1). . W(3) 
P( 1) . . W(4) 
P( 1). . W(5) 
P(2). . W(6) 
P(2). . W(7) 
P(2). . W(8) 
P(2). . M(9) 
P(Z)..W(lO) 

2.32(3) 
1.93(3) 
1.90(3) 
1.96(4) 
1.88(3) 
1.70(4) 
1.92(3) 
2.36(3) 
1.93(3) 
1.91(3) 
1.86(3) 
2.24(3) 
1.66(3) 
1.88(l) 
1.85(3) 
1.85(3) 
1.92(4) 
2.35(3) 
1.66(5) 
1.88(3) 
1.97(3) 
1.98(3) 
2.35(4) 
1.90(3) 
1.68(5) 
1.58(4) 
1.49(4) 
1.61(5) 
1.56(4) 
1.60(3) 
1.54(4) 

3.713(4) 
3.651(3) 
3.720(4) 
3.244(5) 
3.342(5) 
3.511(18) 
3.498(17) 
3.494(17) 
3.512(17) 
3.519(17) 
3.488(17) 
3.509(17) 
3.504(17) 
3.455(18) 
3.507(19) 

“i = x, y, i-z. 

titularly atoms shared between W06 octahedra in (Table 1). Oxygen atoms in PO4 tetrahedra and in 
the same belt or in different belts) ; in such cases cap W06 octahedra were clearly resolved. It was 
only composite atoms could be located, except for possible to disentangle the superimposed structures, 
0( 11) and 0( 11A) which are shared between W( 1) and a view of a single orientation of the anion is 
and W(li). Therefore too much significance should shown in Fig. 2. 
not be attributed to the apparent bond lengths The p,Co(H,O)W, 7O61 I*- anion in II is shown 



Crystal structures of two heteropolytungstate salts 

(31 w W(4) 

w(6) 

LbJ 

Fig. 1. [a2-P2W,,061]‘o- anion in I. (a) The heavy-atom framework (2/m symmetry) apparent from 
diffraction data. (b) The anion framework (m-symmetry) in one of the two superimposed orientations. 
Thick lines imply that W06 octahedra share edges, and thin lines that they share comers. The dashed 

lines indicate the missing W atom and its connections. 

in Fig. 3. As expected from the results for I, the Co 
substituent occupies a cap position, on one of the 
vertical mirror-planes of the parent [a-P2WI 8062]6- 
anion of D3,,-synunetry.2 However, this mlrror- 
plane does not coincide with the crystallographic 

mirror-plane which bisects the anion in II, passing 
through P(l), P(2), W(1) and W(10) ; instead, the 
Co atom is distributed equally over the sites M(9) 
and M(9’) related by the crystallographic mirror- 

Fig. 2. W-O and P-O bond network in [a2- 

p2w,7w10-. 

Fig. 3. [a2-P2Co(H20)W1706,]8- anion in II. Atoms 
P(l), P(2), W( 1) and W( 10) lie on a crystal mirror plane. 

Each hatched atom [M(9)] is composite (CO~.~W~.~). 
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Fig. 4. Packing of anions (represented by their heavy-atom frameworks) in II. Filled and open circles 
denote anions lying on mirror planes at z = 14 and z = j, respectively. The view is down the c-axis. 

plane as composite atoms M = CoO.sWO.s. The situ- 
ation is analogous with that in Naz(NMe&,[a- 
HPW, ,0J9] * 7H20, I7 whose anion has a defect [a- 
PW, 2040] 3- structure ; there the tungsten vacancy 
is observed as two half-vacancies related by a cry- 
stallographic mirror-plane which does not coincide 
with the true mirror-plane of the anion. In II, the 
M(9). . M(9’) distance of 3.24 A is significantly 
shorter than the W( 10). . M(9) distance in the same 
cap (3.34 A) and the W . . W distances in the other 
cap (3.37 A), and approaches the shorter Co.. Co 
distances found for edge-sharing Coo6 groups in 
j?sCogW270,,9H17]‘6- (3.20-3.21 A)‘” and 
[P2C04W,8070H4]‘0- (3.16 and 3.19 A).19 Other 
W.. W distances and W-O bond lengths in [a*- 
P2Co(H20)W17061]8- (Table 2) are similar to cor- 
responding distances in [a-PsW ,806z]6-. The ter- 
minal oxygen atom 0(34) on M(9) is Hz0 for 
M = Co and is unprotonated for M = W. The for- 
mer assignment is supported by the observation*’ 
that changes in the solution spectrum of the anion 
in the region of the ligand-field band of Co at 18,300 
cm-’ are seen in the presence of potential ligands 
such as N;, NCS-, pyridine and methylpyridines, 
and in mixed solvents (H@-MeCN and H20- 
dmso) ; similar changes have been observed for 
pCo(H20)W1 1039]5- andinterpreted*’ as showing 
the replacement of ligand H20 at Co. 

The packing of the anions in and near one unit 
cell of II is shown in Fig. 4. The anions form layers 
normal to c, in a loose approximation of hexagonal 
packing, the distances between centroids of neigh- 
bouring anions ranging from 13.6 to 16.4 A. There 
are voids above and below each anion in the c- 
direction, and also channels extending parallel to c. 

Acknowledgements-I thank the Science and Engineering 
Research Council for access to the X-ray Cry- 
stallographic Service, and Dr A. J. Welch for collecting 
the intensity data. 
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COCONDENSATION REACTION OF DISULPHURDINITRIDE 
WITH NICKEL ATOMS: THE PREPARATION OF Ni(S,N,H), 
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School of Chemical Sciences, University of East Anglia, Norwich NR4 7TJ, U.K. 

(Received 4 JuIy 1986 ; accepted 4 September 1986) 

Abstract-The utility of metal atom vapour synthesis in the preparation of metalla-sulphur- 
nitrogen compounds has been investigated. Reaction of nickel atoms with disul- 
phurdinitride, S2N2, gave, after extraction with methanol, Ni(S2N2H)2 in ca 15% yield. 

Cocondensation reactions between metal vapours 
and organic ligands have become widely accepted 
for the preparation of organometallic compounds 
and the advantages of this method have been dis- 
cussed. ‘3’ We are involved in the preparation of 
metalla-sulphur-nitrogen compounds3-’ and one 
important area is the development of rational, gen- 
eral syntheses. A particularly important group of 
compounds are those which involve the disul- 
phurdinitrido dianion or its protonated analogue 
S2N2H- since they can adopt6 stacking struc- 
tures in, for example, compounds of type 
pt(S,N,H)(PR,)dX. We have developed a number 
of wet chemical routes to these complexes but, to 
date, attempts to extend the range of metals have 
been unsuccessful. An alternative strategy is the 
direct reaction of disulphurdinitride with metal 
atoms. Here we report on the first successful prep- 
aration of an M-S-N complex /Ni(S2N2H)2 (l)] by 
metal vapour synthesis. 

EXPERIMENTAL 

CARE: the procedure described involves Sju, and 
&N2, both of which are known to be explosive. 

The apparatus used (Fig. 1) consisted of a section 
for the preparation of SzN2 based on the design of 
Mikulski7 and a reactor similar to that used by 
Timms.* Youngs stopcocks and greaseless taps 
were used throughout. The nickel vapour was gen- 
erated using a multifilament consisting of two 15 

* Present address : Department of Chemistry, Imperial 
College of Science and Technology, South Kensington, 
London SW7 2AY, U.K. 

cm strands of 0.4-mm tungsten wire and 5 cm of 
0.3~mm nickel wire ; this could be used for three or 
four runs before becoming too brittle to handle. 

Preparation of S zN 2 

In a typical experiment the apparatus was 
charged with S4N4 (0.7 g, freshly recrystallized from 
benzene) and silver wool (1 .O g BDH MAR grade). 
After evacuating the system to 10-5-10-6 torr over- 
night the temperature of the furnace around the 
silver wool was brought to 300°C and an oil bath 
was placed around the lower part of the apparatus 
(with only 0.5 cm between the top of the oil bath 
and the bottom of the furnace). The temperature of 
the oil bath was raised to 90°C and the cold finger 
filled with liquid nitrogen. Within a few minutes a 
light tan coloured coating could be seen on the cold 
finger. The reaction was maintained until no S4N4 
remained, usually 8-10 h. After this time tap (a) 
was closed, U-tube (1) surrounded by liquid N2 and 
the liquid N2 in the cold finger was blown out with 
a stream of Nz. Pumping overnight (with U-tube 
(1) surrounded by liquid N2) gave pure S2Nz in 
the U-tube. In a typical run ca 0.4 g of SzNz was 
obtained. At this stage if the taps on the U-tube 
are closed and it is surrounded by a salt-ice bath 
polymerization occurs and lustrous bronze crystals 
of (SN), are obtained after 2-3 days. 

NOTE: SzNz is extremely explosive and can spon- 
taneously detonate at room temperature! 

Preparation of Ni(S2N2H)2 

The W/Ni filament was slowly warmed to its 
operating temperature (ca 1350°C) and the reactor 

939 



940 J. D. WOOLLINS 

Fig. 1. Apparatus used for the preparation and reaction of SzN2 with nickel vapour. 

surrounded by liquid Nz whereupon the liquid Nz 
trap surrounding U-tube (1) was replaced by a salt- 
ice bath allowing SzN2 to sublime over into the 
reaction vessel. At these temperatures in 2 h all of 
the S,N, sublimed into the reactor and ca 45 mg of 
nickel was evaporated. At the end of the reaction 
the liquid N2 was removed from around the reactor 
and U-tube (2) cooled to enable excess SzNz to be 
sublimed off overnight. 

Attempts to sublime the remaining dark coloured 
solid in the reactor onto a liquid-N* cold finger were 
unsuccessful. However, it was possible to obtain a 
violet solution by extraction of the solid with cold 
methanol. Evaporation of this methanol solution 
gave 1, which was identified by UV-VIS and IR 
spectroscopy. ‘3” Yields varied between 15 and 30 
mg of product, depending on the weight of nickel 
evaporated but were never less than 10% and were 
generally cu 15%. 

RESULTS AND DISCUSSION 

Cocondensation reaction of nickel atoms with 
SzNz proceeds to give a dark solid which did not 
sublime at lop4 torr and 90°C. This material may 
be a polymeric SzNz adduct and is probably similar 
to the intractable solid reported’ ’ from the reaction 
of Ni(C0)4 and S4N4. On treatment with methanol 
the known complex 1 is obtained : 

Ni(g) + S2N2 + [Ni(S,N,)lX 9 Ni(S2N,H),. 

It has been reported” that reaction of finely div- 
ided nickel powder with SzN2 in methanol also gives 
rise to 1 in low yield and so as to ascertain if this 
process was occurring here we performed some 

blank experiments. Thus we condensed nickel vap- 
our followed by SzN2 and did not sublime away 
any S,N, at the end of the process. Extraction with 
methanol did not result in immediate formation of 
1 with the W spectrum consisting of a single band 
(&,,, 268 nm) due to SzN2. If the unfiltered extract, 
which contained flakes of nickel, was allowed to 
stand after 5 days a W-VIS spectrum cor- 
responding to ca 5 mg of 1 was observed. In the 
vapour synthesis procedure excess SzN2 was sub- 
limed out of the reactor before addition of 
methanol. Also we observed an immediate colour- 
ation of the alcohol on its addition in the cocon- 
densation reactions and the alcohol was filtered 
directly after extraction in this case. Clearly, the 
product obtained derives from the cocondensation 
reaction and not a simple reaction between nickel 
and a solution of SzN2. 

Although the yield obtained here using a rela- 
tively complex procedure is not as good as the tra- 
ditional wet chemical method the results obtained 
do suggest that the vapour synthesis technique may 
offer some potential in the preparation of metalla- 
sulphur-nitrogen compounds and further studies 
would be worthwhile. 

Acknowledgements--I am grateful to Johnson Matthey 
for support and to Dr R. Grinter and Prof A. J. Thomson 
for their keen interest. 

REFERENCES 

1. P. L. Timms, Ado. Znorg. Rudiochem. 1972,14, 122. 
2. M. Moskovitz and G. A. Ozin, Eds, Cryochemistry. 

Wiley Interscience, New York (1976). 
3. P. F. Kelly and J. D. Woollins, Polyhedron 1986, 5, 

607. 



The preparation of Ni(S2N2H)2 941 

4. R. Jones, P. F. Kelly, D. J. Williams and J. D. Wool- 
lins, Polyhedron 1985,4, 1947. 

5. J. D. Woollins, Polyhedron 1984,3, 1365. 
6. R. Jones, P. F. Kelly, C. P. Warrens, D. J. Williams 

and J. D. Woollins, J. Chem. Sot., Chem. Commun. 
1986,711. 

7. C. M. Mikulski, P. J. Russo, M. S. Saran, A. G. 
MacDiarmid, A. F. Garito and A. J. Heeger, J. Am. 
Chem. Sot. 1975,97,6358. 

8. P. L. Timms, J. Chem. Ed. 1972,49,783. 
9. J. D. Woollins, R. Grinter, M. K. Johnson and A. J. 

Thomson, J. Chem. Sot., Dalton Trans. 1980, 1910. 
10. D. B. Powell and J. D. Woollins, Spectrochim. Acta 

1980, A36,447. 
11. M. Goehring and A. Debo, 2. Anorg. Allg. Chem. 

1953,273,319. 
12. M. Goehring and D. Voigt, Naturwissenschaften 

1953, 40, 482. 



Polyhedron Vol. 6, No. 5, pp. 943-946, 1987 
Printed in Great Britain 

0277%5387/87 53.oo+.cKl 
0 1987 Pergamon Journals Ltd 
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PYRIDYL NITROGEN DONORS WITH FERROCENE AND 
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Abstract-Kinetic studies were carried out for the electron-transfer rkactions of [Cu(II) 
L][ClO,], [L = 1,6-bis(2-pyridyl)-2,5-dithiahexane, 1,7-bis(2-pyridyl)-2,6-dithiaheptane, 
or 1,8-bis(2-pyridyl)-3,6-dithiaoctane] with ferrocene (fc) and l,l’-dimethylferrocene 
(Me,fc), and of [Cu(II)L;][C1041z [L’ = 4-(alkylmercaptomethyl)imidazole ; alkyl = Me, 
Et, PI”, CHzPh or Bu’] with fc in acetonitrile at 25°C. The electron-transfer reactions are 
suggested to proceed via a precursor complex, [Cu(II)L - Red], existing in an equilibrium 
state : 

[Cu(II)L]*+ + Red & [Cu(II)L - Red]*+ -% [Cu(I)Ll+ + Red+ (Red = fc or Me2fc). 

In a previous paper dealing with the electron-trans- 
fer reactions of Cu(II)N2S2 type complexes, 
bis[(4-alkyl- and phenyhnercaptomethyl)imidazole] 
copper(I1) diperchlorate (alkyl = Pf, CH2Ph 
or Bu? and 1,6-bis(4-imidazolyl)-2,5-dithia- 
hexanecopper(I1) diperchlorate, as a model 
of an active site of blue copper (Type I) proteins 
with ferrocene, we reported the formation of a 
precursor complex prior to the electron transfer.’ 
In order to further understand the mechanism 

* Authors to whom correspondence should be addressed. 

for the electron-transfer reaction of the Cu(II)N2S2 
type complexes, we have undertaken a study of the 
reactions of the copper(I1) complexes coordinated 
by pyridyl nitrogen and thioether sulfur atoms with 
ferrocene (fc) and l,l’-dimethylferrocene (Me2fc). 

This paper reports the kinetics of the electron- 
transfer reactions of [Cu(II)L][ClO& [L = 1,6- 
bis(2-pyridyl)-2,5-dithiahexane (l), 1,7-bis(2-pyri- 
dyl)-2,6-dithiaheptane (2), and l,&bis(Zpyridyl)- 
3,6-dithiaoctane (3)] with fc and Me,fc, and of 
[CU(II)L;][C~O~]~ [L’ = 4-(alkylmercaptomethyl)- 
imidazole ; alkyl = Me (4), Et (5), Pf (6), CH2Ph 
(7) and Bu’ (8)] with fc in acetonitrile. 

Icu 0x)Ll[clo,l.? [Cu (rl)Ll1rc10412 
m=2,?2= l(1) R = Me (4 1, Et (51, 
m= 3, n= l(2) Pr” (6), CHiPh (7), or 

m=2,n=2(3) Bu’ (8) 

Scheme 1. 
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EXPERIMENTAL 

Materials 

The Cu(II)N2S2 type complexes 1-32,3 and &I4 
were prepared according to the literature. Com- 
mercially available fc and Me2fc were purified by 
sublimation and recrystallization before use, 
respectively. 

Table 1. kobsd for the reaction of complex 1 (1.08 x 10e4 
mol dmW3) with fc in acetonitrile containing [Bu”,N[BF,] 

(0.1 mol dm- ‘) at 25°C 

Kinetic measurements 

Reaction rates were determined by monitoring 
the decay of absorbance at a wavelength in the 300- 
400~nm range absorbed by the copper(H) com- 
plexes in acetonitrile using a Union RA-103 stop- 
ped-flow spectrophotometer equipped with a 0.2- 
or 1 .O-cm quartz cell in a cell-holder thermostatted 
at 25 + 0.2”C. All the kinetic measurements were 
carried out under pseudo-fist-order conditions 
with at least five-fold excess amounts of fc or Me,fc 
relative to the copper(I1) complexes (9.7 x lo-‘- 
1.2 x lo- 4 mol dm- ‘) under a nitrogen atmosphere. 
Observed pseudo-first-order rate constants, kobsd, 
were obtained by the least-squares curve fitting 
using a Union System 77 microcomputer. 

tion [eqn (3)] : 

where K is the formation constant of a precursor 
complex, [Cu(II)L * fc] 2+, and ket is the rate constant 
of the electron-transfer process. According to this 
scheme, the kobd value in the presence of large excess 
amounts of fc can be expressed by eqn (4), which is 
transformed to eqn (5) : 

RESULTS AND DISCUSSION 

Complexes l-3 exhibit a strong absorption band 
due to the sulfur-to-copper charge-transfer tran- 
sition at 330-370 m.4 When either the copper(H) 
complex was mixed with fc or Me,fc in acetonitrile, 
the charge-transfer band was weakened in intensity 
and a band due to the ferrocenium (fc+) or l,l’- 
dimethylferrocenium cation (Me2fc+) concurrently 
appeared at 618 (fc+) or 652 nm (Me,fc+). This is 
indicative of the occurrence of the redox reaction 

[eqn (01: 

This equation predicts a linear relation between 
kG$ and [fc]- ‘. In fact, there can be seen a linear 
relation between these values, as shown in Fig. 2, 
supporting the reaction mechanism of eqns (2) and 
(3). The K and k,, values determined from the slope 

[Cu(II)L]‘+ + Red + [Cu(I)L]+ + Red+, 

Red = fc or Me2fc (1) 

being similar to the reaction of bis[4-(alkyl- and 
phenylmercaptomethyl)imidazole]copper(II) diper- 
chlorates (alkyl = Pr”, Bu’ or CH2Ph) and 1,6- 
bis(4-imidazolyl)-2,5-dithiahexanecopper(I1) diper- 
chlorate with fc. ’ 

The pseudo-first-order rate constants, kobsd, 
obtained in the reaction of 1 with excess amounts 
of fc are listed in Table 1. No linear relation can be 
seen between the kobd value and the initial con- 
centration of fc ([fc]), as depicted in Fig. 1. This 
is suggestive of the existence of a pre-equilibrium 
nrocess [eon 1211 Drier to the electron-transfer reac- r------ L--n-m \P,J r 

Fig. 1. Plot of kobd against [fc] for the reaction of complex 
1 with fc in acetonitrile at 25°C. 

WI k obsd 
(mol dm- 3, (s- ‘) 

1.06x 1O-3 1.28kO.02 
1.76x 1O-3 2.08 f 0.09 
2.64 x 10-3 2.69kO.10 
3.52 x 1O-3 3.36kO.19 
5.28 x lo- 3 4.6lkO.16 

[Cu(II)L]~’ +fc& [Cu(II)L ’ fc]2+, (2) 

[Cu(II)L. fc]2+ k,, [cu(I)L]+ +fc+, (3) 

k 
ktK[fcl 

Obsd 
-- 
- 1+ K[fc] ’ 

1 1 1 

z = k,,K[fc] + k,, * k 

(4) 

(5) 

5Or 

lO”[fc] (mol dme31 
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12- 

1.0 - 

10‘3[fc]-’ (mol-’ dm’) 

Fig. 2. Plot of k;& against [fc]-’ for the reaction of 
complex 1 with fc in acetonitrile at 25°C. 

V I I I 1 1 
0 02 04 06 0.8 1.0 

10-3[Me,fc]-’ (mol-’ dm3 1 

Fig. 3. Plot of k;& against [Me,fc]- ’ for the reaction of 
complex 1 with Me,fc in acetonitrile at 25°C. 

of the straight line and the intercept, respectively, 
are shown in Table 2, together with those values 
obtained similarly for the reactions of 2 and 3 with 
fc. 

In the reaction of 1 with Me,fc, however, there 
exists a linear relation between k,& and the recipro- 
cal of the initial concentration of Mezfc, wezfc]- ‘, 
as shown in Fig. 3. This result may be explained in 
terms of the relation K << & which may arise either 
from a K value small enough to be neglected or 
from a sufficiently large k,, value so that the recipro- 
cal value can be neglected in eqn (5), under the 
assumption of the mechanism shown by eqns (2) 
and (3). Reactions of 2 and 3 with Mezfc were 
similarly analyzed. Kinetics of the reactions of 4-8 
with fc in acetonitrile were also analyzed in the same 
manner as those of the reactions of l-3 with Mezfc. 
The k2 (= k,,K) values for the reactions of l-3 with 
Mezfc and of 4-8 with fc are listed in Table 3. 

Another mechanism for the electron-transfer 
reaction without the formation of any precursor 

complexes may be considered as reported for the 
reaction of bis[2,9-dimethyl-4,7-bis(sulfonyloxy- 
phenyl)- 1, IO-phenanthroline]copper(II) diperchlo- 
rate with sodium hexacyanoferrate(I1) in water.’ 
This reaction has been formulated as eqns (6) 
and (7) : 

[cu(II)L]2+ + [cu(II)L]*+ * (6) 
I 

Table 3. k2 (= k,K) values for the reactions of the 
copper(I1) complexes with fc and Me,fc, and I?” values 

of the copper(I1) complexes” 

10-4kz EUb 
Complex (mol- ’ dm’ s- ‘) W) 

For the reactions with fc 

Table 2. K and k,, values for the reactions of the 
copper(I1) complexes with fc in a&on&rile containing 

[Bu’jNj[BF4] (0.1 mol dmm3) at 25°C 

Complex 
K 

(mol- ’ dm’) 

1 llOfl0 12+1 
2 42f9 50fll 
3 66+ 15 860 f 200 

0.698 kO.008 0.49 
1.75*0.01 0.55 
16.5kO.2 0.64 

For the reactions with Me,fc 

8.22kO.28 0.66 
ll.OkO.6 0.68 
12.5 +0.3 0.69 
32.0f2.3 0.72 
44.2k4.0 0.73 

“In acetonitrile containing [Bu;NJ[BF,] (0.1 mol 
dn- ‘) at 25°C. 

bp = (Epr+ EJ2 (Ref. 4). 
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[Cu(II)Llz+* + Red-% [Cu(I)L]+ +Red+. (7) 

where [Cu(II)L]” and [Cu(II)L12+* stand for the 
solvated species and the desolvated, active species 
for the electron transfer, respectively. When the con- 
dition [[Cu(II)L]‘+] << [Red] is satisfied, one can 
derive eqn (8) from eqns (6) and (7) : 

1 k-1 1 

k y = k,k,,[Red] + k,’ (8) 

Under such a reaction scheme, both plots of k;id 
against [fc]- ’ and of k,& against [Me,fc]- ’ for the 
reactions of a copper(I1) complex with fc and Mezfc 
should give the same intercept. In the reaction of 1 
with Me2fc, however, a plot of k&f against 
[Me2fc]-’ has an intercept with nearly zero (Fig. 3), 
which is in contrast to the appreciable non-zero 
intercept in the reaction of 1 with fc (Fig. 2). Similar 
results have been obtained for the reactions of 2 and 
3 with Mezfc. In view of these facts, the mechanism 
shown by eqns (6) and (7) for the electron-transfer 
reaction is not applicable for the present reactions 
of the copper(I1) complexes with fc and Mezfc. 

The Kvalues (42-l 10 mol- ’ dm3) for the present 
copper(IIbfc precursor complexes are larger than 
those (9.7-32.3 mol-’ dm3)’ for the corresponding 
precursor complexes formed in the reactions of the 
Cu(II)(NiGd&2S2 complex with fc. This result 
may be explained in terms of the higher electron- 
accepting abilities of the present Cu(II)(Nr+&zS2 
complexes, which involve the pyridyl group having 
more effective n-acceptor property than the imid- 
azolyl group.6 This is consistent with the fact that 
the redox potentials of l-3 (0.49-0.64 V vs SCE in 

acetonitrile) are positively higher than those of the 
Cu(II)(Ni,id,,,l,)2S2 complexes (0.23-0.37 V vs SCE 
in acetonitrile). ’ The k,, value also increases with 
raising the redox potential of the C~.I(II)(N,,~~)~S~ 
complex. The same tendency was seen in the reac- 
tions of Cu(II)(Nhidazoie)2S2 with fc.’ 

The formation of a precursor complex has not 
been detected not only in the reactions of complexes 
l-3 with Me2fc but also in those of 4-g with fc. In 
the former reactions, a steric hindrance of the 
methyl groups of Me2fc may cause fairly small K 
values. Such a steric hindrance, however, may not 
be significant in the latter reactions concerned with 
fc. Since complexes 4-g exhibit sufficiently positive 
redox potentials (0.66-0.73 V vs SCE in ace- 
tonitrile) (Table 3), Kvalues can be expected as large 
as those observed for the reactions of l-3 with 
fc and fairly large k, values are deduced for the 
reactions of HI with fc. 

1. 

2. 

3. 

4. 

5. 

6. 
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Abstract-In addition to showing a well-known demarcation between facial and meridional 
configurations the ligand field spectra of Co(BAla)X(Gly),_, (x = 1 or 2) [BAla = /I-alan- 
inato(N,O) ring, and gly = glycinato(N,O) ring] complexes provide a rare example of a 
marked difference in the observed splitting pattern of the iTi, level among the three 
possible meridional isomers generated by cyclic permutation of chelate rings with respect 
to the pseudo three-fold axis. Angular overlap calculations which consider an anisotropy 
of the metal-carboxylate oxygen donor interaction reproduce fairly well the ligand field 
spectra of the complete series of Co(/3Ala),(Gly)3_, (X = 0, 1,2 or 3) complexes. 

From their first description at the beginning of this 
century’ tris(aminoacidato)cobalt(III) complexes 
have frequently been a focus of current chemical 
research : in connection with optical-activity 
studies,2-5 proton3 and 13C NMR studies,6 char- 
acterization of the species with three six-membered 
fi-alaninato chelate rings, 7 “mixed” glycinato+ 
alaninato species,* and u-hydrogen exchange reac- 
tions. 9 

An interesting feature of these systems is the 
influence of the chelate ring enlargement (from five- 
membered glycinato to six-membered j?-alaninato) 
on their electronic’ and circular dichroicl spectra. 

The complete series of complexes Co(flAla)X 
(Gly),_, [x = 0, 1, 2 or 3; BAla = /I-alanin- 
ato(N,O) ring ; and Gly = glycinato(N,O) ring] 

*Author to whom correspondence should be 
addressed at : Chemistry Department, Faculty of Science, 
University of Belgrade, POB 550, YU-11001 Belgrade, 
Yugoslavia. 

TPresent address: Institut fiir Anorganische Chernie 
der Universitiit Hannover, Callinstrasse 9, D-3000 
Hannover-1, F.R.G. 

$Unpublished work carried out at the Chemistry 
Department A, The Technical University of Denmark, 
Lyngby, with Olav Overgaard Nielsen, Torben Steen 
Nielsen and Kirsten Vilholm, in 1971. In part presented 
at the 21st Meeting of the Serbian Chemical Society, 
Belgrade, 1978. 

included in this investigation consists of the fol- 
lowing 12 geometrical isomers (Fig. 1). For each of 
the species containing the rings of the same kind (i.e. 
x = 0 and 3) there are two isomers : facial (fuc) 

and meridional (mer). The “mixed” complexes with 
two Gly and one j.?Ala ring (x = l), or vice versa 
(x = 2), comprise onefac and three mer forms, the 

fat mer 
(x=Oond3) lx =Oand%) 

mer-1 mer? mer-3 

Fig. 1. Isomerism in tris(aminoaeidato)cobalt(III) com- 
plexes. First row : facial and meridional cotigurations of 
Co(Gly), or Co(bAla),. The arrows indicate the “truns” 
ring inversion that changes the meridional into the facial 
ccnt@ration. Second row : three possible meridional iso- 
mers for “mixed” Co(BAla)X(Gly)s_, (x = 1 or 2) struc- 
tures. The hatched ring indicates the one which is differ- 
ent from the other two : /IAla(N,O) for x = 1 or Gly(N,O) 
for x = 2. They can be uniquely labelled by the trans pair 
of donor atoms from the rings of the same type as, for 

example, mer(N,O), mer(N,N) and mer(O,O). 

947 
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latter being generated by cyclic permutation of the superposition of spherical harmonics fl and evalu- 
chelate rings with respect to the pseudo three-fold ated using the standard methods of tensor operator 
axis. algebra. “T’~ Coefficients of the expansion Rkckq are 

All the isomers are known. Geometrical con- expressed as linear combinations of one-electron 
figurations of tris(glycinato)cobalt(III) complexes matrix elements (transformed from the complex 
have been deduced from their electronic spectra” into the real d-basis). Finally, each of the 15 distinct 
and later reconfirmed.z-6 X-ray crystal analysis of one-electron matrix elements is parametrized as a 
the mer isomer is available.’ Tris(/3-alan- sum of c-, n- etc. contributions from each ligator 
inato)cobalt(III) isomers were assigned in a similar atom according to the AOM formalism. “-l 4 Matrix 
way7 and the crystal structure of the mer isomer elements of electron repulsion and spin-orbit coup- 
was also reported. ” For the “mixed” complexes ling operators are also evaluated using the standard 
(x = 1 and 2) the electronic spectra* distinguish&c tensor operator methods. ’ ‘9 ’ 6 The former are para- 
from mer isomers and, in addition, show the subtle metrized with Slater<ondon parameters F2 and F4 
but distinct differences among the mer isomers (or Racah parameters B and c), and the latter with 
within both series (x = 1 and 2).* the one-electron spin-orbit coupling constant [. ’ 5 

The present study was initiated in order to find All reduced matrix elements needed for these cal- 
out how well a complete ligand field analysis based culations were taken from Nielson and Koster’s 
on the angular overlap model (AOM)‘z-‘4 for- tables. ’ 7 
malism may explain the electronic structures of 
tris(aminoacidato)cobalt(III) complexes. The AOM 
approach, through its principles of additivity and 

Energy level calculation 

transferability of (r- and a-contributions of indi- Basic perturbation matrices are set up for each 
vidual ligators, appears to be particularly well parameter value and summed to form the total (gen- 
suited for this study which aims at explaining the erally complex) Hamiltonian matrix which is 
effect of substituting a five-membered Gly with a diagonalized to give the perturbed eigenvalues. A 
six-membered PAla chelate ring, and the differences symmetry analysis of eigenvectors is then per- 
among the triads of mer isomers in “mixed” species formed yielding the composition of the levels ex- 
(for x = 1 and 2). pressed in percentage of the free-ion terms which 

is needed for intensity calculations (see below). 

METHODOLOGY 

Wave functions 
Spectra simulation 

In the present treatment a complete basis of 210 
Individual spectral bands are assumed to be 

Russell-Saunders free-ion functions Id6 ; aLSJMJ) 
Gaussian on the wavenumber scale. In order to 

was used. Since (as will be shown below) all the 
reconstruct actual spectral profiles three parameters 

perturbations are applied simultaneously, the 
(position, intensity and half-width) are required for 

choice between a strong- and a weak-field basis 
each component band. Intensities were calculated 

was immaterial, and the free-ion basis was chosen 
using the “spin-only” formula of Schroeder. I8 This 

for computational convenience. 
very crude approach considers only the spin-allow- 
edness of a transition and expresses a transition 

Hamiltonian 
probability as a sum of squared products of the 
components from ground- and excited-state eigen- 

Omitting the spherically symmetric central-field vectors having the same spin multiplicity. Inten- 
terms, as usually, the Hamiltonian consisted of sities were assumed to be proportional to transition 
three terms: ligand field potential pLLF, electron probabilities normalized to match the sum of oscil- 
repulsion operator Z e*/r+ and spin-orbit coupling lator strengths of the components of ‘T1,. Band 
operator C c( ti)$ * $. half-widths were kept constant at about 1700 cm- ‘. 

This value is within the range suggested by 
Matrix elements Jtirgensen ’ ’ and indeed gives the best fit to the 

Many-electron matrix elements of the ligand field 
spectra of fuc isomers having the unresolved band 

potential are expanded by expressing fLLF as a 
of ‘T,, parentage. 

* Characteristic differences were also observed in IR, Parameter optimization 
proton and 13C NMR spectra. Unpublished results of N. 
M. KostiC and S. R. NiketiC. In part presented at the 21st The search for the optimum ligand field par- 
Meeting of the Serbian Chemical Society, Belgrade, 1978. ameters was carried out in two stages. First, the 
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parameters were varied (one or two at a time, in lOO- 
and 50-cm-’ steps) in sufliciently large domains. 
During this preliminary optimization process inten- 
sities were estimated using Schroeder’s formula (as 
described above) and simulated spectral profiles 
compared qualitatively to the experimental ones. 
The aim of this coarse adjustment of parameters 
was two-fold : (i) to locate the most probable nar- 
row ranges for each parameter, and (ii) to identify 
plausible positions of the overlapped bands in 
experimental spectral profiles. 

Final optimization was performed using the 
SPIRAL algorithm of Jones.” The method was de- 
vised for non-linear least-squares problems and 
is claimed2’ to be superior to the standard (Mar- 
quardt’s and Powell’s) algorithms. Only the band 
positions were fitted (including the overlapped 
bands positioned according to the results of the 
preliminary optimization). Computed band profiles 
were generated using the Schroeder’s model to 
obtain relative intensities from the eigenvectors cal- 
culated with the “best-fit” parameter set. This over- 
all tactic was imposed by the quality of experimental 
data (therefore, spectral deconvolution was not 
attempted) as well as by the limitations of the theor- 
etical model (therefore, point-by-point fitting was 
not tried). 

PARAMETRIZATION 

As a starting point we considered the Ham- 
iltonian parameters for the CON, chromophore. 
Initial values for the electron repulsion parameters 
(F2 = 1141.3 and F4 = 104.46 cm- ‘) as well as 
the AOM parameter for ammine nitrogen 
[eO(N) = 8000 cn- ‘1 were taken from the best-fit 
parameters* which reproduce the low-temperature 
high-resolution polarized single-crystal spectrum of 
the [Co(NH&13+ ion.21 These parameters were 
subjected to the optimization procedure as 
described below. The choice of other AOM par- 
ameters was of prime importance. Namely, from 
the outset, two equally justifiable parametrization 

* Table III of Ref. 21 gives Dq, B and C values which 
were here converted into the corresponding e,(N), F, 
and Fe 

t However, when the internuclear distances from indi- 
vidual structure determinations are treated as mean 
values and their estimated standard deviations taken into 
consideration, we obtain, after Hamilton,z3 the following 
results : 1.955(l) and 1.907( 1) A for M-N and M-O 
distances, respectively in five-membered glycinato(N,O) 
rings, and 1.945(2) and 1.913(2) A for M-N and 
M-O distances, respectively, in six-membered fi- 
alaninato(N,O) rings. 

schemes appeared to be possible: one based on 
distinction between ligators from five- and six-mem- 
bered metal chelate rings leading to the two sets of 
parameters for nitrogen and oxygen, and the other 
based on the assumption that AOM parameters for 
nitrogen and oxygen donors are the same irres- 
pective of the ring size, and that any differences 
in the interaction with metal d-orbitals is due to 
geometrical factors. In the latter case we need only 
three AOM parameters : e,,(N), e,(O) and e,(O). As 
usual, an rc-interaction of ammine nitrogen is not 
involved so that e,(N) = 0 is assumed throughout. 

In addition to being more in the spirit of AOM, 
the second parametrization scheme was selected on 
the basis of the similarity between the internuclear 
metal-ligand M-L distances in five- and six-mem- 
bered aminoacidato metal chelate rings. From eight 
crystal structure determinations22 furnishing data 
on 13 crystallographically distinct isolated cobalt- 
(III) glycinato(N,O) chelate rings the mean M-N 
distance is 1.96(2) 8, and the mean M-O distance 
is 1.91(2) A.? Similar data but from a smaller avail- 
able collection” of six unique isolated cobalt(II1) 
B-alaninato(N,O) chelate rings from four crystal 
structure reports yield for mean M-N and M-O 
distances values 1.95(2) and 1.91(l) A, respect- 
ively.? 

The assumed equivalence between the cor- 
responding metal-ligand distances in five- and six- 
membered rings is further corroborated, in case 
of M-N, by the similarity in M-N stretching 
frequencies in vibrational spectra of [Co(en)3]3+ 
and [Co(tn)3]3+ ions24 (en = ethylenediamine, 
tn = trimethylenediamine) and by the values of 
5gCo NMR parameters” for tris(diamine) 
cobalt(II1) complexes with chelate rings of vari- 
ous sizes. Molecular-orbital calculations are not 
available for aminoacidato complexes of cobalt- 
(III), but analogous studies26 of copper(I1) and 
nickel(I1) complexes show that differences in the 
average bond overlap densities of M-L bonds 
in five- and six-membered aminoacidato complexes 
are of the same order of magnitude as between 
different cr-aminoacidato complexes (i.e. within the 
series of five-membered chelate ring structures). 

Therefore, as a starting value, the e,(O) par- 
ameter was set at 7000 cm-’ in line with the pos- 
tulated lower ligand field strength of oxygen com- 
pared to ammine nitrogen coordinated to 
cobalt(II1). However, the variation of this par- 
ameter over a wide range (600@-8000 cm-‘) was 
investigated. In contrast to a nitrogen donor, car- 
boxylate oxygen may be involved in M-L x-bond- 
ing requiring an e,(O) # 0 in AOM analysis. Such 
a possibility has already been anticipated.* More- 
over, as will be demonstrated below, the anisotropy 
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of metal-oxygen (M-O) x-interaction has been 
found to be essential for explaining the charac- 
teristic splitting patterns in the spectra of mer-iso- 
mers of tris(aminoacidato)cobalt(III) complexes 
with “mixed” Gly-PAla coordination spheres. To 
our knowledge, the anisotropy of the carboxylate 
oxygen-metal bond has not been examined hitherto 
in cobalt(II1) complexes. In a recent similar AOM 
study2’ of tris(glycinato)chromium(III) the M-O 
bond was treated as if it had axial symmetry, but a 
concurrent study28 of cobalt(I1) complexes with 
oxygen donor ligands did consider M-O bond 
anisotropy. Therefore, we have experimented with 
erl(0) in the range 600-1800 cm-’ and set 
e,,,(O) = 0 with the reference plane for each oxygen 
donor defined by itself, M and N of the same chelate 
ring. 

Arguments in support of this parametrization 
stem also from structural evidence. The bond angle 
on the oxygen donor is 129.2(21) and 115.9(10)’ for 
six-membered j?Ala rings (from crystal structure 
data on six individual rings) and five-membered Gly 
rings (from crystal structure data on 13 individual 
rings), respectively.22 These angles together with 
bond lengths and angles around the carbonyl car- 
bon and torsional angles involving coordinated car- 
boxylate in Gly and PAla chelate rings22 define a 
local geometry which is consistent with a simple 
bonding picture comprising a formally sp2 oxygen 
donor (with its p-orbital perpendicular to the (r- 
framework) which is engaged in a partly delocalized 
n-system of the carbonyl group. 

The effective one-electron spin-orbit coupling 
constant for cobalt(II1) is not known but has been 
estimated29 to be in the range 500-600 cm-‘. The 
5 value of 580 cm-’ has been quoted both in a 
textbook3’ and in a more recent paper.31 We have 
followed Wilson and Solomon2’ and adopted an 
upper limit value of 600 cm- ’ which was kept fixed 
in all computations. 

GEOMETRIES 

Of 12 complex species studied in this work two 
have been previously characterized by X-ray struc- 
tural analysis : mer-Co(Gly),’ and mer- 
Co(BAla),. ” For the AOM analysis positions and 
orientations of donor atoms in these two mer iso- 
mers were taken from the crystal structure coor- 
dinates and M-L torsional angles, respectively. The 
correspondingfac isomers were generated by trans- 
posing the “trans” N-M-O rings of mer structures 
(rotation by 180” around the axis bisecting the 
N-M-O bite angle) and averaging to C,-sym- 
metry (cf. Fig. 1). 

Insofar as the chelate-ring size did not have sub- 

L 
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Fig. 2. Definition of bite (a), twist (w) and tilt (0) angles 
in an octahedral trigonal tris(bidentate) structure. 

stantial influence on individual M-L bond charac- 
teristics enabling one to use the common set of 
AOM parameters, it is critical in defining the donor 
atom positions in the coordinate frame of the cen- 
tral metal atom. The N-M-O angle (“bite angle”) 
is 85.3(8)’ for five-membered Gly rings and 94.3(6)’ 
for six-membered BAla chelate rings.22 Using the 
simple formulae of solid trigonometry pertaining to 
the rectangular tetrahedron defined by one ligator 
position in the coordinate frame of the metal atom 
(Fig. 2) it is possible to relate the bite angle to other 
geometrical descriptions32-35 which defme the 
coordination octahedron in a trigonal tris 
(bidentate) structure. Two independent geometry 
descriptors are needed to fully specify the coor- 
dination octahedron in a tris(bidentate) structure. 
In addition to the bite angle it is, therefore, common 
to define, for example either the twist angle (w)” 
or the tilt angle (Q3’ or the ratio s/h34 (here s = oc- 
tahedron edge, and h = octahedron height along 
the molecular C,-axis). From the above-mentioned 
crystal structures’,’ ’ we note that an increase in the 
bite angle is concurrent with an increase in w and a 
decrease in 8 and the s/h ratio. In other words, the 
change from five-membered Gly to six-membered 
j?Ala rings in tris(aminoacidato)cobalt(III) com- 
plexes gives rise to a trigonal elongation of the 
coordinate octahedron. A similar phenomenon is 
well-established both experimentally35 and com- 
putationally36,37 in tris(diamine)cobalt(III) com- 
plexes (Table 1). 

These structural regularities are observed in the 
construction of the&c structures (for x = 0 and 3) 
and the composite structures of “mixed” Gly-BAla 
complexes (x = 1 and 2). The latter eight structures 
were composed by placing the appropriate chelate 
ring (Gly or PAla) in the required sequence with 
respect to the (pseudo) three-fold molecular axis. 
Since the AOM analysis requires only the lig- 
ator coordinates this step was simplified by con- 
structing three coplanar lines radiating from the 
centre, 2x13 apart from each other, which are taken 
as bisectors of the bite angles, and by fixing ligator 
positions with respect to these lines according to 
chosen bite and twist angles (cf. Fig. 2). 
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Table 1. Deformations of coordination octahedra in 
tris(bidentate)cobalt(III) complexes with five- and six- 

membered metal chelate rings 

Structure” 

Octahedron 

[Co(en) 4 3 + 
[Co(tn) 31 3 + 
WGly)3 

Co(gAla) 3 

Bite Twist 
Ring angle angle 
size (u) (“) (w) (“) Reference 

90.0 60.0 
5 85.44 52.69 32,35 
6 94.51 62.34 32,35 
5 85.93 55.25 9 
6 94.16 61.83 11 

“Averaged to C,-symmetry. Abbreviations : en = 1,2- 
diaminoethane(N,N), tn = 1,3-diaminopropane(N,N), 
Gly = glycinato(N,O) ring, BAla = fi-alaninato(N,O) 
ring. 

DISCUSSION 

The ligand field spectra of tris(amino- 
acidato)cobalt(III) complexes consist of two 
broad bands.2-5,7*8v10 There is no doubt about 
their assignment to the two spin-allowed singlet 
transitions. However, like the majority of room- 
temperature solution spectra of cobalt(II1) com- 
plexes the low-symmetry components of the ‘T, 
and ’ T2 parentage overlap to such an extent that the 
spectra are of very little use for detailed analysis. In 
spite of the low information content of the available 
experimental data the present analysis did reach 
conclusions concerning the questions raised in the 
introduction, demonstrating the utility (but also the 
limitation) of the AOM approach in a frequently 
encountered situation with respect to the available 
spectroscopic evidence. 

In an attempt to overcome the lack of sufhciently 
accurate information about the component peak 
positions in the observed spectra, we have sup- 
plemented the initial (exploratory) optimization of 
ligand field parameters by introducing qualitative 
comparison between the observed and computed 

* Mainly the results of crystal structure analyses of p- 
alaninato(N,O) chelates including the systems with sub- 
stituted and fused rings. Cf. Ref. 22. 

VA conformational analysis of tris(amino- 
acidato)cobalt(III) complexes based on the consistent 
force field (CFF) approach3”3* is being carried out 
in parallel. Preliminary results show that @Ala rings 
are very flexible and that with conventional” para- 
metrization equilibrium conformations do not always 
correspond to those which emerge from crystal structure 
studies. A full account of this work will be presented 
elsewhere. 

spectral profiles. Although, such an approach 
required an introduction of additional degrees of 
freedom in the model, the fact that we are dealing 
with a complete set of 12 members of the Co(BAla), 
(G~Y)~._~ (X = 0, 1, 2 or 3) system enabled us to 
rely not only on the transferability of ligand field 
(and AOM) parameters within the series but also 
on the transferability of these additional variables 
required for spectra simulation (i.e. relative inten- 
sities and band half-widths), thus eliminating some 
of the uncertainty inherent in the analysis. 

Parameter optimization was carried out by gradu- 
ally increasing the number of structures taken into 
the study simultaneously. It consisted of the fol- 
lowing steps. We have first considered the simplest 
of the structures, namely fat-Co(Gly),, and have 
varied F2, F4 and AOM parameters for nitrogen 
and oxygen donors, one at a time, mapping the 
parameter space in sufficiently wide intervals for each 
parameter. 

Parameter fitting was not attempted at this stage 
because the number of parameters exceeded by far 
the experimental information. However, this search 
disclosed various patterns of dependence of cal- 
culated band positions on ligand field parameters 
which, in combination with general physico-chemi- 
cal experience, such as e,(N) > e,(O) > e,(O), helped 
in defining the most probable narrow ranges for 
each of the parameters. With a moderately good 
parameter set the analysis was extended to mer- 
Co(Gly), and, upon further (but not complete) 
refinement, to both fat- and mer-Co(~Ala)3. The 
analysis showed that the basic spectral features7,” 
(e.g. greater splitting of the ‘T1 and ‘T2 levels, and 
a greater splitting of both levels in mer than infac 
isomers) are well reproduced. We look at this well- 
known result as a starting point for the further analy- 
sis of spectral features which are not easily explain- 
able within a conventional ligand field treatment: 
namely, at this stage we were not able to reproduce 
the significant difference in the splitting pattern of 
‘T1 level between mer-Co(Gly), and mer- 
Co(BAla),.7 Different mode of deformation of the 
coordination octahedron in these two systems obvi- 
ously does not exert sufficient infhtence on the elec- 
tronic energy levels of cobalt(II1) ion to account for 
the observed spectral properties. 

However, the other principal difference between 
five- and six-membered aminoacidato chelates is the 
conformational flexibility of /IAla rings in the latter 
systems. Experimental* and computationalt results 
show sufficient grounds to argue that six-membered 
BAla metal chelate rings may adopt conformations 
having different endocyclic torsional angles. Look- 
ing at the M-O interaction, the range of ener- 
getically accessible ring conformations are char- 
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(a) (b) (cl (d) 

Fig. 3. Simplified sketches of Gly(N,O) and jIAla(N,O) metal chelate rings showing: (a) an almost 
planar Gly(N,O) ring with oxygen-donor p-orbital perpendicular to the ring (in this case XI’) plane; 
and (b), (c) and (d) a range of BAla(N,O) ring conformations spanning a x/2 interval of torsional 
angles around the M-O bond. The energetically favourable “twist-boat” form (c) is intermediate 

between two “boat” forms, (b) and (d). 

acterized with a substantial variation in the M- 
O torsional angle and, therefore, in the M-O 7c- 
interaction. If the M-O torsional angle in an almost 
planar Gly ring is taken as zero, its value (and thus 
the orientation of the oxygen donor p-orbital with 
respect to the metal atom coordinate system) in the 
BAla ring may vary in the range of -60” to +60” 
(Fig. 3). 

The adopted AOM parametrization [e,*(O) # 0 
and e,,,(O) = 0] together with the consideration of 
torsional angles around the M-O bond in mer- 
Co@Ala), taken from the result of crystal structure 
analysis” do in fact predict the differences in the 
splitting of the octahedral ‘T, state between mer- 
Co(Gly), and mer-Co(BAla)3 which accord with the 
experimental data. 

In the next step a full optimization of ligand field 
parameters was performed simultaneously on all 
four “non-mixed” species using the SPIRAL algor- 
ithm. This was necessary in order to ensure that the 
number of parameters be less than the number of 
observable band positions to be fitted. The resultant 
best-fit parameters are given in Table 2. 

With calculated band positions and intensities 
and a constant band half-width the simulated spec- 

Table 2. “Best-fit” parameter set“ optimized on four non- 
mixed isomers of Co(fiAla),(Gly),_, (x = 0 and 3) (in 

cm-’ x 10’) 

e,(N) = 8.0b 
e,(O) = 7.4 
F2 = 1.12 
c = 0.6 

e,,(O) = 1.7 
F., = 0.102 

“Parameters not shown were zero. See Para- 
metrization. 

bOptimization did not change significantly the value 
of this parameter (initially taken from Ref. 21). 

’ Kept constant in this work. Cf. Ref. 21. 

tra are in full agreement with the experimental ones 
(Table 3 and Fig. 4). 

In order to apply the concept of anisotropy of 
the M-O interaction in our AOM scheme the orien- 
tation of the oxygen donor with respect to the 
M-O bond axis has to be specified. As this infor- 
mation is lacking for thefac isomer of Co@Ala), 
we have attempted to look at the variation of cal- 
culated energy levels offac-Co(j?Ala)3 for a range 
of plausible ring conformations within the approxi- 
mation of C3 molecular symmetry. The results (Fig. 

16 16 20 22 24 16 18 20 22 24 

~~ 

16 18 20 22 24 16 18 20 -22 24 

WAVENUMBERlcm-I 103 

Fig. 4. Comparison of the experimental band shape for 
the ’ T,, +- ‘A ,g transition of: (a)fuc- and mer-Co(Gly), 
(Refs 2 and 1 l), and (d)fac- and mer-Co(BAla), (Ref. 7) 
with the simulated band shape for : (b) fat- and (c) rner- 
Co(Gly), ; and (e)fuc-, and (f) mer-Co(/IAla),. Note the 

nonlinearity of the wavenumber scale in (d) (Ref. 7). 
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Table 3. Comparison of the observed (Obs.) and calculated (Calc.) energies of ligand field transitions 
of Co(BAla),(Gly),_, (x = 0 and 3) isomers (in cm-’ x 103) 
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Isomer 

i T,, + ‘A ,g transition ’ T, + ‘A ,g transition 

Obs. Calc. P Assignment6 Obs. Calc. P Assignment 

x = 0, fat 18.77 0.87 
19.2 19.21 1.73 

x = 0, mer 18.6 17.12 0.86 
19.08 0.86 

=20 21.09 0.65 

x = 3, fat 19.0 18.99 1.73 
19.25 0.87 

.K = 3, mer 17.6 17.46 0.76 
18.64 0.84 

=20 21.11 0.87 

A2 
E. 
A2 
B, 
B2 

ELI 
A2 

-42 

BI 

B2 

26.7 26.85 0.82 
27.01 1.64 

25.93 0.82 
26.9 27.03 0.82 

27.91 0.82 

26.59 0.82 
27.0 27.13 1.65 

25.90 0.81 
27.0 27.01 0.82 

27.96 0.82 

Al 
Eb 
Al 
82 

B1 

Al 

& 

Al 

B2 

BI 

a P is a transition probability calculated with the “spin-only” formula of Schroeder (cf. Ref. 18). 
b The predominent Cs, and CzU parentage forfac and mer configurations, respectively. 
’ Shoulder. 

5) obtained with the “best-fit” parameter set (Table 
2) show that although A and E components of the 
IT, and ’ T2 octahedral parentage are sensitive to 
the variation in the M-G torsional angle their bar- 
icenter changes only slightly. It is close to the exper- 
imentally observed value for a range of ring con- 
formations. Variation in the difference in energy 
between baricenters from ‘TI and ’ T2 is too small to 
be used for comparison with the observed spectrum. 

Reversal in the order of A and E levels on an 
energy scale as a function of chelate ring con- 
formation (cf. Fig. 5) is of no consequence for the 
interpretation of electronic spectrum under the 
assumption of the Oh holohedrized symmetry of the 
fuc isomer but might be of interest in optical-activity 
studies. 

As a final step, the “best-fit” parameter set (Table 
2) was used to calculate the energy levels of “mixed” 
tris(aminoacidato)cobalt(III) complexes. Again 
having no experimental indication about the PAla 
ring conformations in the “mixed” species the twist- 
boat form [cf. Fig. 3(c)], being one of the ener- 
getically favourable forms,* was assumed in all 
cases. Immediate results were encouraging: they 
showed that simulated spectra of the triads of mer 
isomers in both series (i.e. for x = 1 and 2) are 
indeed different. Moreover, the differences are-in 
a qualitative way-similar to the observed ones in 
most cases (Fig. 6). 

* See footnote t on p. 95 1. to the plane defined by the 0, M and N of that ring. 

CONCLUSIONS 

An ultimate justification for the present analysis 
would be the possibility of assigning geometrical 
configurations to the mer isomers of “mixed” 
Co(BAla),(Gly),_, species (x = 1 or 2). However, 
the available spectroscopic data are not suhiciently 
informative to provide the required degree of 
reliability in such assignment. Furthermore, it 

Cp (M-01 

Fig. 5. Variation of energy levels with M-O torsional 
angle infac-CoGAla), having C3 molecular symmetry. 
Zero torsional angle is defined for a conformation in 
which the porbital on the oxygen donor is perpendicular 
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(a) n mer-3 

/\\ 

mer -2 

n 
mer-1 

I. I, I, I. I 1 
16 18 20 22 24 

I, I, I, I, I, 

16 18 20 22 24 

kto; kiNeol 
~~~~ 

16 18 20 22 24 16 18 20 22 24 

WAVENUMBER / cm-l 103 

Fig. 6. Comparison of the experimental band shape for 
the ’ Tt c- ‘A ,g transition of: (a) three mer isomers of 
Co(Gly),(BAla) numbered in the elution order (Ref. S), 
and (c) three mer isomers of Co@Ala),(Gly) numbered 
in the elution order (Ref. S), with the simulated band 
shape for: (b) mer(N,N)-, mer(O,O)- and mer(N,O)- 
Co(Gly),CgAla), and (d) mer(N,N)-, mer(N,O)- and 
mer(O,O)-Co(flAla)z(Gly). For the nomenclature of mer 
isomers see caption to Fig. 1. For the comment on assign- 

ment see Conclusion. 

would be rational to base the assignment on com- 
bined data from different experimental techniques 
together with the AOM modelling. The results dis- 
cussed above are, in fact, not intended to offer an 
assignment, but rather to demonstrate that a com- 
pact AOM parametrization related in a natural way 
to the local features of the ligand field of the cobalt 
(III) ion in those systems is indeed able to account 
for the d-d spectral pattern and differences among 
the 12 isomers of Co(BAla),(Gly),_,. This para- 
metrization is built on the idea of metal-carboxylate 
n-anisotropy which is proved to be successful in 

*One complete ligand field calculation with 210 
wavefunctions requires 4 s of CPU on the Cray- 1. 

providing the link between chelate ring con- 
formation and electronic properties, and con- 
venient with respect to the transferability among 
the related systems. At least two possible lines of 
further development of this AOM approach are 
envisaged. One is to refine the conformational 
analysis of @Ala chelate rings in order to reduce the 
range of possible ring conformations, and hence the 
interval for plausible M-O torsional angles. The 
other is to strive to obtain more information from 
Ad spectra (e.g. at low temperature) and thus to 
improve the accuracy in the refinement of AOM 
parameters. By extending this kind of analysis to 
other systems (in particular to conformationally 
restricted ones) we hope to accumulate the body of 
knowledge about AOM parameters necessary for 
the AOM to become an efficient complementary 
tool for stereochemical studies in transition metal 
chemistry. 
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Abstract-The solvent effect on the synergic extraction of praseodymium(II1) and neo- 
dymium(II1) with 1-phenyl-3-methyl-4-benzoyl-Spyrazolone (HPMBP, HA) and l,lO- 
phenanthroline (phen, B) from a nitric acid medium have been studied by two-phase 
titration and the slope analysis method. It is found that the synergic reaction in the organic 
phase (denoted by subscript o) can be expressed as follows : 

LnA,HA, + B, = L&B, + HA,. 

The synergic equilibrium constants (e) in four different solvents were determined by 
experiment and calculated on the basis of the regular-solution theory. By comparing the 
theoretical and experimental values of In K, good agreements were observed in the x-donor 
solvent series of benzene, toluene and xylene, but not in carbon tetrachloride. 

Recently the solvent effect on the synergic extrac- 
tion with acetylacetone (acac-H) and 1, lo-phen- 
anthroline (@hen) has been quantitatively discussed 
on the basis of the regular-solution theory by Nak- 
amura et al. ’ Li and Xu have also studied the sol- 
vent effect on the synergic extraction with l-phenyl- 
3-methyl-4-benzoyl-.5-pyrazoline (HPMBP, HA) 
and neutral ligands by the two-phase titration 
method, but they have announced that the regular- 
solution theory is too simple to be extensively appli- 
cable-2 In this paper, we try to apply the regular- 
solution theory to the synergic extraction system 
with HPMBP and phen in four inert organic sol- 
vents-benzene, toluene, xylene and CC14. We 
found that, when extracting with HPMBP alone, 
the extracted chelate complex forms a self-adduct 
in the organic phase and the synergic agent phen 
competes with the undissociated form of the chel- 
ating acid HA in the synergic extraction equilibrium 
just as reported elsewhere.3 In the system studied 
the regular-solution theory can be applied sat- 
isfactorily to the benzene, toluene and xylene sol- 
vent series, but with some restrictions to Ccl.,. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Reagents 

HPMBP was obtained in A.R. grade and purified 
by recrystallization from 1: 3 chloroform-pet- 
roleum ether (m.p. 91-92°C). phen of A. R. grade 
was used as obtained. 

The rare earth stock solution was prepared by 
dissolving a known amount of neodynium or 
praseodymium oxide (99.99%) in concentrated 
nitric acid, evaporating to near dryness and diluting 
to a certain volume. The accurate concentration of 
rare earth ions was determined by titration with 
EDTA using xylenol orange as indicator. The work- 
ing solutions were buffered with 0.01 M NaAc, the 
pH value adjusted to about 4 and the rare earth 
concentration was diluted to 1 x lop4 M with 0.1 
M NaN03 solution. 

The four organic solvents were purified by ordi- 
nary methods4 and the purity was checked by index 
of refraction. The experimental values (1.4970 for 
xylene, 1.4965 for toluene, 1.5010 for benzene and 
1.4593 for CC13 were very close to that in the litera- 
ture. 5 
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Apparatus 

The concentration of rare earth ions in the aque- 
ous phase was determined with a 721 spectro- 
photometer. 

The pH value was measured with a pH S-3C pH 
meter. 

Determination of the partition coeficiency (Ps) and 
the acid dissociation constant (Kus) of phen 

We adopted the two-phase titration method of 
Dyressen’j to determine P, by titrating a mixture of a 
0.025 M phen organic solution and a 0.1 M NaNO, 
aqueous solution with a 0.1000 M standard HN03 
solution (Nz protected) potentiometrically. KHs was 
determined by titrating similarly a saturated sol- 
ution of phen in a 0.1 M NaNO, solution but in 
the absence of the organic phase. The end point was 
determined by Gran’s method. 7 

Extraction ofPr(II1) and Nd(II1) 

Equal volumes (10 cm’) of the aqueous and 
organic solutions were placed in a 50-cm3 stoppered 
beaker and stirred with magnetic stirrer for 10 min. 
(It has been proved by experiment that the result is 
just the same with shaking in an equilibrium tube 
for 1 h and the equilibrium can be achieved.) The 
concentration in the aqueous phase was determined 
spectrophotometricallyS and the concentration in 
the organic phase was determined by the sub- 
traction method. 

RESULTS AND DISCUSSION 

P, and Kus of phen 

We have adopted all the symbols used by Li and 
xu6 but made some modifications to the 
expressions to suit the phen system. 

In the following expressions ( ) and [ ] indicate 
concentration and activity, respectively, subscript o 
denotes species in the organic phase, and no sub- 
script denotes species in the aqueous phase. For 

simplicity the charge symbols are omitted. 

(phen) 
PKHS = pH-logcphenHIT (1) 

(phenH) = 
VHNO,CHNO,- VNaOHCNaOH 

V 

+ (OH)-(H), (2) 

CH = (H)+(phenH), (3) 

A= VHN03CHN03+V(OH)- VU-9 

KC&en 
9 (4) 

-PH. (5) 

In the absence of the organic phase : 

Cphen = (phen) + W=nW, 

PKHs=PH 

-1% 

c,h,,v~--HNO,c,NO,+V(H)-V(OH) 

c v 
HNO, HNO,-V(H)+V(OH) . 

(6) 

The dissociation constant (pK& of phenH can be 
calculated from eqn (6) to be 5.00, just between the 
literature values of 5.04’ and 4.96.9 The P, can be 
calculated from eqns (4) and (5). The results are 
shown in Table 1. Those of xylene and toluene were 
first determined in this paper, and those of Ccl4 
and benzene are very close to the literature values. ’ 

The solubility parameter of phen (6,) was cal- 
culated according to the relationships deduced by 
Li and Xu based on the Hildebrand regular-solution 
theory. 6 

Q,=logR’+V”6: 2 V,& 
= -6,+K, (7) 

4.575T 4.575T 

where Iz’ = P,/( lOOOd/M), V, is the molar volume 
of phen (142 ml mol- ‘),I and 6, is the solubility 
parameter of the solvent. We plotted Qs against 6, 
and by linear regression the intercept b = - 14.06, 
the slope m = 2.45 and the correlation coefficient 

Table 1. Partition coefficients and other parameters of phen 

Solvent 60 Log p, Log 1’ v,s,’ Q, 
4.515T 

Benzene 9.15 0.51 -0.5411 8.87 8.33 
Toluene 8.9 0.32 -0.6535 8.40 7.74 
Xylene 8.8 0.20 -0.7106 8.21 7.50 
cc14 8.6 0.16 -0.8555 7.84 6.98 
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log (HAL, 

Fig. 1. Extraction of Pr(II1) with various C, in different 
organic solvents : (1) Ccl.,, (2) benzene, (3) toluene, and 

(4) xylene. 

I = 0.9996. From eqn (7) : 

m4.575T 
h= 2v . 

s 

The calculated 6, of phen equals 11.56 (at 20”(Z), 
slightly lower than that in the literature. ’ 

Exruction ofPr(II1) and Nd(I1) with HPMBP 

We had studied the extraction of rare earth ions 
by HPMBP in chloroform” and the results agreed 
with those of Roy and Nag. ’ ’ In this paper we have 
changed the solvent to Ccl.,, benzene, toluene and 
xylene. The results are shown in Figs 1 and 2. 

By the slope analysis method the composition of 

I I I I I I 
-2.1 -2 -1.9 -1.8 -1.7 

log (HAL, 

Fig. 2. Extraction of Nd(II1) with various C, in different 
organic solvents : (1) CCL,, (2) benzene, (3) toluene, and 

(4) xylene. 

the extracted complex is proved to be LnAsHA. 
The extraction equilibrium can be expressed as 

Ln3++4HA, = LnA3HA,+3H+, (8) 

K 
X 

= (L~AsHA),(H+)~ 
(Ln”)(HA): ’ 

log KX = log D - 3pH - 4 log (HA),. 

In the presence of acetate ions, log D must be cor- 
rected by 

log D = log Dcexp,.) + log Y, 

log Y = 1 + i /3AAc-)i. 
I 

We treat our data according to the following 
expressions’ to calculate the solubility parameters 
(a,,) of LnA3HA : 

1% Bo3 I o = log %x + 3p&+ log &, (9) 

M,dz VHA~: 
Q31o = W%,o+logd,M2 + 4.575T 

%AVMA 
= 4 575T So+K (10) 

where VMA = VL~A,HA. VMA can be calculated by 
comparing with that of Dy(acac), and Y(acac), 
(269 cm3 mol-‘),l VHA = 241 cm3mol-‘,6 and 
V,, = M/d = 102.57 cm3 mol-‘. 

V acac: VITA = VLn(aca~)~: vLnAn,. 

Substituting the known values into the above equ- 
ation, we get vr,,A, = 632 cm3 mol- ‘. Then : 

VMA = VLnA,+ VHA = 873 cm3 mol- ‘. 

The calculated log /I:, o and Q 3L o of PrA3HA and 
NdA3HA are shown in Table 2. 

When we plot Q3 1 o against 6, we get two nearly 
straight lines. The slope of each line calculated by 
linear regression equals 14.77 and 14.69 for 
PrA3HA and NdA,HA, respectively. From 
expression (10) the slope equals 2v&&/4.575T, 
so we can get the &A of PrA,HA and NdA3HA. 
The values are 11.34 and 11.28, respectively. 

We also plot log j?: i. against 3pK,,+log Kd, 
when the relationship between benzene, toluene and 
xylene is nearly linear. 

Synergic extraction of Pr(II1) and Nd(II1) with 
HBMBP and phen 

By the slope analysis method, the compositions 
of the synergic extracted complexes are proved to be 
PrA3B and NdA3B, the same as in the chloroform 
system (see Figs 3-6). 
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Table 2. Log El ,, and Q3, ,, of PrA$IA and NdA3HA 

0 From Ref. 6. 
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hi%,, Q~IO 

22.27 77.49 
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22.42 77.64 
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Fig. 3. Synergic extraction of Pr(II1) with various Cu, 
and constant Cain different organic solvents. (1) benzene, 
(2) toluene, (3) xylene, and (4) Ccl,. C, = 1 x 10S4 M, 

Y, = log D - log (B),. 
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Fig. 4. Synergic extraction of Nd(II1) with various C, 
and constant Ca in different organic solvents : (1) xylene, 
(2) toluene, (3) benzene, and (4) Ccl+ C, = 1 x 10F4 M, 
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Fig. 5. Synergic extraction of Pr(II1) with constant C,, 
and various Ca in different organic solvents : (1) benzene, 
(2) toluene, (3) xylene, and (4) CCL. C,, = 5 x 10V4 M, 

YHA= log D - 3 log (HA),. 
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Fig. 6. Synergic extraction of Nd(II1) with constant C,, 
and various C, in different organic solvents : (1) xylene, 
(2) toluene, (3) benzene, and (4) Ccl,. C,, = 5 x 10m4 

Y, = log D - log (B),. M, Y,, = log D - 3 log (HA),. 
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The synergic extraction equation can be written 
as: 

Ln3++3HA,+B, = LnA3B,+3H+, (11) 

(Lr&B),(H+)3 
Ks.e, = (Ln3’)(HA)3(B)0 ’ 

DY[H’]3 

0-W%% 

log &,,. = log D - 3pH - 3 log (HA),, - log (B),, 

log D = log DCexpj + log Y. 

Let [Ln(III)10 be the concentration of combined 
Pr(II1) or Nd(II1) in the organic phase. Then the 
equilibrium concentration of HA and B in the 
organic phase can be calculated from the following 
expressions : 

(HA) 

’ 
= &A - 3[Ln(111k 

l/W +KI[HI) ’ (12) 

CB - [Ln(lll% 
(B)o = 1 + (1 + [H]/K,,)P, ’ 

(13) 

We can use the same method to get the solubility 
parameters for the extracted complex from the fol- 
lowing expressions : 

h3/%,1 = log Ks,. + ~PK,E+ log P,, (14) 

Q301 = W:o,+logd,M2 + 4.575T 

2dMSvMS 
= 4575T b+K (1% 

where VMs is the molar volume of the synergic 
extracted complex : 

V,, = V,,,+ V, = 774cm3mol-‘. 

The calculated log$,,, and Q30, of PrA3B and 
NdA,B are shown in Table 3. 

When we plot Q301 against 6, we also get two 
nearly straight lines. By linear regression we get 
the slope m = 12.58 for PrA3B and m = 12.46 for 
NdA3B. From the slope expression we get 

&,.,s = 10.89 for PrA3B and 6Ms = 10.79 for NdA3B. 
When we plot logB”,,, against 3pK,,+log P,, the 
relationship between benzene, toluene and xylene is 
also linear. 

Synergic extraction in the organic phase 

The synergic extraction reaction in the organic 
phase can be assumed to be : 

LnA,HA,+B, = LnA3B,+HA, (16) 
or 

MA,+& = MS,+A,, 

and the constant of the synergic extraction reac- 
tion can be expressed as log K,. Since : 

eqn (16) = eqn (Il)-eqn (8), 

log K, = log KS,,, -log Kx. (17) 

The solvent effect on this synergic extraction can be 
quantitatively discussed by considering the activity 
coefficients of the different species in the four sol- 
vents. A thermodynamic equilibrium constant (Kt) 
is defined as follows : 

,,=xMSxA YMSYa KxYMSY. 

' XMAXS YMAYS ' YMAYS' 
(18) 

The activity coefficient y can be calculated from the 
equation based on the Hildebrand regular-solution 
theory for a very dilute solution. 1 

In ye = &SC-&)‘. 

From the molar volume and solubility parameters 
of the four species in eqn (16) the activity coefficient 
can be calculated according to eqn (19). When we 
plot In Kt against ln(yMsyA/yMAyS) the intercept 
equals the thermodynamic equilibrium constant (In 
Kf) and the theoretical In Kz can be calculated from 
the following equation : 

1nK; = lnE+lnE. 

The results are shown in Tables 4 and 5. 

(20) 

Table 3. Log &,, and QsO, of PrA,B and NdA3B 

PrA3B NdA3B 

Solvent 3p&+log P, log $30, Qrot lois #Go, Q301 

Benzene 23.10 26.22 75.25 26.41 75.44 
Toluene 22.61 25.69 72.20 26.03 72.54 
Xylene 21.83 24.86 70.40 25.32 70.86 
ccl, 22.06 25.01 68.45 25.23 68.67 
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Table 4. Extraction equilibrium constants of Pr(II1) 

Solvent log k;, log K,,. log K, In K,“(exp) ln E In Kc(calc.) 

cc14 -3.44 2.95 6.39 14.72 -5.21 17.01 
Xylene -4.18 3.03 7.21 16.60 -4.78 16.58 
Toluene -4.05 3.08 7.13 16.42 -4.56 16.36 
Benzene -3.75 3.12 6.87 15.82 -4.01 15.81 

Linear regression : b = 11.70, m = - 1.028, r = -0.9983 (except for CCl3. Adjusted 
In Kt = 11.80. 

Table 5. Extraction equilibrium constants of Nd(II1) 

Solvent log &, log K.,. log K, In K:(exp) ln s In Kf(calc.) 

ccl, -3.30 3.17 6.47 14.90 -5.31 17.18 
Xylene -3.77 3.49 7.26 16.72 -4.87 16.74 
Toluene -3.75 3.42 7.17 16.51 -4.65 16.52 
Benzene -3.60 3.31 6.91 15.91 -4.07 15.92 

Linear regression: b = 11.77, m = - 1.017, r = -0.9999 (except for CCl3. 
Adjusted In k = 11.87. 

Dingrong of Chemistry Department, Anhni Normal 
University. 

The plots of InKi against ln(yMsYa/YhnAYs) are 
close to a straight line with a slope of - 1 for xylene, 
toluene and benzene, but not for CCL,. Again the 
calculated values of 1nK; are in good agreement 
with the experimental constants for xylene, toluene 
and benzene, but not for CCL, (Tables 4 and 5). 
The abnormal behavior in CC& can be rationalized 
by the followingcomparison. 

In the extraction by HPMBP, the values of 
log& are in such order : Ccl4 > ben- 
zene > toluene > xylene. However, in the synergic 
extraction the log& of the reaction in the organic 
phase are in the reverse order: xylene- 
> toluene > benzene > CCL+. This experimental 

fact confirms that in the synergic reaction phen 
competes with HA. The more stable the self-adducts 
LnA,HA, the more difficult is the formation of 
LnA,B. But why the LnA3HA self-adduct is most 
stable in CC& is a question to be further investigated. 
We can conclude that, in the system studied, the 
regular-solution theory can be applied to the n- 
donor solvent series of benzene, toluene and xylene, 
but not to CCL,. We agree with Li and Xu in saying 
that the Hildebrand regular-solution theory is too 
simple to be widely applicable but it is still useful 
for systems in different inert solvents which are very 
similar in structure. 
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Abstract-The distribution equilibria of Cd(I1) from 0.1 mol dmp3 KN03 with mixtures 
of 4-methyl-N-8-quinolinylbenzenesulphonamide and- the organophosphorus compounds 
tri-n-butylphosphate (TBP) or tri-n-octylphosphine oxide (TOPO) dissolved in toluene have 
been investigated. The composition of the extracted species and values of the corresponding 
stoichiometric extraction constants have been deduced following both graphical and 
numerical treatments of experimental data. Synergic effects are bigger with TOP0 than 
with TBP in agreement with its greater ability to displace water molecules from the coor- 
dination sphere of the metal ion. 

The commercial extractant reagent LIX 34 
(Henkel Corp.) was introduced by Kordosky et 
al. ’ and its chemical structure, an 8-alkaryl- 
sulphonamidoquinoline, and synthesis were dis- 
closed by Virnig2 in 1977. Although more emphasis 
has been given to the LIX 34Cu(II) system, includ- 
ing equilibria, kinetic studies and pilot plant evalu- 
ations, ‘*3-5 the extraction of some other metals 
including Zn(II), Cd(II), Pb(I1) and Hg(I1) has also 
been reported.“” Synergic effects on the extraction 
of Zn in the presence of neutral donors have been 
claimed although no data on the composition of the 
extracted species has been indicated.9 No synergism 
was found when mixtures of LIX 34 and carboxylic 
or alkylphosphoric acids were employed.3*8 The 
present work was undertaken in order to explore 

* Author to whom correspondence should be addressed. 

the existence of synergism on the extraction 
of Cd(H) with mixtures of 8+ulphonamidoquino- 
line derivatives and neutral donors. The synthe- 
sized reagent 4-methyl-N-8-quinolinylbenzene- 
sulphonamide was chosen as a model compound 
closely related to the active component in LIX 3412 
but available in a higher state of purity, and there- 
fore allowing the determination of significant con- 
stant values, which are of paramount importance in 
the design of any liquid-liquid extraction 
procedure. Some chemical and extractive properties 
of the reagent have been published elsewhere.‘“” 
The organophosphorus compounds tri-n-butyl- 
phosphate (TBP) and tri-n-octylphosphine oxide 
(TOPO) have been chosen since their interaction 
equilibria with the reagent are known. l6 On the 
other hand their different basic properties allow one 
to study the influence of the basicity of the neutral 
donor on the extraction equilibria. 

963 
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EXPERIMENTAL 

Reagents and solutions 

4-Methyl-N- 8 - quinolinylbenzenesulphonamide 
was synthesized and purified as described 
previously. I7 TBP (Merck p.a.), TOP0 (Eastman- 
Kodak p.a.) and toluene (Scharlau p.a.) were used 
as received. Stock solutions containing Cd(I1) were 
prepared in distilled deionized water from 
Cd(N03, * 4H20 (Merck p.a.) and its ionic content 
was checked by evaporating an aliquot and weigh- 
ing the residue. All other chemicals used were of 
analytical-reagent quality and used without further 
purification. 

Experimental technique 

Equal volumes (10 cm3) of both organic and 
aqueous phases were mechanically shaken in special 
stoppered test tubes at 293 & 2 K for at least 40 min. 
Preliminary experiments had shown that equi- 
librium was reached in about 20 min with both 
synergic mixtures. The aqueous phase con- 
tained 5.0 x lo- 4 mol dm- 3 Cd(I1) in 0.1 mol dm- 3 
KN03. The concentration of 4-methyl-N-qui- 
nolinylbenzenesulphonamide was 1 .O x 1 O- * mol 
dm- 3 whereas the concentration of the organo- 
phosphorus compounds was varied in the ranges 
2.3x 10-*-7.8x 10-l mol dmp3 for TBP and 
2.0x 1O-3-1.Ox lo-’ mol dmm3 for TOPO. 
Organic mixtures had been preconditioned with the 
proper nitrate solution prior to use in order to avoid 
volume changes. After phase separation by cen- 
trifugation, the H+ concentration in the aqueous 
phase was evaluated potentiometrically using a com- 
bined glass electrode. The distribution coefficient 
(D), defined as the ratio between the total organic 
and aqueous metal concentration, was determined 
after removing aliquots of both phases for analysis 
of Cd(I1) by A.A.S. The copper content of the 
organic phase was measured by stripping the metal 
into 1 .O mol dm- 3 sulphuric acid. All the data which 
did not fulfill the mass balance for cadmium within 
4% were rejected. 

RESULTS AND DATA TREATMENT 

The extraction of Cd(H) from nitrate medium 
with the synergic mixtures of 4-methyl-N-S-qui- 
nolinylbenzenesulphonamide (HR) and the organo- 
phosphorus compounds TBP or TOP0 (gen- 
erically denoted as S), can be represented by the 
following general equilibrium : 

Cd*+ + rN0; +pHR,,, + q&r, 

= Cd(NWrR$q,org + PH+ 9 (1) 

where the absence of polynuclear metal complexes 
and molecules of the chelating agent solvating the 
extracted species has been implied. Both facts have 
been proved in a former work” when studying the 
extraction of several metal ions, including Cd(II), 
from the same ionic medium using the chelating 
reagent in toluene. 

The distribution coefficient of the metal ion can 
be expressed as : 

where h stands for [H+] and Kipg is a conditional 
extraction constant defined by : 

Kpq = &x&i’, (3) 

I& being the stoichiometric equilibrium constant 
for reaction (1) and ‘xcd the side-reaction coefficient 
of the metal ion due to the formation of nitrate 
complexes in the aqueous phase. 

Experimental data of type IogD =f(pH) 
obtained at constant chelating agent concentration 
and different concentration levels of the two organo- 
phosphorus compounds are shown in Figs 1 and 
2, respectively. From the slope values (ranging from 
1.84 to 1.90) of the straight lines obtained, and 
taking into account the electroneutrality condition 
of the extracted species in the organic phase, it can 
be inferred that the stoichiometric coefficients of the 
predominant extracted complex have the values 
p=2andr=O. 

According to eqn (2), values of the stoichiometric 
coefficient q can be deduced from the plots of the 
function log D-p log VR] =f(log [S],,J obtained at 
constant pH values. Distribution coefficient data for 
the plots were obtained from the intercepts of the 
experimental log D = f(pH) with straight lines par- 

IogD 
CHR =QOlmoLdm’3 

CTBp mol.dm-3 

0 7.84 10-l 
& 04.84 10-l 

lti CJ8.28W2 0 2.25 

C, 2.33 1r2 

-l.O- 

PH 
4.0 ’ 5:o ’ 6:0 

Fig. 1. 1ogD vs pH for Cd(I1) extraction at constant 
chelating reagent and different TOP0 concentrations. 
Continuous lines were drawn using constants given in 

Table 1. 
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Fig. 2. 1ogD vs pH for Cd(I1) extraction at constant 
chelating reagent and different TBP concentrations. Con- 

tinuous lines were drawn using constants in Table 1. 

allel to the abscissa axis. Taking into account the 
proved monomeric behaviour of the reagent in tolu- 
ene ” the free-extractant concentration used in the 
~10;s was calculated from the mass balance of the 
reagents : 

G = [Slo& +B~$Wo& (4) 

C,, = [HR],,,( 1 + Ki ' + K,;'Kt; 'h 

where K,, K,, and Ka2 are, respectively, the dis- 
tribution and acidity constants of the chelating 
reagent, and fi, , represents the equilibrium constant 
for the formation of the 1: 1 adduct between the 
chelating agent and the organophosphorus com- 
pounds in the organic phase. Values of these con- 
stants had been previously determined. 16*19 In the 
above mass balances, the concentration of the 
extractants bound to the metal ion has been dis- 
regarded since a high extractant/metal concentration 
ratio was used in the experiments. 

I IogD-2loglHRI,, 
, 

I log ITBPI,, 
-2:o r -l:o ’ 0:o 

Figure 3 shows that the plots of the experimental 
function log D - 2 log P-W, = f(log PlorJ at 
different pH values follow, in both systems, an 
upward curve when increasing the concentration of 
the organophosphorus compounds, having a limit- 
ing slope value of 1. Consequently, the main 
extracted species seems to have the stoichiometries 
CdR2 and CdR$, respectively. 

In order to confirm the validity of this extraction 
model, and determine the values of the extraction 
constants, a grahical curve fitting treatment was 
carried out. According to the model eqn (1) will 
take the form : 

D = G,dHRl~r,~- * + K62 ,[HRl~r,[%rg~- *. (6) 

Equation (6) can be rearranged and reduced to : 

Y= 1+X, (7) 

Y and X being the following normalized variables : 

Y = DK&,‘[HR];;h*, (8) 

K = K’,,&;,‘L%,. (9) 

Since the experimental function log D-2 log 

ITWo, = f(h K%rJpH and the theoretical log Y 
= log (1 +x) = f(log X) only differ in constant 
values : 

(log D - 2 log [HR],,,) -log Y = log K&, + 2pH, 

(10) 

log X-log [S],, = log Ks,,K&,,', (11) 

from the differences in both axes in the position of 
best fit between the functions (Fig. 3), values of 
log Kbzo + 2pH and log K&K&,’ were, respect- 
ively, deduced. The straight lines, slopes close to 
2 and 0, respectively, obtained when plotting the 
former differences as a function of pH are in agree- 
ment with the proposed model. As an example of 

Fig. 3. Position of best fit between the theoretical log Y =J(Iog X) (continuous lines) and experimental 
data log D-2 log[HR], = f(log[S],& at different constant pH values in the presence of TBP 

or TOPO. 
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30 

2.0- i/ 

PH 

510 5% 

Fig. 4. Differences on both axes between experimental 
and theoretical functions in Fig. 3 as a function of pH. 

the plots, Fig. 4 shows the ones obtained for the 
extraction of Cd(I1) in the presence of TOPO. 
Graphical values of the stoichiometric extraction 
constants were calculated from the conditional 
values derived in the former treatment and pub- 
lished cadmium nitrate complex constants.” Table 

1 shows the values of the extraction constants 
graphically derived. 

The experimental data were finally treated 
numerically by means of the LETAGROP-DISTR 
program” in order to refine the values of the extrac- 
tion constants as well as to look for new models of 
species which could improve the goodness of the fit. 
The error square sum (U) extended to the total 
number of experimental data (iV,) and defined as : 

was used in the minimization process. D,, represent 
the experimental distribution coefficient and Dcalc, 
the corresponding value calculated by the program 
for the model tested after solving the mass balance 
equations of the components of the system. There- 
fore, the best model is the one which gives the lowest 
values of both U and the mean standard deviation 
a(logD) = (U/zQ’? 

The calculations were performed taking the set of 
species and extraction constants graphically derived 
as the starting input and considering the influence 
on the minimized function when partially varying 
or adding new species to the model. The results 
obtained are summarized in Table 2. 

Table 1. Values of the stoichiometric equilibrium constants for the extraction of Cd(I1) with mixtures of 4- 
methyl-N-8-quinolinylbenzenesulphonamide (HR) and the organophosphorus compounds TBP or TOP0 

dissolved in toluene 

System 
Method of 
calculation 

Cd/HR-TBP 

Cd/HR-TOP0 

Graphical -8.33 -6.93 - 

LETAGROP -8.44k0.22 -6.89f0.04 - 5.57 (max - 5.05) 

Graphical -8.13 -4.87 - 

LETAGROP - 8.50 (max - 8.30) -4.90+0.02 -5.31 (max -4.99) 

Table 2. Results of the numerical calculations with the LETAGROP-DISTR 
program for the different models tested 

Species Cd(NO,),R,S, 
(r,p,q) 

S = TBP 

Umin ~(108 D) 

S = TOP0 

Qni, W8 D) 

@,2,0), (W, 1) 0.043 0.036 0.122 0.037 
(0,2,0), (0,292) 0.727 0.146 4.780 0.230 
(0,2,0), (LLI) 0.495 0.121 0.192 0.046 
(0,2,0), (0,2,I), (I,I,O) 0.041 0.035 0.112 0.035 
(0,2,0), (0,2,I), (I,I,I) 0.043 0.036 0.121 0.037 
(0,2,0), (0,2,I), (I,I,O), (I,I,I) 0.043 0.036 0.120 0.037 

B Proposed model. 
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Two species models different to the one graphi- 
cally derived give rise, in both systems, to worse fits 
of the experimental data. However, the inclusion in 
the model of the mixed complex Cd(N03)R 
improves the fit to the data and eliminates sys- 
tematic errors. The existence of the mixed species 
can explain the slight deviations to lower values 
than 2 of the slopes of the log D = f(pH) data for 
all the concentrations of TBP and TOP0 studied. 
The values of the equilibrium extraction constants 
calculated by the program are shown in Table 1 and 
are in good agreement with the values graphically 
deduced. 

CONCLUSIONS 

The extraction of Cd(H) from nitrate medium 
by mixtures of 4-methyl-N-quinolinylbenzene- 
sulphonamide and the organophosphorus 
compounds TBP or TOP0 dissolved in toluene 
takes place mainly by the formation of the 
chelate CdR2 and the adduct CdR$. Exper- 
imental data in both systems are better explained 
by the inclusion in the model of the mixed species 
Cd(N03)R. Although support by independent 
methods should be desirable to conclude about its 
presence, it should be pointed out that mixed species 
of this type have been also postulated in the extrac- 
tion of several metal ions, including Cd(I1) with 8- 
sulphonamidequinoline derivatives.‘*,” Moreover, 
a similar complex has been proved to be even pre- 
dominant in the extraction of Cu(I1) with 4-methyl- 
N-8-quinolinylbenzenesulphonamide in the pres- 
ence of TBP.23 On the other hand, a fairly good 
agreement between the values of its extraction con- 
stant have been found in the present work in the 
two systems studied. 

On the basis of the extraction data, the constants 
for the adduct formation in the organic phase (Bs) 
represented by the reaction : 

CdRzorg + Sorg = CdW& (13) 

mainly responsible of the synergic effect in the 
systems, were calculated taking into account that : 

Ps = &2IJG. (14) 

A higher constant value and consequently a 
larger synergic effect was obtained with TOP0 
(logp, = 3.60) than in the presence of TBP 
(log/& = 1.55). The result is in agreement with the 
order of basicity and the capacity of water dis- 
placement of the organophosphorus compounds. 
The different synergic efficiency can be appreciated 
in Fig. 5, where the percentage of Cd(I1) extraction 
as a function of pH has been plotted in the absence 
and presence of the solvating extractants. 

Fig. 5. Percentage extraction of Cd(I1) as a function of 
pH with the chelating reagent and the synergic mixtures. 
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Abstract-Iron(II1) amino acid complexes of general composition Fe(amino 
acid)(OH)Cl - 2CH30H were synthesized and investigated. The analytical and other physical 
data support this formulae. The spectral, variable-temperature magnetic and Miissbauer 
data suggest the presence of a spin equilibrium involving S = f and S = 2 spin states, and 
this is attributed to the large distortions in the compounds. 

Investigations on iron(II1) amino acid complexes 
have been very few compared to other transition 
metals, probably due to the preparative difficulties 
of these compounds. Of the few iron(II1) amino 
acid complexes known, DL-methionine has been 
reported to yield either 1 : 1 or 1 : 3 compounds.‘,’ 
Trimeric iron(II1) compounds have been reported 
for some other amino acids.3’4 Since the available 
structural data on either 1: 1 or 1 : 3 type amino 
acid complexes are very limited, it was decided to 
investigate them systematically as part of our gen- 
eral investigations on the amino acid complexes.5-7 
Attempts to repeat the synthesis of 1: 3 type com- 
plexes by the procedure given earlier2 were unsuc- 
cessful, an observation made previously also. ’ This 
paper describes the syntheses of and investigations 
on 1: 1 type iron(II1) complexes by spectral, mag- 
netic and Miissbauer methods. 

EXPERIMENTAL 

Methanol and ether were distilled over 
Mg(OMe)2 and LiAlH,, respectively, before use. 
All the preparative work was carried out under 
dry nitrogen. Preparation of all the complexes was 
carried out by a general procedure as given below. ’ 

Preparation of the lithium salts of amino acids 

A mixture of amino acid (10 mmol) and lithium 
hydroxide (12 mmol) in methanol (30 cm’) was 
stirred at 50°C for 30 min. The unreacted lithium 

* Author to whom correspondence should be addressed. 

hydroxide was filtered off and the filtrate on cooling 
gave the lithium salt as a white solid. This was 
filtered and dried in vacua. 

Preparation of the iron(II1) complexes 

To a stirred solution of the lithium salt of amino 
acid (5 mmol) in methanol (20 cm3) was added 
anhydrous iron(II1) chloride (5 mmol) in methanol 
(10 cm3). On addition of ether (100 cm’) to the 
resultant reddish brown solution a pale yellow com- 
plex separated out, which was filtered and dried. 
The complex was purified from methanol and ether. 
Some compounds are highly hygroscopic and hence 
some of the physical measurements could not be 
done on them. The variable-temperature magnetic- 
moment data on some selected compounds are 
given below. The compounds are represented by 
their composition with the abbreviated form of the 
amino acid. These abbreviations are explained in 
Table 1. 

Variable-temperature magnetic-moment data (T in 

K, CL~,T in BW 

Fe(met)(OH)Cl * 2CH30H : 295, 3.49 ; 240, 3.3 ; 
200, 3.10; 160, 2.89; 110, 2.59; 86, 2.47; 44, 2.37; 
28,2.22; 14,2.12. 

Fe(leu)(OH)Cl - 2CH30H : 297, 3.49 ; 260, 3.30 ; 
220,3.04; 190,2.83; 165,2.63; 140,2.43; 120,2.25; 
100,2.06; 88, 1.92; 78, 1.90. 

Fe(his)(OH)Cl * 2CH30H : 297, 3.49 ; 240, 3.43 ; 
200,3.28; 160, 3.15; 130, 3.00; 110,2.89; 85,2.75; 
60,2.59; 40,2.56; 30, 2.40; 22,2.31 ; 16, 2.26. 
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Table 1. Analytical, TGA and conductance data of Fe(amino acid)(OH)Cl * 2CH ,OH compounds 

Compound” 

Analytical data” 
TGA datab 

%C % H % N % Cl Fe (% wt change) Conductance’ 

Fe(met)(OH)Cl - 2CH,OH 

Fe(leu)(OH)Cl - 2CH xOH 

Fe(val)(OH)Cl * 2CH30H 

Fe(his)(OH)Cl - 2CH30H 

Fe(asn)(OH)C1*2CH,OH 

Fe(phe)(OH)Cl - 2CH,OH 

Fe(trp)(OH)Cl - 2CH,OH 

Fe(ala)(OH)Cl - 2CH 30H 

Fe(pro)(OH)Cl * ZCH,OH 

26.4 5.2 
(26.2) (6.0) 
31.5 6.8 

(3 1.7) (7.0) (t $ 
29.5 6.6 4.1 

(29.1) (6.6) (4.9) 
29.1 

(29.4) :::, (K) 
23.5 5.4 9.8 

(23.7) (5.3) (9.2) 
39.6 5.2 

(39.2) (5.7) (:::, 
d 

e 

e 

11.4 
(11.1) 
11.5 

(11.7) 
12.5 

(12.3) 
10.7 

(10.9) 
11.3 

(11.7) 
10.2 

(10.5) 

17.4 
(17.2) 
18.4 

(18.5) 
19.5 

(19.4) 
16.9 

(17.1) 
18.7 

(18.4) 
16.6 

(16.6) 
14.3 

(14.9) 

21.1 
(20.8) 
22.1 

(20.6) 
19.6 

(18.8) 
21.1 

(20.4) 
19.0 

(19.7) 
17.0 

(16.0) 
24.8 

(23.8) 
22.3 

(21.5) 

63 

65 

60 

d 

d 

60 

54 

79 

64 

‘met = methionine, leu = leucine, val = valine, his = histidine, asn = asparagine, phe = phenylalanine, 
trp = tryptophan, ala = alanine, pro = proline. 

b Numbers in parentheses correspond to theoretical values. 
‘In mho cm2 mol- ‘. 
dNot done. 
e Hygroscopic and hence not measured. 

Fe(asn)(OH)C1*2CH,OH : 297, 3.21; 244, 3.10; 
200,2.98; 160,2.72; 130,2.58; 110,2.48; 84,2.29; 
60, 2.12; 40,2.02; 30, 1.96; 25, 1.95; 16, 1.90. 

Fe(phe)(OH)Cl * 2CH30H : 297,3.49 ; 238,3.32 ; 
204, 3.14; 160,2.94; 130,2.78; 110,2.66; 85, 2.46; 
40,2.12; 32,2.05; 18, 1.94. 

C, H, N and Cl analyses were done by the Aus- 
tralian Microanalytical Service and Fe content was 
estimated gravimetrically by the oxine method. 
Room-temperature magnetic-susceptibility meas- 
urements were done on a Bruker BM-6 suscep- 
tibility set up and variable-temperature measure- 
ments using a Sartorius microbalance. IR spectra 
were recorded on a Perkin-Elmer Model 297 Spec- 
trophotometer and ESR spectra using a JEOL JES 
FE-3X spectrometer. A PARC 6001 Photo Acous- 
tic Spectrometer was used for electronic spectra of 
solids whereas solution measurements were carried 
out on a Cary 17D Spectrophotometer. Mijssbauer 
spectra were recorded employing a constant-accel- 
eration Elscint drive in conjunction with a mul- 
tichannel analyzer (Promeda). Differential scanning 
calorimetry was done using a Perkin-Elmer DSC- 
4. 

RESULTS AND DISCUSSION 

The analytical data are presented in Table 1 on 
some selected compounds only since other com- 
pounds are highly hygroscopic. The data agree with 
a general composition of Fe(amino acid)(OH) 
Cl - 2CH30H, where amino acid stands for the cor- 
responding monoanion. The presence of chlorine is 
confirmed from the analytical data. The con- 
ductances of these complexes in methanol is of the 
order N 60 mho cm* mall ‘, and are given in Table 
1. A reasonable range of conductance values for 
1 : 1 electrolytes’ is 80-l 15 mho cm* mol- ‘. Ther- 
mogravimetric analysis showed a weight loss cor- 
responding to two molecules of methanol. The 
TGA data are given in Table 1. Differential scan- 
ning calorimetric experiments on a few selected 
compounds support the TGA results. There is a 
broad band at - 3400 cm-’ in the IR spectra of 
the complexes. Although such bands are associated 
with OH groups, this cannot be considered as a 
conclusive proof for its presence since the OH 
groups of the solvent CH30H molecules can also 
give a band at this position. The overall com- 
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position satisfies the +3 oxidation state of the acid), have been reported to be octahedral high- 
metal ion in the complexes. spin complexes with peff values of - 5.6 BM.’ 

The room- and low-temperature magnetic- 
moment values are collected in Table 2. The room- 
temperature magnetic-moment values are in the 
range 3.2-3.5 BM. The two known compounds 
Fe(met)(OH)NO, * 2CH30H and Fe(met)(OH)Cl* 
2CHSOH are reported to have pL,8 values of 6.39 
and 4.21 BM, respectively. ’ On the basis of this 
observation, the nitrato compound was assigned 
an octahedral geometry with iron in the +3 oxi- 
dation state. No explanation was given for the low 
pGff value of the chloride complex. The trimeric 
iron(II1) amino acid systems of general composition 
[Fe,O(amino acid)6(H20)J(N03), have ,uerr values 
in the range 2.8-3.6 BM. The Fe3+ centre in these 
compounds is in octahedral geometry and hence peff 
values of - 5.9 BM would have been expected for 
them. The low peRvalues have been attributed to the 
antiferromagnetic interactions in these trinuclear 
systems.4 The 1: 3 complexes of type Fe(amino 

The room-temperature peff values of 3.2-3.5 BM 
reported in Table 2 for the present compounds are 
too small for high spin (S = 4) complexes (~~,r - 5.9 
BM) or too large for low spin (S = 4) iron(II1) com- 
plexes (P,~ - 2.00 BM). For iron(II1) compounds 
of intermediate spin (S = j), the expected peff value 
is - 4.0 BM. The intermediate perr values observed 
for the present iron(II1) amino acid complexes can 
result from : (i) antiferromagnetic type interactions 
assuming a trimeric structure, (ii) a spin equilibrium 
between the low- and high-spin states, and (iii) a 
quantum mechanical mixing of spin states. 
However, a trimeric structure4 of type [Fe,O(amino 
acid)6(H20)3]C17 does not fit with the analytical 
data and hence is not considered for discussion. The 
second and third alternatives differ in that the spin 
equilibrium systems contain molecules which have 
two magnetically distinguishable pure spin states,g 
whereas the spin-admixed system contains only a 

Table 2. Magnetic-moment, electronic and Mijssbauer spectral data of Fe(amino acid)(OH)Cl - 2CH,OH compounds 

Compound 

Electronic spectral 
data’ [v (E)] 

Solid Solution 

Miissbauer spectral 
data’ 

6 AE 
(mm s-i) (mm s- ‘) 

Fe(met)(OH)Cl * 2CH90H 3.49 2.12 10,900 10,sOO (1) 0.79 0.60 
(74) (12) 21,500 21,500 (105) (0.92) (0.73) 

Fe(leu)(OH)Cl * 2CH30H 3.49 1.9 11,000 10,500 (1) 0.77 (74) 21,700 21,300 (180) (0.94) (%) 
Fe(val)(OH)Cl * 2CH30H 3.19 d 11,000 10,500 (1) 0.75 0.65 

(56) 21,300 21,500 (175) (0.80) (0.79) 
Fe(his)(OH)Cl * 2CH30H 3.49 2.26 11,100 e 0.75 0.66 

(74) (13) 2 1,500 
Fe(asn)(OH)Cl - 2CH30H 3.21 1.90 10,500 e 0.72 0.64 

(58) 21,300 
Fe(phe)(OH)Cl - 2CH30H 3.49 1.94 10,900 10,500 (1) 0.71 0.68 

(74) 21,500 21,500 
Fe(trp)(OH)Cl - 2CH 30H 3.40 (1,’ 11,100 f 0.79 0.63 

(68) 21,500 21,500 (165) 
Fe(ala)(OH)Cl - 2CH30H 9 10,700 10,300 (1) 0.75 0.65 

21,500 21,500 (175) 
Fe@ro)(OH)Cl * 2CHxOH 9 10,200 10,500 0.79 0.63 

21,300 21,500 (255) 

“Values in parentheses correspond to percentage high spin. RT = room temperature, LT = low temperature. 
‘v in cn- ‘, E in 1 mol- ‘. 
‘At 297 K. Numbers in parentheses correspond to values at 88 K. 
‘Not measured. 
e Insoluble. 
‘Not observed. 
g Highly hygroscopic. 
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BM for the low-spin state (S = 0 configuration and 
3.9 BM for the intermediate-spin state (S = $), 
the room-temperature peff value of 3.49 BM for 
Fe(met)(OH)C1*CH30H would suggest 26% of 
S = 4 and 74% of S = $ spin population. For other 
compounds also, the percentage composition is 
of the same order. 

The electronic spectra were recorded both in the 
solid phase and in methanol solution. In general, 
the electronic transitions for iron(II1) systems are 
spin-forbidden and hence weak, and are often 
masked by charge-transfer bands. However, in sev- 
eral spin-equilibrium systems, the high-spin (S = $) 
form has been characterized by a transition at 
- 18,00~20,000 cm- ’ and the low-spin (S = f) 
form by another transition at - 14,OO(r16,000 
cm-‘.17~‘8*25 For a few cases with S = 4 ground 
state a band at - 10,000 cm-’ is reported.26 For 
the equilibrium S = 4 G= S = 4, the broad electronic 
band at - 10,000 cm- ’ can be of 4E --* 6A origin26 
and the - 20,000 cm- ’ shoulder can be tentatively 
assigned to the 2T2 + 2TI, 2A transition of the low- 
spin system.24*27 

Miissbauer spectra have been investigated for all 
complexes to further characterize their structures. 
Representative Miissbauer spectra are presented in 
Fig. 2. The isomer shift (6) and quadrupole splitting 
(AE) values at room temperature are collected in 
Table 2. The 6 values are N 0.6 mm s- ’ (wrt SNP) 
and the AE value - 0.78 mm s- ‘. These compounds 
show one quadrupole doublet at all temperatures. 
For systems with equilibrium, two types of 

I I I I I J 
1.0 00 IO 2.0 

Velocity (mm s-9 

Fig. 2. Mijssbauer spectra of Fe(met)(OH)Cl - 2CHXOH : 
(A) at 297 K, and (B) at 88 K. 

Miissbauer spectral pattern can arise, depending on 
the relaxation time relative to the effective qua- 
drupole period. If the time required for relaxation 
from one spin state to the other is larger compared 
to the quadrupole period, then a spectrum charac- 
teristic of individual spin states is observed. If the 
relaxation time is less than the effective quadrupole 
period, an averaged spectrum results. 

Several iron(II1) dithiocarbamato complexes, 
shown to be cases of low-spin-high-spin equilib- 
rium, show an averaged Mosshauer 
spectrum. 24*28,29 This has been explained on the 
basis of distortion in the compounds. For instance, 
in a ligand field of perfect cubic symmetry, the 
energy levels simply cross and, since there is no 
interaction between the states, Mtissbauer spectra 
should be a superimposition of the spectra of two 
individual states. When the ligand field has a lower 
than cubic symmetry, spin-orbit coupling allows 
the states to mix, resulting in rapid exchange 
between the low- and high-spin states. An averaged 
Miissbauer spectrum results from this.2r’ Alter- 
natively, a single mixed spin state can also provide 
an averaged Miissbauer spectrum. However, 
Miissbauer data cannot distinguish between 
them. 24 

It should be pointed out that the AE values for 
these compounds are relatively low compared to 
AE values of 2-3 mm s- ’ reported for several S = 
4 or S = j systems.30p3’ However, there are also 
several known cases of low and intermediate spin 
with AE values of less than 1 mm s- ’ and values 
ranging from 1 to 2 mm s-1.13,30*3’ When the tem- 
perature is lowered, the quadrupole interaction 
increases and there is an increase in the linewidth of 
the peaks (AE - 0.9 mm s- ‘). The low-temperature 
Mossbauer data are also shown in Table 2. In 
fact, AE is expected to increase as the population 
of the low-spin state increases at low tempera- 
tures. The broadening of the linewidths results 
from the increased spin-lattice relaxation times. At 
liquid-nitrogen temperature (88 K), Fe(met)(OH) 
Cl - 2CH30H contains about 84% of the low-spin 
form and 16% of the S = 2 form (deduced from 
peff values). 

The ESR spectrum of a polycrystalline sample 
of Fe(met)(OH)Cl - 2CH30H gave a line with an 
effectiveg value of 4.21 and another very broad line 
at a g value of 1.99. The g values for a few other 
compounds are : Fe(val)(OH)Cl* 2CH30H, 4.35 
and 2.04 ; and Fe(leu)(OH)Cl - 2CH,OH, 4.28 and 
2.05. For iron(II1) systems with an S = 2 ground 
state in axial symmetry, ESR lines are observed, 32,33 
with effective g values of 4.61 and 2.0. Although 
for the Fe(met)(OH)Cl - 2CH30H type compounds, 
S = 3 is not the ground state, it is inferred to be 
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energetically close to the ground state. This might 
induce ESR transitions similar to those with S = j 
ground states. 

Thus the experimental results can be summarized 
to suggest the existence of an S = 3 state thermally 
accessible to S = 4, which is the ground state con- 
figuration, thereby providing the spin-crossover 
possibility. This results from the large distortions 
in the complexes. 
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Abstract-A visual determination of the phase diagram of the MgC12-AlC13 system reveals 
the formation of two intermediate compounds. One of these compounds is MgAl,Q 
crystallizing with a monoclinic unit cell, space group 12/c, with dimensions a = 12.873(l) 
A, b = 7.8959(7) A, c = 11.617(l) A, B = 92.348(8)” and z = 4. The two crystal modi- 
fications of anhydrous magnesium chloride and the lattice parameters of aluminium chloride 
have been reexamined. Lattice energies for a- and /3-MgC12 have been measured, respec- 
tively, as 661(l) and 646(4) kcal mol- ‘. The liquidus curve on the acidic side has been used 
to estimate the activity of aluminium chloride. Fourier-transform IR spectra of melts with 
compositions ranging from 0 to 30 mol% MgCl, have been interpreted in terms of A1&16, 
strongly perturbed Al,Cl; and AlCl; entities. In particular, the tetrachloroaluminate ion 
acts as both a tri- and a bidentate ligand towards Mg 2+. Neutral species, e.g. Mg(A1C1J2 
and Mg(A12C1,)(AlCl,)C1, dominate in the melt. Ab initio molecular-orbital calculations 
have been performed to obtain a better understanding of the Mg2+ * * . AlCl; interaction. 

The MgCl*-AlCl, system is of considerable fun- 
damental and industrial importance. Anhydrous 
MgCl, is used as a support material in third-gen- 
eration Ziegler-Natta catalysts for production of 
stereoregular polypropylene. More recent MgC12 
supports have been modified with AlCl,, ‘s2 whereas 
the chloroaluminate species in the molten and gase- 
ous states are related to new aluminium processes. 3 
As part of a more general spectroscopic inves- 
tigation of the complex formation of AlC13 in 
molten chlorides,“6 the present system represents 
an extension to a highly polarizing counterion. 

A previous investigation of the phase diagram of 
MgC12-AlC13 (O-30 mol% MgCl,) by Kendall et 
aL7 indicated the formation of a 1 : 2 compound. 
However, the narrow range and limited number of 
data prompted the present redetermination of the 
liquidus curve. Belt and Scott8 confirmed the for- 
mation of magnesium chloroaluminate (MgAl,Cl,) 
by X-ray powder diffraction and pointed out a pos- 
sible isomerism with COA~~C~~.~ 

Anhydrous MgC12 has been known to exhibit two 
different crystal modifications, a high-temperature 

*Author to whom correspondence should be addressed. 

form” (a-MgC12) made from thermal decompo- 
sition of hydrates and a low-temperature modi- 
fication’ ’ (/?-MgCl,) produced by chemical dehy- 
dration. An extensively milled MgCl,, as employed 
for the support material of third-generation 
Ziegler-Natta catalysts, may be looked upon as a 
mixture of the two forms. Action therefore was 
taken to determine any difference in the closest 
coordination sphere of magnesium and to measure 
accurate lattice parameters. 

EXPERIMENTAL 

The high-temperature cc-form of MgClz was pre- 
pared by decomposition of magnesium chloride 
hexahydrate (99%, E. Merck AG, F.R.G.) in a flow 
of HCl gas (25600°C) followed by 3 times vacuum 
distillation (1OOO‘C) in quartz cells. b-MgC12 
was produced by chemical dehydration of 
MgC12 * 6H2O in refluxing thionyl chloride (75°C) 
for 3 days. Excess SOC12 was distilled off, and the 
product dried in vacua AlC13 (99%, Fluka AG, 
Switzerland) was purified by 3 times distillation in 
sealed quartz tubes. 

Needle-shaped crystals of MgA12ClB were syn- 
thesized by fractional crystallization. A mixture of 
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2.5 mol% a-MgCl, in AlCl, was kept at 190°C for 
12 h and then melted at 250°C in a tilting furnace 
to ensure a homogeneous mixture. The quartz tube 
with the melt was quenched in ice-water. The mix- 
ture was again melted in a zone refinement furnace, 
and MgAl& was solidified as the cell was lowered 
at a rate of 0.6 mm h- ’ through the furnace. Alter- 
natively, single crystals were made from a 1: 3 mix- 
ture of MgCl, and A1C13 by gas-phase trans- 
portation from 230 to 170°C. Crystallization times 
were 12-80 h. Attempts to prepare the compound 
MgAICIS by these methods failed. 

The liquidus in the MgC12-AlCl, phase diagram 
was determined by visual inspection. The melting 
points in the acidic region of the diagram were 
observed while the quartz tubes with the mixtures 
were shaken in a nitrate bath. The temperature in 
the bath was increased by 0.2-0.5”C and allowed to 
stabilize for 5-6 h when approaching the melting 
point. On the basic side of the diagram, however, 
the melting points were observed visually in a shak- 
ing quartz furnace, giving a considerably larger 
uncertainty, particularly in the 50-70 mol% A1C13 
region. 

Neutron powder diffractograms were obtained 
by the OPUS III diffractometer accommodated at 
a radial channel of the JEEP II reactor (2 MW, 
central thermal flux 3 x 10’ ‘) at the Institute of 
Energy Technology, Kjeller. The monochromatic 
beam is produced by reflection from the (111) planes 
of a squashed Ge crystal, and has a wavelength of 
1.877( 1) A. The instrument utilizes a multidetector 
system consisting of five 3He detectors spaced 10” 
apart, and each of these covers a range of 80” for the 
diffraction angle (28). The detectors are cylindrical 
with diameter 5 cm and an active length of 20 cm. 
They are filled with 3He gas to a pressure of 4 atm. 
Each detector has a Soller collimator of 10’ opening 
angle with plates made of gadolinium oxide coated 
Mylar foils. The diffractometer is operated through 
a Mycron microcomputer which allows pro- 
gramming of both the temperature variation of the 
sample and the scanning procedure. A step length 
of 0.05” was used, and a range of 5-80” for the 
diffraction angle was recorded. The sample holder 
was an aluminium cylinder with inner diameter 
12 mm, wall thickness 1 mm and length 40 mm. 
The lid was sealed with Araldite glue. 

IR transmission spectra of the solid samples were 
recorded in the frequency range 300-800 cm- ’ with 
a Perkin-Elmer 580B ratio recording IR spec- 
trophotometer. The samples were Nujol sus- 
pensions between CsI windows. The resolution of 
the spectra is about 5 cm-‘. Far-IR spectra to 
50 cm- ’ were recorded with a Bruker IFS 113~ 
Fourier-transform IR spectrometer. The radiation 

source was an Hg lamp, the beam splitter a 6.0 
pm Mylar film, and the detector a He-cooled Ge 
bolometer. For the low-frequency spectra, the sam- 
ples were in a Nujol suspension between poly- 
ethylene windows. The spectra were recorded with 
96 scans, mirror velocity 0.235 cm s- ‘, resolution 
1 cn- I, and a triangular apodization function. 

The specular reflection spectra of the molten mix- 
tures were obtained with the Bruker IFS 113~ 
Fourier-transform instrument. The spectra were 
recorded of thin films (cu 1 pm) pressed against a 
diamond window (type IIA, D. Drukker & Zn., 
Amsterdam, Netherlands) by a gold-plated nickel 
piston. Details of the cell and procedure have been 
described previously. 6*1 ’ Thick samples (2-3 mm) 
were used as reference to avoid false band 
splitting. 13*14 The averaged spectra consisted of 500 
single scans obtained with a DTGS detector at a 
resolution of 8 cn- ‘. A 3.5~pm Mylar beam splitter 
was used in the frequency range 150-700 cm-‘, 
whereas a 12-pm Mylar was employed between 90 
and 210 cm-‘. 

RESULTS 

The phase diagram of MgCl*-A1C13 is drawn 
in Fig. 1 together with detail of the acidic region 

(&,,I, > 0.67). The diagram indicates the formation 
of two intermediate compounds. The presence of 
MgAlzCls was verified by X-ray and neutron pow- 
der diffraction, chemical analysis, morphology, IR 
and Raman spectroscopy and X-ray investigations 

4 

9 
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Fig. 1. The MgCl,-AIC13 phase diagram. 
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of single crystals. Attempts to prepare MgAlCl, 
failed. Neither could the possible existence of both 
a high- and a low-temperature modification of 
MgAl& be verified. The melting point of A1C13 
under its own equilibrium pressure was determined 
to be 193.8”C. 

The refinement of the crystal structures is based 
on a Rietveld analysis of the individual neutron 
powder diffraction patterns shown in Fig. 2. The 
calculations were performed by a computer pro- 
gram developed by Wiles and Young. ’ ’ In all analy- 
ses, the 2” ranges 46-48 and 54-56” were excluded 
to avoid contribution from the sample holder. 
Listings of diffraction angles and calculated and 
observed integral intensities of the reflections can 
be obtained from the authors. The complete profiles 
also are available. 

Solid MgC12 

Fourteen reflections with diffraction angles 
between 16 and 77” were the basis for the refinement 
of a-MgClz. The final R-factors were RB = 0.038 
(the error of fit for the integral intensities of all the 
considered reflections) and RpW = 0.121 (the error of 
fit for each measured point in the intensity profile 
weighted by the inverse square of their standard 
deviations). The obtained unit-cell parameters are 
given in Table 1. In this structure, the magnesium 
atom is placed at the origin, while the chlorine atom 
is in the special position (0.0.~). The final atomic 
position and isotropic temperature factors re- 
fined to z = 0.2551(2), B(Mg) = 1.9(2) and 
R(C1) = 1.4(l) A’. These values correspond to the 
scale factor C = 0.11 S(2), half-width parameters 
u = 3.2(l), u = - 1.8(l) and w = 0.34(2), preferred 
orientation parameter G = 0.27(l) and an asym- 
metry parameter applied for the first reflection 
A = 2.0(2). The preferred-orientation parameter is 
necessary in the structure determination of this 
compound because of the pronounced flake shape 
of the crystallites. 

20 30 03 50 60 70 80 
DIFFRACTION ANGLE, 2 EI(deg) 

111111 I, I I 

7654 3 2 

LATTICE SPACING. d(A) 

Fig. 2. Neutron powder diffraction patterns of the two 
crystal modifications of MgCl, and MgAlzCls. 

The intensity profile of /3--MgC12 in Fig. 2 shows 
that this compound is contaminated by a small 
amount of the a-phase. The refinement was per- 
formed by using separate scale factors for the two 
modifications and the already obtained structural 
parameters for a-MgCl,. The two scale factors 
refined to C(B) = 0.114(3) and C(a) = 0.0040(2). 
Because of the structural similarities, it was possible 
to calculate the amount of a-MgCl, as 9.5 mol%. 
The refinement of /?--MgCl, is based on 17 inde- 
pendent reflections in the 28 range l&80”, and the 
R-factors refined to RB = 0.061 and RpW = 0.337. 
The unit cell parameters have been included in 
Table 1. In the structure of jI-MgC12, the mag- 
nesium atom is placed at the origin, while the chlor- 
ine atom is in the special position (l/3, 2/3, z). The 
final atomic position z = 0.235(3) was obtained. 

Table 1. Unit cell parameters for the two modifications of MgCl, 

cc-MgCl, B-MgCl, 

Parameter Neutron X-ray ’ 6 Neutron X-ray ’ ’ 

a (4 
c CA) 

36435(l) 3.640(4) 3.6376(5) 3.641(3) 

V(A3) 

17.689(2) 17.673(H) 5.897(2) 5.927(6) 
203.4 202.8” 67.58 68.05 

$& (gcn-3) 2.332 2.339 2.339 2.323 
3 3 1 1 

Space group R3m R3m P3m P3m 

“Recalculated, different from the value given in Ref. 16. 
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The isotropic temperature factors were transferred 
from a-MgClz as attempts to refine them gave pre- 
posterous values because of the diffuse reflections 
in the diffractogram due to the small crystallites 
in the sample. The positional parameter and the 
temperature factors match the half-width par- 
ameters u = 14(2), v = - 16(2) and w = 5.3(4), and 
the preferred-orientation parameter G = 0.31(2). 
No significant improvement or change in structural 
parameters and RpW were obtained by using a 
Lorentzian profile function instead of the standard 
Gaussian one, although the half-width parameters 
were reduced to ca 4. 

The lattice energies for CI- and b-MgC12 were 
measured to 661(l) and 646(4) kcal mol- ‘, respec- 
tively. The low-temperature /I modification was 
found by differential scanning calorimetry to be 
metastable with a transition temperature of ca 
520°C at a heating rate of 20°C min- ‘. 

The IR spectra of the two modifications of anhy- 
drous magnesium chloride (Fig. 3) are virtually 
identical. The frequencies, relative intensities and 
assignments in terms of the D3,, factor group are 
407 m (v,+v~, E,), 372 m (v2+v3, E,), 329 sh 
(v,+vz-~3, &), 276 sh (v1+vq-v3, A,,+A&,), 
248 vs (vz, A,,,), 185 m (vq, E,), 140 w (vz+v3-v,, 
EJ and 126 w (v2-v3, EJ. It cannot be excluded, 
however, that some of the shoulders and weak 
bands appear due to traces of oxychlorides. 

Solid MgAlzCls and MgClr-A1C13 melts 

The suggested structure of MgAlzCls is based on 
c-axis oscillation and zero-level Weissenberg X-ray 

0 200 400 600 800 

WAVENUMBER (cm-'? 

Fig. 3. IR spectra of the two crystal modifications of 
MgClz and MgAl,Cl,. 

photographs of a single crystal. This crystal was 
not suitable for a complete single-crystal analysis 
because of extended mosaic structure. The unit- 
cell axes obtained from the X-ray photographs are 
comparable with the values for CoAlzCls obtained 
by Ibers.g Furthermore, the systematic extinctions 
(ho0 and OM) for h, k = odd and hM) for 
h-k = odd) can be explained by the space group 
for the cobalt compound, and the symmetry 
elements of the space group are reflected in the 
observed Laue symmetry. MgAl#& thus was 
assumed to be isomorphous with cobalt(I1) tetra- 
chloroaluminate (CoAl,Cl,), and the trial model 
was given atomic coordinates from this compound. 

The analysis of the neutron diffraction pattern 
for MgAlzCls (Fig. 2) was complicated by a rather 
large contribution from AlC13. The combined 
analysis of the total diffraction pattern for the two 
phases was initially based on the structural data for 
AlC13 taken from Ketelaar et al. I7 Since, however, 
their unit-cell dimensions gave calculated peaks dis- 
placed from the observed ones, it was necessary to 
refine the axes of A1C13 as well. In addition, the 
preferred-orientation parameter of AlCl, had to be 
varied independently. The refinement took into 
account 194 reflections for MgAlzCls and 73 reflec- 
tions for A1C13 in the 28 range 15-80”. The final R- 
factors were Rs = 0.018 for MgAlzCls, Rs = 0.011 
for A1C13 and RpW = 0.163. The parameters for the 
monoclinic unit cell of MgAl,C& with space group 
Z2/c and four formula units are given in Table 2 
together with results obtained for several iso- 
morphous compounds. ‘, Is3 lg Monoclinic unit-cell 
dimensions of AlC13 with space group n/m 
and four formula units are a = 5.933(2) 
A, b = 10.255(3) A, c = 6.180(4) A and 
/I = 108.24(3)“. 

The derived atomic positions for MgAl#& are 
given in Table 3. The y-coordinates of magnesium 
and aluminium were fixed in their ideal positions 
(0.00 and 0.25, respectively) during the refinement. 
Otherwise they would arrive at values (0.04 and 
0.22) leading to unlikely bonding distances without 
a significant better fit (Rp” = 0.159). The applied set 
of atomic coordinates corresponds to scale factors 
C(MgAl,ClJ = 0.058(l) and C(A1C13) = 0.073(4), 
common half-width parameters u = 3.3(2), 
u = - 1.8(2) and w = 0.36(4), common overall iso- 
tropic temperature factor B = 4.0(l) A’ and pre- 
ferred-orientation parameters G(MgAl,Cl,) = 
0.19(l) and G(AlC13) = 0.34(3). 

Because of the ill-conditioned y-coordinates of 
magnesium and aluminium compared with 
CoA12Cls [y(Co) = 0.0017(12) and y(A1) = 
0.2516(18)], another model, with the chain in the 
middle of the ab plane of the unit cell (Fig. 6) 
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Table 2. Unit cell parameters for isomorphous MAl,Cl, compounds (M = Mg, Co, 
Ni or Ti) 

Parameter Mg Co” Nib Ti 

a (A) 
b (A) 
c (A) 
B (“) 
v (A’) 
pcalc. (g cm- ‘) 

12.873(l) 12.81(2) 12.72( 1) 13.000(3) 
7.8959(7) 7.75(l) 7.672(7) 7.71 l(2) 

11.617(l) 1 lSO(2) 11.47(2) 11.772(3) 
92.348(8) 92.2(2) 92.2( 1) 92.2d 

1179.8 1141 1119 1179(l) 
2.037 2.308 2.353 2.171 

LI Reference 9. 
b Reference 18. 
’ Reference 19. 
dNot reported, but calculated from the given volume. 

translated one-half of the repetition length along 
the c-axis, was tried out. It turns out that only 
the y-coordinate of aluminium is altered. The new 
model has the space group C2/c, which explains 
equally well the observed systematic extinctions and 
Laue symmetry. However, the fit for the unit-cell 
axes was less satisfactory and the R-factors, stan- 
dard deviations and overall temperature factor 
increased. Hence, the first model was assumed to 
be correct, although some mixing of the two or lack 
of stoichiometry is possible. 

The IR spectra of solid MgAlzCls and MgClz 
are compared in Fig. 3. The IR reflectances of the 
different molten compositions are shown in Fig. 
4, whereas the wavenumbers of melts and solid 
MgAl& are listed in Table 4. 

DISCUSSION 

Solid MgCl 2 

The unit-cell dimensions for ol-MgClz obtained 
by neutron diffraction in this work compare excel- 
lently with the recent reinvestigation by X-ray 
diffraction (Table 1). This agreement gives us con- 
fidence in the somewhat less well defined wave- 
length of the neutrons compared to X-rays. For /?- 
MgC12, the discrepancy is larger. In particular, the 

Table 3. Atomic coordinates for MgAlzCls 

Atom x Y Z 

Mg 0 O.OOOO(-) l/4 
Al 0.0874(20) 0.2500(-) 0.5494(24) 
Cl(l) 0.1597(9) 0.4818(29) 0.6127(10) 
Cl(2) 0.1579(8) 0.0187(27) 0.6317(11) 
Cl(3) 0.0956(7) 0.2369(27) 0.3672(g) 
Cl(4) -0.0625(g) 0.2263(22) 0.6145(g) 

c-axis (and volume) found by Bassi ef al. ” seems 
too large. In this context it is pertinent to point 
out that a comparison between the Debye-Scherrer 
results of these authors with the lattice spacings 
calculated from the present unit cell axes, gives as 
good a fit as for the unit cell parameters from the 

0 200 400 600 
WAVENUMBER (CM-') 

Fig. 4. IR reflectance spectra of molten mixtures in the 
MgCl,-AlC13 system at 260-200°C. (A) AlCl; (C,,), 

(0) AlCl; (C,,), and (Cl) AW;. 
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Table 4. Observed IR frequencies (cm- ‘) for solid MgAl& and molten magnesium chloroaluminates” 

Solid 

MgALCls 
- 

552 vs 
502 sh 
476 sh 
468 vs 
457 vs 

347 m 
318 w 
271 s 
245 s 
211 w 
176~ 
165 w 
157s 
140m 
134 sh 
122vw 
108 w 
103 vw 
94 w 

70% 75% 80% 85% 90% 
AlCl 3 AlCl 3 AlC13 AlCl, AICl, AlC13 
260°C 250°C 250°C 250°C 200°C 200°C Interpretation of melt spectra* 

573 vs 575 vs 
498 sh 500sh 

465 s 
452 s 
404sh 409 sh 

374 sh 
341 m 340m 

288 m 294m 

172~ 172~ 174w 

146 w 

617 sh 617 sh 
599 sh 595 sh 

615 vs 
596 sh 

614 vs 

579 vw 
573 vs 
497 sll 
470 s 

453 s 447s 
410 sh 407 sh 
370 sh 374 sh 
341 m 340 m 
316m 320 m 
291 m 280 m 

148 w 

571 vs 
497 sh 
475 vs 

173 w 

147 sh 

500 sh 
472 vs 

442 sh 
410 s 
376 sh 
339 m 
315 m 

265 sh 

170w 

149w 

473 vs 

410 s 
383 sh 

316 m 

251 vw 

178~ 

145w 

Al&l, 64 
“wx (VI I) 
AWMv,z+v,,) 
M&W&). . . , Al% (~3 ; Czu, Cd 
&Cl; (v, A Al’X (~3; Cd 
Al#& (VIA 

Mg(AI,Cl,). . . , AlCl; (vj ; C,,) 

AlzCls (v,g), AlCl; (~3; C,,) 
Al& (v,+v,), A&l; (~5) 
Al&l; (v,), AlCAlCl; (v,) 

ALCl&17) 
Mg2+ . . . AlCl;, Cl-, Al&l, 

A12C45 (V~+VIO) 

A12Cls Cd, A12Cl; b), AW (v.,) 

-412% (v,dr A12Cl; 6~121 

“vs = very strong, s = strong, m = medium, w = weak, vw = very weak, sh = shoulder. 
*The numbering of fundamentals refers to the idealized Tr and D,bsymmetries of AlClh and Al,Cl;, respec- 

tively (see Ref. 6). For Al*&, see Ref. 25. Ionic entities are parts of neutral species. 

The layer structures (CdC12 and CdIz) of the two 
modifications of anhydrous MgClz both contain a 
two-dimensional net as a common structural unit. 
This unit, a Cl-Mg-Cl sandwich, has D,bsymmetry 
around magnesium. Distances and angles for a- 
MgClz are Mg-Cl = 2.518(2), Cl-Cl = 3.643(l) 
within a closed-packed layer, Cl-Cl = 3.477(2) 
between layers in a sandwich, Cl-Cl = 3.771(3) A 
between sandwiches and Cl-Mg-Cl = 87.31(7)0 in 
a sandwich. The values for the /&compound are 
within 2a(a) with the exception Cl-Cl(within 
layer) = 3.638(l) A. Thus, the difference between 
the two modifications is mainly due to the stacking 
of the Cl-Mg-Cl sandwiches along the c-axes ; a- 
MgC12 consists of a cubic close packing of anions, 
while /I-MgCl* is based on a hexagonal close pack- 
ing. Both modifications have the magnesium atoms 
placed in all octahedral holes between every second 
chlorine layer. 

The CdClz stacking arrangement found in the 
high-temperature a-modification gives a more ionic 
character because of closer secondary Mg2+-Cl- 

interactions. However, the ionic part of the lattice 
energy has been calculated by Hoppe” to be 589.7 
(a-MgC12) and 589.8 kcal mol-’ (B-MgC12). These 
values correspond to Madelung constants of 4.486 
and 4.481, respectively. In order to determine the 
influence of the packing sequence on the Madelung 
constant, a calculation was made on fi-MgC12 where 
the shape of the sandwiches, and the distance 
between them, were as determined for a-MgCl,. 
The resulting Madelung constant is 4.472, which 
means that the cubic close packing has about 0.3% 
higher ionic character than the hexagonal arrange- 
ment. Even though the standard deviations of the 
structural parameters for /I-MgC12 are rather large, 
it may look as if the structure of this modification 
is adjusted to achieve a higher ionic lattice energy. 
The considerably larger difference21 in the Made- 
lung constants for CdC12 (4.489) and CdIz (4.382) 
using idealized structures is probably due to a 
different z-parameter. 

The interpretation of the IR spectra in Fig. 2 
of MgC12 can be understood from the correlation 
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Table 5. Correlation diagram for a- and fl-MgClT 

Factor Acoustic Optical 
Basis Site Sandwich group mode mode 

Mg &i &i &d 

T, A zu A __kz- A __‘a 

T. E 

2; 23, 

E _a -E _a 

-R- - 

2T; A, Azu- AZ,, T, T; (248) 

2T;, E - 2 - E Txy 2 T;$ (185) 

“Selected representations. IR activity is indicated by 
underlined symmetry species and Raman activity by 
underdashed species. 

diagram in Table 5. The same diagram is applicable 
for a- and fl-MgC12 as both have site symmetry DJd 

for magnesium, site symmetry Cao for chlorine, Dsd- 
symmetry for the structural unit (sandwich) and 
factor group D3+ There is only one formula unit in 
the Bravais cell, and thus a total of six optical and 
three acoustic modes are expected. An examination 
of the correlation diagram shows that two IR-active 
and two Raman-active vibrations are predicted. 
The observed far-IR frequencies for CI- and /I-MgC12 
are equal within the uncertainty limits, as expected 
from the structure determinations. The assignments 
in terms of IR-active fundamentals, v,(A,,) = 248 
and v@,,) = 185 cm-‘, and combination bands 
lead to the Raman-active fundamentals 
v ,(A ,& = 223 and v&E& = 125 cm- i. These values 
may be compared with the results of Anderson et 
al ” 243 (A lg), 225 (A,“) and 176 cm-’ (EJ. Note 
thl apparent interchange of the A Ig and AZu values. 
The Raman-active EB mode was not observed for 
MgCl*, but other isomorphous chlorides were 
reported to have the Eg frequency in the range 130- 
170 crnl.** 

Solid MgA12Cls 

The structure of MgA12Cls can be described 
within a hexagonal close packing of the chlorine 
atoms. Magnesium and ahuninium atoms are 
placed, respectively, in one-eighth of the octahedral 
and tetrahedral holes between alternating layers. 
The atoms are arranged in such a way that infinite 
chains of composition (MgAI,Cl& are formed with 
propagation direction along the c-axis of the unit 
cell. The site symmetry of the magnesium is C2, 
which is the symmetry of the infinite chain as well. 
The two-fold rotation axis is perpendicular to the 
chain, and intersects it through the magnesium 
atom. A drawing of the chain is shown in Fig. 5 

Fig. 5. The repeating part, C, of the in&& chain in 
MgAl,Cl,. The right drawing is turned 90” compared to 
the left and lacks the three upper and the three lower 

chlorine atoms for clarity. 

and interatomic distances are given in Table 6. The 
bonding distances comply well with the cor- 
responding values for CoA12Cls : ’ Co-Cl 3.45(l)- 
3.47(l) and Al-Cl 2.1 l(2)-2.19(2) A. The standard 
deviations do not allow elaborate discussions of the 
bonding within the MgC& and AlC& units. It is 
noteworthy, however, that the rather short chlor- 
ine-chlorine contact distance of 3.28 A is across the 
double chlorine bridge between Al and Mg (3.30 8, 
for CoA12ClB). 

Table 6. Interatomic distances (A) in MgAl&l, 

Bonding distances 

Mg-Cl(2) 2.50(l) Al--cl( 1) 2.17(4) 

Mg-Cl(3) 2.59(3) Al-Cl(2) 2.24(4) 

Mg-Cl(4) 2.49(3) Al-Cl(3) 2.13(3) 
Al-Cl(4) 2.11(3) 

Non-bonding distances within the chain 

AlCl, group Between groups 

Cl(WCl(2) 3.66(3) Cl(2+~1(3) 3.52(2) 

Cl(WCl(3) 3.52(2) Cl(2>--cl(3) 3.84(2) 

Cl(lWJ(4) 3.50(2) Cl(2>-cl(4) 3.63(2) 

Cl(2)--cl(3) 3.58(2) Cl(2>-cl(4) 3.63(2) 

Cl(2)--cl(4) 3.28(2) Cl(3)--cl(3) 3.60(l) 

Cl(3)--cl(4) 3.59(2) Cl(3)--cl(4) 3.69(3) 
Cl(4>-cl(4) 3.48(l) 

Non-bonding distances between chains 

WlHJ(2) 3.71(2) Cl(l>--cl(3) 3.82(2) 

Cl(l)-Cl(2) 3.77(2) Cl(l)--cl(4) 3.68(2) 
Cl(lWJ(3) 3.74(2) Cl(2>-cl(3) 3.88(2) 



982 M.-A. EINARSRUD et al. 

The chains are kept together by interactions 
between electron-deficient bridging chlorines and 
electron-rich terminal chlorines from neighbouring 
chains. It is seen from the stereographic drawing in 
Fig. 6 that one might expect van der Waals’ forces 
between bridging chlorines from different chains as 
well. However, the non-bonding distances shorter 
than 3.90 %, within and between chains given in 
Table 6, show that only one bridge-bridge distance 
is below this limit and that terminal-bridge dis- 
tances are significantly shorter. 

The vibrational correlation digram for the infinite 
chain in MgAl& is given in Table 7. The basis is 
taken in the 15 degrees of freedom of the unper- 
turbed ligand AlC14 with Tbsymmetry. Fun- 
damental frequencies of the A1C14 unit as foundz3 
in NH4AlC14 have been included in Table 7. The 
v,-mode is the symmetric stretch, v2 is a Cl-Al-Cl 
deformation, v3 is the antisymmetric stretch and v4 

Fig. 6. A stereographic plot of the unit cell of MgAl#&. 
The viewer looks along the b-axis, and the u-axis points 

upwards in the paper plane. 
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is a deformation. However, since the AlCl; group 
in the chain has three chlorines bridged to mag- 
nesium and one terminal chlorine, the Thsymmetry 
is strongly perturbed to a C3,-symmetry as shown 
in the first part of the diagram. This “chemical 
correlation” is in turn correlated to the site sym- 
metry (C,) of the AU4 group and then to the sym- 
metry of the chain (C,). Even though both the 
A- and B-representations of the factor group are 
IR-active, the main effect probably is the “chem- 
ical perturbation” of the AlCl, ligand. 

Five bands with their origin in the antisymmetric 
stretch (vJ are observed at 552, 502, 476, 468 and 
457 cm- ‘. The characteristics split into two groups 
by the chemical perturbation of the AlCl, entity, as 
previously found for TiAlzCls,24 is clearly seen in 
Fig. 3. The band at 347 cn- ’ (and possibly 318 
cn- ‘) is the symmetric stretch, IR-inactive for the 
free. ligand (TJ, but activated by the “chemical per- 
turbation” (C,,). Bending modes (v4) are observed 
at 211, 176, 165 and 157 cm- ‘, whereas v2 occur at 
146, 134 and 122 cm- ‘. Two of the Mg-Cl stret- 
ching fundamentals appear at 271 and 245 cm-‘, 
and further skeletal modes (librations) are found at 
108,103 and 94 cm-‘. 

Because of the fine splitting of the absorption 
band at 468 cm-’ into three or four components, 
we conclude that this frequency corresponds to the 
E-representation and 552 cm-’ to the A ‘-rep- 
resentation (C,,). These assignments are confirmed 
by force field calculations. The calculations also 
show that the frequencies of 211 and 157 cm-’ 
belong to the Al- and E-representations (C,,), 
respectively, of the v,-mode. 

Molten MgC12-AlC13 

Vibrational spectra of molten alkali chloride- 
A1C13 mixtures show the presence of the anions 
AlCl; and A12C1;, with some evidence for cation- 
anion interactions, particularly for Li+ . 4*6 Accord- 
ingly, it is expected that the IR reflectance spectra 
of the acidic MgA12Cls melts can be interpreted in 
terms of perturbed anionic entities. If the polarizing 
power of magnesium is high enough to cause direc- 
tional Mg-Cl bonds, ion pairs, clusters etc. may 
be formed. The spectra are interpreted in terms of 
both the perturbed anion and cluster models. 

The magnesium cation can distort the AlCI; 
group from Tfl to C30- or C2,-symmetry depending 
on its action as a tri- (mono-) or bidentate ligand. 
Figure 4 shows that both configurations seem to be 
present. First it may be noted that the appearance 
of the totally symmetric stretch, v,(A ,), at 341 cm- ’ 
verifies that distortions do take place. The fre- 

quencies of 573,498 and 404 cm-’ may reflect the 
splitting of the antisymmetric stretch, v3(F2), of 
tetrahedral AlCl;, upon perturbation from Td to 
C20, and the strong bands at 573 and 452 cm- ’ have 
their origin in the descent in symmetry from Td to 

c3,. 

The latter two frequencies may be compared with 
the solid values 552 and 468 cm-‘. Evidently, the 
interactions are stronger in the melt. A partial 
explanation of this fact is a lower coordination 
number of Mg2+ in the molten state. Prevalence of 
smaller entities like (A1C14)Mg(A1C14), where all 
bridging chlorine atoms of a given tetra- 
chloroaluminate ion ate bonded to the same mag- 
nesium atom, also may contribute to the increased 
splitting. The accidental degeneracy at 573 cm-’ 
deserves a comment. A parallel situation is found 
for solid TiA12Cls and TiA12Cls *C6H6 where C3”- 
symmetry gives rise to bands at 552 and 466 cm-‘, 
whereas C% gives 554,504 and 442 cm-1.24 

In analogy with Li+-A12C1; me1ts,6 it is proposed 
that the strong polarizing power of the magnesium 
cation stabilizes a bent (CJ rather than a linear 
(D3J structure of A12C1;. This interaction is mani- 
fested by the observed splitting of v1 ,(I$,) from 525 
cm-’ for molten6 KA12Cl, to 596 and 500 cm-’ 
upon perturbation from D36 to C,-symmetry. The 
corresponding values for LiA12Cl, are 570 and 514 
cm- ‘. Thus, the counterions with high charge/ 
radius ratios strongly perturb both the sym- 
metric Cl-A1C13 tops of A12C1;. Other absorptions 
in the magnesium system at 376 and 339 cm-’ are 
Al-Cl stretching fundamentals of the A12Cl; 
group, whereas the band at 170 cm- ’ is a bending 
mode. The broad band at 280-290 cm-’ probably 
is a direct observation of Mg2+ . . . AlCl; inter- 
action, cf. the Mg-Cl frequency situated at 271 
cm- ’ for solid MgA12Cls. At higher A1C13 contents, 
strong bands of Al#& at 615, 472, 410 and 315 
cm-’ appear. 

Although the above interpretation in terms of 
Al&l6 and the distorted anions A12Cl; and AlCl; 
is perfectly valid, auxiliary information discussed 
below together with intensity considerations give 
further insight into the melt structure. It is seen that 
the spectra in Fig. 4 essentially are superpositions 
of Mg(AIC14)2 and Al#& with a Small contribution 
from A12Cl;. Simply, Mg2+ destabilizes any 
Al,Cl$,+, (n 2 2) polymer. At intermediate com- 
positions, 80 and 85 mol% A1C13, the seemingly 
abrupt disappearance of Al&l6 and the frequency 
variations in the terminal Al-Cl stretching region 
around 450 cm- ‘, point to distortions of Al&l6 as 
the Mg2+ concentration is increased. The inter- 
action between a magnesium ion and a chloro- 
aluminate species may be formulated in terms of 
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molecular complexes as 

mol% 

AlC13 

i 

50 Mg’+, AlCl;, Cl- 

67 Mg(AlC1J2 

80 Mg(A12C16)(AlC14)2, 
Mg(AlzCl&Clz. 

Similar complexes obtained by substitution of 
A12Cl; for AlCl; exist in low concentrations. Fur- 
thermore, it is possible that more lattice like struc- 
tures to some extent are formed by polymerization, 
cf. the Mg(AlC1J2 chain in the solid. Some dis- 
sociation into ionic species is expected. 

This melt model is supported by the following 
additional information : 

(a) Due to a strong, polarized band characteristic 
for each of the species AlCl;, A12C1; and A12Cls, 
Raman spectroscopy is better suited than IR spec- 
troscopy to estimate concentrations.26~27 Com- 
parison of relative concentrations with stoi- 
chiometric restrictions leads to the conclusion for 
the similar acidic MgCl,-GaCl, system, that some 
chlorine atoms must be bonded to magnesium 
only.” The same results may be inferred from a 
preliminary Raman study of the present system.‘* 

(b) Raman spectra show that the amount of 
A12Cl; (Ga,Cl;) relative to AlCl; (GaCl;) and 
Al& (Ga,Cl,) is reduced when the polarizing 
power of the counterion increases.4~14,27*28 The fol- 
lowing series of diminishing A12Cl~ concentration 
may be constructed : Cs > K > Li > Mg > Zn. 

(c) The terminal IR-active Al-Cl stretching 
vibrations of Czv perturbed AlCl; follow a smooth 
trend which may be correlated with polarizing 
power. Giving the antisymmetric and the symmetric 
mode, the frequencies (cm- ‘) are : 

pressures of 1 atm or less. This observation is also 
contrary to the mixture with alkali chloride (and 
calcium chloride) and show that MgC12 does not 
donate Cl- as easily to AlC13, forming an ionic 
melt, as alkali chloride and calcium chloride. 

Activity of acidic melts 

As discussed above, the A1C13 vapour pressure 
and corresponding activity could not be obtained 
from boiling point method studies. Such infor- 
mation can, however, be calculated from the low- 
ering of the A1C13 freezing point. The change in 
freezing point is so small that the difference in C, 
can be neglected. The following equation is valid 
for the liquidus line to the right in Fig. 1 : 

In aAICI, = - AJ%sWCL) & 
[ 1 , hq fus 

where AT is the freezing point depression. Further : 

aAIAI,CI, = pAI,CI,/p~I,CI, = dlCI,+ 

From the AT values of 0.6 and 1.6”C at 

XAICI, = 0.974 and 0.936, respectively, and setting 
AH,,(AlCl,) = 8450 Cal, Al&l6 activities of 
0.980 and 0.943 are found. 

.Based on these data the activity coefficient func- 
tion : 

YAICl, = 1 +0.6(1 -xAm,) (XAlCI, > 0.7)~ 

is proposed. This equation gives for instance 

aAI,CI, = 0.74 for 75 mol% AlC13. It is hence under- 
stood that the vapour pressures above the MgCl, 
AlC13 liquids were higher than 1 atm. 

“[Al(AlC14)]2+” [Zn(AlCl,)]+ 5*‘4 DJgWC~d + l’WA1C14)l+@) 

Asymmetric 614 585 573 554 
Symmetric 473 482 498 504 

The hypothetical ion [A1(A1C14)]2+ is part ofA12C16. 
The titanium values 24 for solid Ti(AlCl&(C6H6) 
are in the molten state expected to become close to 
the [Mg(AlCl,)]+ data. 

(d) Contrary to the alkali chloridez9 and calcium 
chloride3’ mixtures with A1C13, no indication of an 
immiscibility gap was found in the present phase 
diagram investigation of the MgC12 system. As 
Al&l6 can dissolve less than 1 mol% ionic species, 
there is a strong case for the prevalence of neutral 
entities in acidic MgC12-AlC13 melts. 

(e) Attempts by vapour pressure studies on acidic 
MgC12-AlC13 mixtures failed to establish any liquid 
phase in the range 0.67 < .&c[, < 1 for vapour 

It is concluded that the activity of A1C13 in 
MgC12-AlC13 mixtures show a positive deviation 
from ideality, but the deviation is not so strong that 
liquid-liquid immiscibility occurs. When, however, 
the composition Mg(AlC14)2 is approached, nega- 
tive deviation may prevail as the A13+ ion is satu- 
rated with respect to Cl-. 

Molecular-orbital calculations 

In order to gain a clearer understanding of the 
energetics when AlCl; and Mg2+ interact, mole- 
cular-orbital calculations on the ab initio Hartree 
Fock level were performed on [MgAlCl,]+ (C,,) 
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Table 8. Ab initio calculated properties of [MgAlCl,]+ and MgAICIS’ 

Parameter MiN-.XI+ (Cd [Mtd1CL1+ (Go) WWCL (‘2 

Al-Cl, 2.028 2.046 2.062 
Al-C&, 2.213 2.289 2.207 
Mg-Q - 2.086 
Mg-Cl, 2.280 2.181 2.274 
Mg-Al 2.734 3.203 3.231 

Cl,-Al-Cl, - 130.2 122.1 
ClrAl--Cl,, 126.4 108.0 110.2 
Clb-Al-Cl, 88.4 85.8 89.1 

E -2254.75994 -2254.74218 - 2709.63293 

u Units : bond lengths in A, angles in degrees and energies in Hartrees. 
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h 

,clb 

~~&,~~---~~, 
“Cl;' 

C3” 

with tridentate Mg, [MgAlCl,] (C,,) and MgAlC15 
(C,,). The computations were done with the gradi- 
ent program GAUSSIAN 80 employing a minimal 
STO-3G basis.31 The results after optimizing all 
geometrical parameters are given in Table 8. It may 
be of interest to compare the bond lengths in Table 
8 with the calculated values for AlCl; (Td), 2.113 
A,andMgCl, (Dmh),2.090A. 

The two [MgAlCl,]+ structures probably cor- 
respond to the only energy minima when Mg*+ is 
moved around the AlCl; ion.32 The C3v structure 
is favoured by 11.1 kcal mol- ’ relative to C2”. These 
results agree with the conclusions from the IR spec- 
troscopic investigations ; both modifications are 
present in the melt, but with a higher concentration 
of the Crv structure. In a calculation on LiAlC14 it 
was verified that the alternative Ck structure with 
a monodentate counterion is unstable. 32 

The geometrical parameters seem to be reason- 
able, both the absolute values and, in particular, 
terminal-bridge differences and the shifts from 
species to species. For instance, Al-Cl, < Al-C&, 
(cf. 2.065 and 2.252 A observed in A12C1633), 
Cl,Al-Cl, > Cl,-Al-Cl, (123.4 and 91 .O” in 
A12C1633) and one terminal bond (2.028 A in Table 
8) is stronger than two adjacent terminal bonds 
(2.046 A). The latter effect also is seen in the Al-C& 
bonds. 

Due to the low coordination number imposed on 
magnesium in the models, the Mg-Q, distances 
are short compared to the observed bond lengths 
in MgAl,Cl,(s) (see Table 6). Naturally, bidentate 
magnesium give stronger Mg-Cls than tridentate 
magnesium, mainly because of the reduced Mg- 
Al repulsion. Adding another terminal chlorine to 

Cl,, 

magnesium forming MgAlC15 gives the expected 
reduction in the counterion influence on AlClh . 
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Abstract-X-ray crystallographic studies on the lithium diphenylphosphide adducts 
(Me2NCH&H&NMe* LiPPhz (1) and Me2NCH,CH,NMe2 * LiPPhz (2) are reported. 1 is 
monomeric, with a terminal PPh2 unit containing a pyramidally coordinated phosphorus 
atom attached to the four-coordinate metal atom by a Li-P bond of length 2.567(6) A. 2 
crystallizes as dimers, (Me,NCH $H ,NMe z * LiPPh 2) 2, with bridging PPh z units containing 
(distorted) tetrahedrally coordinated phosphorus atoms: their planar (Lip), rings are 
roughly square-shaped (mean P-Li-P angle 91”, mean Li-P distance 2.61 A). Discussion 
of features of these structures is facilitated by ab initio MO calculations on the model 
systems LiPH, and (LiPH&. Cryoscopic molecular mass measurements and high-field 
7Li/31P NMR spectroscopic studies on solutions of 1 and 2 indicate that both solid-state 
structures are retained in arene solution, though some dissociation of 2 into monomers is 
apparent. 

Lithium diphenylphosphide, LiPPhz, which has 
long been a key reagent for the synthesis of diphen- 
ylphosphido-bridged metallic and metalloidal sys- 
tems, ’ has recently been receiving attention in its 
own right. Interest has centred on its states of 

*Author to whom correspondence should be addressed. 
t Present address: Department of Pure and Applied 

Chemistry, University of Strathclyde, 295 Cathedral 
Street, Glasgow Gl IXL, U.K. 

association and structures in both the crystal and 
solution phases. Three adducts have been struc- 
turally characterized by X-ray crystallography. The 
crown ether adduct (12-crown-4), * LiPPhzz is of 
interest in crystallizing in the ionic form [Li * (12- 
crown-4)d+[PPhd-. The two crown ether mol- 
ecules sandwiching each metal ion generate an 
unusual eight-coordinate environment for the metal 
and prevent significant lithium-phosphorus bond- 
ing. By contrast, the diethyl ether and tetrahy- 
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drofuran adducts Et,0 * LiPPhz and (THF)2 - 
LiPPhz crystallize with zig-zag lithiun-phos- 
phorus chain structures in which the formally 
two-centre two-electron Li-P bonds have mean 
lengths of 2.49 and 2.63 A, respectively.3 NMR 
studies on their solutions suggest that they may 
dissolve as cyclic dimers or tetramers.4’5 In 1,4- 
dioxane, (LiPPh& appears from cryoscopic stud- 
ies6 to exist as monomers and dimers. 

Hitherto, studies of LiPPhp complexes have been 
confined to those containing donor molecules which 
attach through oxygen. In this work, we report 
on the effects of complexation by nitrogen donors, 
specifically the chelating amines pentamethyl- 
diethylenetriamine {PMDETA [(Me2NCH2CH2)2 
NMe]} and tetramethylethylenediamine [TMEDA 
(Me,NCH,CH,NMe2)]. Accordingly, crystals of 
both (PMDETA * LiPPhJ, (1) and (TMEDA * 
LiPPhJ, (2) have been synthesized, isolated and 
subjected to X-ray diffraction studies which 
have, for the first time, established unequivocally 
that the lithium diphenylphosphide can, when 
complexed, adopt both monomeric (n = 1 for 1) 
and dimeric (n = 2 for 2) structures. Ab initio MO 
calculations have been performed on the related 
uncomplexed hypothetical species, LiPH2 and 
(LiPH&, in order to gauge the influence the donor 
molecules exert on the geometry of 1 and 2. 

In addition, high-field 7Li/3’P NMR spec- 
troscopic and cryoscopic relative molecular mass 
(crmm) studies have been carried out in an attempt 
to shed light on the natures of the new complexes 
in aromatic hydrocarbon solutions. 

EXPERIMENTAL 

Lithium diorganophosphides, in common with 
most other lithium organic derivatives, are 
extremely air- and moisture-sensitive. Accordingly, 
all syntheses and manipulations of products were 
carried out using standard inert atmosphere tech- 
niques. 

Synthesis of(PMDETA - LiPPh& (1) 

n-Butyl-lithium (5.0 cm3 of a 2.0 mol dmp3 sol- 
ution in hexane, 10 mmol) was added to a frozen 
solution of diphenylphosphine (1.86 g, 10 mmol) in 
toluene (5.0 cm3). Warming to room temperature 
produced a yellow solid, which dissolved on 
addition of PMDETA (3.0 cm3, 14.4 mmol). Slow 
cooling then afforded pale orange crystals of 1 
which were recrystallized from toluene; yield 85%, 
m.p. 128°C (Found: C, 69.1; H, 9.2; Li, 1.9; N, 
11.2; P, 8.5. CZ1H33LiN3P requires: C, 69.0; H, 
9.0; Li, 1.9; N, 11.5; P, 8.5%). 7Li NMR: (20°C) 

singlet, 6 - 0.96 ppm ; (- 80°C) singlet, 6 -0.94 
ppm. “P NMR : (20°C) singlet, 6 - 22.11 ppm ; 
(- 8OC) singlet, 6 -23.63 ppm. Crmm measure- 
ments : n = 0.96+0.08 for a 0.01 mol dmp3 sol- 
ution. 

Synthesis of (TMEDA - LiPPhJ, (2) 

n-Butyl-lithium (5.0 cm3 of a 2.0 mol dm-3 sol- 
ution in hexane, 10 mmol) was added to a chilled 
solution of diphenylphosphine (1.86 g, 10 mmol) in 
TMEDA (3.0 cm3, 20 mmol). Warming to room 
temperature gave a yellow solution. Refrigeration 
then afforded pale yellow crystals of 2 which were 
recrystallized from a hexane-toluene mixture ; yield 
88%, decomp. from 196°C (Found: C, 70.0; H, 
8.4; Li, 2.2; N, 9.1; P, 10.1. C,,H,,LiN,Prequires: 
C, 70.1; H, 8.4; Li, 2.3; N, 9.1; P, 10.1%). 7Li 
NMR : (20°C) singlet, 6 -0.39 ppm ; (- SO’C) 
1: 2: 1 triplet, 6 -0.19 ppm; J(31P-7Li) 45 Hz. 
3’P NMR : (20°C) broad singlet, 6 - 30.17 ppm ; 
(-80°C) 1:2:3:4:3:2: 1 septet, 6 -33.34 ppm; 
J(31P-7Li) 45 Hz. Crmm measurements : 
n = 1.6710.08 for a relatively concentrated 
solution, 0.04 mol dm- 3 ; n = 1.05 + 0.08 for a rela- 
tively dilute solution, 0.02 mol dmp3. 

High-field 7Li (139.96-MHz) and 31P (145.78- 
MHz) NMR spectra were recorded on a Bruker 
WH360 NMR spectrometer. Samples were pre- 
pared in [2H,]toluene, made up in a glove box and 
sealed under nitrogen prior to examination. 7Li 
chemical shifts (6) are quoted relative to external 
phenyl-lithium in [2Hg]toluene (E value 38.863 882 
MHz). 31P chemical shifts are quoted relative to 
external 85% H3P04. 

Relative molecular mass measurements in ben- 
zene were carried out cryoscopically with a Beck- 
mann-type apparatus which was modified slightly 
to handle air-sensitive materials. 

Crystallography 

(1) C21H33LiN3P, it4 = 365.4, orthorhombic, 
Pbca, a = 8.5590(4), b = 16.3324(7), c = 32.357(2) 
A, V= 4523.1 A3, Z = 8, D, = 1.073 g cmp3, 
F(OO0) = 1584, p = 1.11 mm- ’ for Cu-Iy, radiation 
(A = 1.54184 A). Of 6413 reflections measured with 
a Siemens AED diffractometer at 295 K 

(2&nax = 125”), 3597 were unique (Ri,, = 0.033), 
and 2412 with F > 40(F) were used for structure 
determination by automatic direct methods. 7 
Blocked-cascade refinement to minimize z wA2 
[A = lFoj-lFcl, w-’ = a2(F) + 0.00049F2] with 
anisotropic thermal parameters for non-H atoms 
and constrained H atoms [C-H = 0.96 A, aromatic 
H on ring external bisectors, H-C-H = 109.5” 
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for aliphatic H, U(H) = 1.2U eq (C)l gave 
R = 0.068, R’ = (X wA2/X wFz2)“’ = 0.078, a sat- 
isfactory analysis of variance, and no significant 
features in a final-difference map. 

(2) C36H52Li2N4P2, M = 616.7, triclinic, PT, 
a = 15.960(2), b = 19.791(2), c = 21.090(2) A, 
a = 71.628(5), B = 77.242(5), y = 67.525(4)“, 
V= 5803.5 A3, Z = 6 (two dimers and two half- 
dimers in the asymmetric unit), D, = 1.059 g cm- 3, 
F(OO0) = 1992, p = 1.21 mrr- ’ for Cu-K, 
radiation. 14,988 reflections measured, 14,542 
unique (Ri,t = 0.029), 6583 with F > 4cr(fl. Strttc- 
ture solution by direct methods w- ’ = a’(I;?+ 
0.00246F’ in refinement; phenyl rings con- 
strained as ideal rigid hexagons (C-C = 
1.395 A), no H atoms included because of program 
memory restrictions; R = 0.111, R’ = 0.145. 

Tables of atomic coordinates and other cry- 
stallographic data have been deposited with the Edi- 
tor and with the Cambridge Crystallographic Data 
Centre. 

DISCUSSION 

Figure 1 shows the molecular structure of 1, 
which is monomeric. The terminal PPh2 unit is 
bonded to the four-coordinate metal atom by a two- 
centre two-electron Li-P bond of length 2.567(6) 
A. Such terminal PR2 units are expected in phos- 
phide adducts, (donor),LiPR,, where association is 
prohibited by either excessively bulky R sub- 
stituents or by suitable Lewis bases such as 
PMDETA. However, at present only one other such 
system appears to have been structurally char- 
acterized, namely (THF)3 * LiP*Ph2)2C6H4,8 in 
which the Li-P distance [2.580(7) A] like that in 1 
exceeds slightly the sum of the normal covalent radii 
for Li (1.34 A) and P (1.10 A). 9 In the chelate com- 

16) 

Cl51 

Cl231 

v 
Cl251 

Cl241 

Fig. 1. Molecular structure of (PMDETA *LiPPhJ (1). 
H atoms have been omitted for clarity. 

Fig. 2. An alternative view of 1 looking down the P-Li 
bond. 

pounds TMEDA * Li(PPh2)2CH lo and TMEDA - 
Li(PMe2CH&A1Me2,” which each contain a 
pair of four-coordinate phosphorus atoms (cf. 
three-coordinate in l), the P + Li dative linkages 
are similar in length, being 2.582 and 2.606(5) A, 
respectively. 

The geometry about the phosphorus atom in 1 
is pyramidal while about the lithium it is pseudo- 
tetrahedral. From Fig. 2, which shotis an alter- 
native view looking down the P-Li bond, it can be 
seen that the PC2 and LiN3 units are neither eclipsed 
nor fully staggered with respect to each other. The 
characteristic “embrace” of PMDETA fills three of 
the four metal valence-shell atomic orbitals leaving 
one available for the binding of the phosphido 
ligand. The N + Li bond lengths and N-Li-N 
bond angles (given with other selected bond lengths 
and bond angles in Table 1) show no significant 
differences from those in the related systems 
PMDETA * Li[CH(SiMe,)*]‘” and PMDETA * 
Li(C2B10H,oMe).‘3 

Ab initio calculations’“‘* on the uncomplexed 
LiPH2 using geometry optimization procedures 
show that a pyramidal conformation is favoured 
over a planar form by 5.6 kcal mol- ’ (66-31G**). 
This is an interesting result on comparison with the 
optimized geometries of lithiated ammonia 
LiNH2’9,20 for which planar conformations are pre- 
ferred over the corresponding pyramidal geome- 
tries. Such a difference can be rationalized by exam- 
ining the electronic distribution of LiNH? and 
LiPH2, where the main electronic difference is that 
in LiNH2 the hydrogen atoms are positively charged 
(+ 0.20 e) and thus coupled with the highly positive 
Li (+0.58 e), causing LiNH2 to adopt a planar 
conformation, while in LiPH2 the hydrogens carry 
a slight negative charge ( - 0.06 e) and hence a pyr- 
amidal arrangement of LiPH2 is stabilized by the 
interactions between them and the highly positive 



990 R. E. MULVEY er al. 

Table 1. Selected bond lengths (A) and angles (“) for 1 

Li-P 
Li-N(2) 
P-q1 1) 

P-Li-N( 1) 
P-Li-N(3) 
N(2)-Li-N(3) 
Li-P-C( 11) 
C(1 lFP-C(21) 

2.567(6) Li-N( 1) 
2.091(6) Li-N( 3) 
1.829(4) P-C(21) 

2.150(6) 
2.126(6) 
1.803(4) 

118.6(2) 
114.9(2) 
87.5(2) 
91.5(2) 

105.1(2) 

P-Li-N(2) 
N( l)-Li-N(2) 
N( 1 )-Li-N(3) 
Li-P-C(2 1) 

124.9(2) 
85.0(2) 

119.0(3) 
108.1(2) 

lithium (+ 0.47 e). The calculated Li-P bond dis- 
tance is 2.391 8, so a comparison with the crystal 
structure data on complex 1 shows that the effect 
of the ligands is to lengthen the Li-P bond by ca 
0.18 A. 

In the X-ray structure analysis of 2, four inde- 
pendent dimeric (i.e. n = 2) molecules were found ; 
these are shown in Fig. 3. There are, as discussed 
below, differences in their respective bond lengths 
and bond angles, but their gross structural features 
are the same. The basic molecular structure, a 
planar four-membered ring system, is well known 
in (donor * LiX), chemistry, where X is a first- 
row element. Examples are: X = C, (TMEDA - 
LiPh)221 and (TMEDA*LiCHzSCH3)2;22 X = N, 
(HMPA *LiN=CBQz3 [HMPA = (Me,N),P : 
01 and [Et,0 * LiN(CH,Ph),], ;24 X = 0, 
(THFsL~OCB~;)~~~ and KH20)2 * Li * h- 

HMPA)]:+ *2Cl-. 26 This is the first time, how- 
ever, that a lithio-phosphine coordination 
complex has been found to have a (LiP)2 ring 
structure. Although the uncomplexed, sterically 
crowded, phosphidolithium (LiP[CH(SiMe&],},” 
contains a similar ring, it fails to retain such on 
complexation ; addition of TMEDA leads to 
monomer formation. 

Both the Li and P atoms in each of the molecules 
of 2 are in distorted tetrahedral environments. The 
metal coordination sphere accommodates the two 
N atoms of bidentate TMEDA and a pair of p2-P 
atoms. Table 2 lists the important bond lengths and 
bond angles in the four crystallographically distinct 
molecules. Considering all four molecules the mean 
ring angle at Li is 91” while at P it is 89” and the 
mean Li-P ring distance is 2.61 A. Unfortunately, 
the rather high R value (0.111) negates a com- 

Fig. 3. Structures of the four crystallographically distinct molecules of (TMEDA* LiPPh& (2). H 
atoms have been omitted for clarity. 



Adducts of lithium diphenylphosphide 

Table 2. Selected bond lengths (A) and angles (“) for 2” 

Li(l)-P(1) 
Li(la)-P(1) 
Li(l)-N(ll) 
Li(l)-N(12) 

P(l)-C(l 11) 
P(lww21) 
Li(2)-P(2) 
Li(3)--P(2) 
Li(2)-N(21) 
Li(2)-N(22) 

P(2>-c(211) 
P(2)--c(221) 
Li(4)-P(4) 
Li(5)-P(4) 
Li(4)-N(41) 
Li(4 jN(42) 

P(4)-C(411) 
P(4)--c(421) 

P(l)-Li(l+P(la) 
P(l)--Li(lFN(l1) 
P(la)-Li(l)-N(ll) 
Li(l)-P(l)-Li(la) 
Li(l)-P(l)-C(Ill) 
Li(la)-P(l)-C(lll) 
P(2)-Li(2)-P(3) 
P(2)-Li(2)-N(21) 
P(3)-Li(2)-N(21) 
Li(2)-P(2FLi(3) 
Li(2)-P(2)-C(211) 
Li(3)-P(2)-C(211) 
P(2)-Li(3)-P(3) 
P(2)-Li(3FN(31) 
P(2)-Li(3FN(32) 
Li(2)-P(3)-Li(3) 
Li(2)-P(3)-C(311) 
Li(2)-P(3)-C(321) 
P(4)-Li(4FP(5) 
P(4)-Li(4FN(41) 
P(5)-Li(4)-N(41) 
Li(4)-P(4)--Li(5) 
Li(4)-P(4)-C(411) 
Li(5)-P(4)--C(411) 
P(4)-Li(5FP(5) 
P(4)--Li(5FN(51) 
P(4)-Li(5bN(52) 
Li(4)-P(5)-Li(5) 
Li(4)-P(5)-C(511) 
Li(4)-P(5)-C(521) 
P(6)-Li(6FP(6b) 
P(6)-Li(6)-N(61) 
P(6b)-Li(6+N(61) 
Li(6)-P(6eLi(6b) 
Li(6)-P(6)-C(611) 
Li(6b)--P(6pC(611) 

2.615(16) 
2.614(17) 
2.113(24) 
2.113(21) 
1.856(8) 
1.829(13) 
2.630(16) 
2.582(18) 
2.130(20) 
2.094(25) 
1.846(9) 
1.834(11) 
2.574( 19) 
2.623( 19) 
2.117(25) 
2.136(19) 
1.846(9) 
1.873(9) 

91.3(5) 
115.6(10) 
120.4(8) 
88.7(5) 

135.3(5) 
109.1(5) 
91.7(5) 

115.7(9) 
127.0(8) 
87.7(6) 

110.2(5) 
137.7(6) 
94.1(6) 

117.4(11) 
123.5(9) 
86.4(5) 

108.9(6) 
139.2(5) 
89.7(6) 

120.4(11) 
116.5(7) 
90.9(6) 

115.9(6) 
133.7(5) 
89.2(5) 

117.6(7) 
129.1(11) 
90.1(6) 

137.2(6) 
102.8(6) 
91.0(5) 

127.1(10) 
120.1(9) 
89.0(5) 
96.0(6) 

111.7(6) 

Li(6)-P(6) 
Li(6bFP(6) 
Li(6)-N(61) 
Li(6)-N(62) 

P(6)--c(611) 
P(6F(621) 
Li(3)--P(3) 
Li(2)-P(3) 
Li(3)-N(31) 
Li(3)--N(32) 

P(3)-C(3 11) 
P(3)--c(321) 
Li(5)-P(5) 
Li(4)-P( 5) 
Li(5)-N(51) 
Li(5)-N(52) 

P(5)-C(5 11) 
P(5)--c(521) 

N(ll)-Li(lcN(12) 
P(l)-Li(l)-N(12) 
P(la)-Li(lbN(12) 
c(111)-P(1)--C(121) 
Li(l)--P(l)-C(lZl) 
Li(la)-P(l)-C(121) 
N(21)--Li(2)-N(22) 
P(2)-Li(2FN(22) 
P(3)-Li(2+N(22) 
C(21 l)-P(2)-C(221) 
Li(2)-P(2)-C(221) 
Li(3)-P(2)-C(221) 
N(31)-Li(3)-N(32) 
P(3)-Li(3)-N(3 1) 
P(3)-Li(3FN(32) 
C(311)-P(3w(321) 
Li(3)-P(3)-C(311) 
Li(3)-P(3)-C(321) 
N(41)-Li(4+N(42) 
P(4)-Li(4)--N(42) 
P(5)--Li(4)-N(42) 
C(41 I)--P(4)-C(421) 
Li(4)-P(4)-C(421) 
Li(5)--P(4)---C(421) 
N(51)-Li(5)-N(52) 
P(5)-Li(5)-N(51) 
P(5)-Li(5FN(52) 
C(511)-P(5)-C(521) 
Li(5)-P(5)-C(511) 
Li(5)-P(5)-C(521) 
N(61)-Li(6)--N(62) 
P(6)-Li(6FN(62) 
P(6b)-Li(6)-N(62) 
C(611)-P(6+C(621) 
Li(6)-P(6)-C(621) 
Li(6bFP(6)-C(621) 
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2.573(19) 
2.575( 16) 
2.195(22) 
2.144(26) 
1.856(10) 
1.863(9) 
2.610(19) 
2.665(16) 
2.226(28) 
2.092(22) 
1.852(12) 
1.848(9) 
2.607( 18) 
2.629(20) 
2.114(24) 
2.162(19) 
1.847(10) 
1.823(11) 

87.8(7) 
127.9(8) 
117.1(9) 
106.2(4) 
108.6(6) 
104.0(6) 
88.7(8) 

119.4(S) 
117.3(9) 
105.1(4) 
105.5(5) 
106.3(7) 
85.9(8) 

117.5(8) 
121.0(11) 
104.0(4) 
102.0(6) 
109.8(6) 
88.5(8) 

117.0(7) 
128.1(12) 
106.4(4) 
108.5(6) 
98.8(5) 
88.6(8) 

119.0(11) 
116.7(7) 
105.5(4) 
114.7(6) 
101.4(5) 
85.5(8) 

121.3(10) 
114.6(9) 
102.9(4) 
130.5(5) 
123.7(6) 

‘Symmetry operators : (a) 1 -x, 1 -_Y, --z; (b) -x, -_Y, 2-r. 
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Fig. 4. 66-316 optimized geometry of (LiPH&: angles 
in degrees, distances in A. 

parison of the angles/lengths within individual 
dimers. 

It is quite clear that complexation greatly in- 
fluences the size and shape of the (Lip), ring ; 
the dimensions of the uncomplexed systems 
{ LiP[CH(SiMe,) 2] 2} 227-measured experimen- 
tally from a crystal structure determination-and 
(LiPH2)2- theoretically determined by our ab 
initiu MO calculation-bear this out. The former 
adopts a slightly asymmetric rhomboidal structure 
with Li-P-Li angles of 72.0(3) and 72.4(3)’ and 
P-Li-P angles of 10&l(3) and 107.5(3)“; the 
Li-P bond lengths are significantly shorter than 
those in 2 and range from 2.456 to 2.481 A. As 
noted earlier, the groups attached to phosphorus in 
this compound are exceptionally bulky, in contrast 
to the smaller phenyl groups in 2. Therefore, for 
more direct comparison we have carried out an ab 
initio geometry-optimized calculation (at the 66- 
3 1G level) on the (LiPH2)2 cyclic dimer. The dimen- 
sions of the resulting D2,, structure (shown in Fig. 
4) agree reasonably well with those of {Lip 
[CH(SiMe,)2]2}227 (the P-Li-P angles and Li-P 
distances optimize to 104.1” and 2.491 A, respect- 
ively), indicating that the steric natures of the exo 
ligands have no pronounced bearing on ring 
geometry. From angle considerations one could vis- 
ualize the “complexed” ring being converted to its 
uncomplexed form by “pulling-out” the structure 
along the P . . . P axis, and thereby causing an elong- 
ation of the ring bonds. The fact that such bonds 
actually shorten, however, can be attributed to the 
lower coordination numbers of the uncomplexed 
metal atoms (i.e. 2, cf. 4 in the TMEDA adduct) 
and so a greater s character of the Li-P bonds. 
From energy considerations we calculate the energy 
of dimerization of LiPH2 to be 55 kcal mol- ’ and 
so less favourable than the corresponding associ- 
ation of isovalent LiNH* units by 19 kcal mol-‘.20 
This arises from a less polarized charge distribution 
in LiPH2 where the Li and P atoms have a charge 
of + 0.47 and - 0.36 e, respectively, compared to 
that in LiNH2 where Li and N carry +0.58 and 
- 0.98 e charges, respectively. 

As alluded to earlier, the propensity of lithium to 

form dimeric ring structures extends to its organo- 
nitrogen derivatives. A number of examples could be 
cited but the most apt for comparison is the lithium 
amide [TMEDA * LiN(Ph)Me]2.28 Here the ring 
angles at Li and N span 90” much more markedly, 
being 97.6 and 82.4”, respectively, while the mean 
Li-N bond length is only 2.19 A, cf. 2.61 A for the 
Li-P bonds in 2. Two-centre bonds to phosphorus 
atoms are generally about 0.4 %, longer than anal- 
ogous bonds to nitrogen atoms. 

Recently a further link between LiN and LiP 
structural chemistry was established by the inde- 
pendent X-ray crystallographic characterizations 
of {PMDETA.[LiN(CH2)3CH&}229 and {THF. 
[Li,@~-Bu\P)*(~2-Bu\P)]}230 which display both 
p2- and p3-type bonding interactions: the es- 
sential feature common to both compounds is 
a ladder-type framework generated by the lateral 
association of two (LiN)2/(LiP)2 rings. On the basis 
of these observations it is highly likely that laddered 
structures of infinite lengths will prevail in the total 
absence of donors. Lithium diphenylphosphide 
itself may well possess this type of polymeric struc- 
ture (the possible framework of which is illustrated 
in Fig. 5) ; its physical properties (i.e. high melting 
point and arene insolubility) support this. Fur- 
thermore, it is particularly noteworthy that starting 
from such a “parent” structure one can visualize, 
by breakage of selected numbers of Li-P bonds in 
the presence of donors, the formation of the zig-zag 
chains, the ladders, and the dimers and monomers 
referred to in this paper. 

Finally, we have employed crmm measurements 
and high-field 7Li/31P NMR spectroscopic studies 
to shed light on the solution natures of 1 and 2 in 
aromatic solvents. The results obtained are detailed 
in Experimental. 

For 1, the cryoscopic data (measured in benzene) 
are compatible with a monomeric structure as its 
mean solution state of association (n) is 0.96. The 
NMR spectra (recorded in [2H,]toluene at 20 and 
-80°C) are consistent with this interpretation 
showing the singlet 7Li and 3 ‘P resonances expected 
for a pyramidal phosphorus system. Conversely, 
the corresponding low-temperature spectra of 
adduct 2 exhibit well-resolved 1: 2 : 1 triplet (7Li) 
and 1 : 2 : 3 : 4 : 3 : 2 : 1 septet (“P) patterns, indi- 

Fig. 5. 

t 

P-Li-P-Li-P-Li 

I I I I I I 
Li-P-LI-P-Li--P 

1 m 

Framework of the proposed structure of 
(LiPPh&. 
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eating that the solid-state dimeric structure is prob- 
ably retained in relatively concentrated solutions. 
However, cryoscopic studies reveal that under more 
dilute conditions (indeed, too dilute for meaningful 
NMR spectra to be obtained in a reasonable time) 
2 dissociates appreciably : n falls dramatically from 
1.67 to 1.05 on halving the solution concentration 
(from 0.04 to 0.02 mol dm- 3), implying a sub- 
stantial preponderance of monomer at the lower 
concentration. 
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Abstract-Introduction of halogen0 and phenoxy substituents onto the methine carbons 
of the symmetrical and unsymmetrical Schiff bases, bis-(acetylacetone)ethylenediimine, 
salicylaldehydeacetylacetoneethylenediimine, and o-hydroxyacetophenoneacetylacetone- 
ethylenediimine, has been performed through the use of halogenosuccinimides and sodium 
phenoxide. The related [Co(Chel),2py]ClO, and RCo(Chel), Hz0 (Chel = quadri- 
dentate ligand) complexes have been synthesized and characterized. The influence of 
these substituents on the electrochemical properties and behaviour of the Co-C bond 
have been investigated. It appears that halogen-substituted complexes exhibit less negative 
potential values for the Co(III)-Co(II) couple than do unsubstituted complexes. However, 
all alkylated complexes are reactive toward CH3SnC13 while ‘H NMR and EPR measure- 
ments point to the occurrence of the homolytic cleavage of the Co-C bond. 

Small organocobalt complexes have played an involving, on the one hand, some alkyl cobalt com- 
important role in giving insight into many aspects plexes, RCo(Che1) (Chel is a quadridentate ligand 
of the processes involving B, 2-dependent enzymes. such as BAE, DMG, Salen?. . .) and, on the other 
Within the framework of this model approach, we hand, CH,SnCl, or (CH3)2SnC12.‘-3 The resulting 
have focused our attention on the study of alkyl data have shown that the behaviour of the Co-C 
transfer reactions between cobalt and tin centres.lm3 bond strongly depends on the nature of the equa- 
Although no direct evidence has been given so far torial ligand Chel and, therefore, may be altered by 
that tin compounds may be alkylated under biotic 
conditions,4,5 

introducing suitable substituents onto the ligand 
the factors which may influence this framework. 

transfer have received considerable study and It is well known that electrophilic and nucleo- 
speculation, due to the large increase in use of philic substitution may be achieved on the methine 
organotin compounds over the last 20 years. &’ ’ carbons of complexed H,BAE.‘29’3 For instance, 

We have previously considered model systems we succeeded in preparing [Co(X,BAE), 2Py]C104 
complexesi from the parent complex [Co(H,BAE), 
2Py]C104, but all attempts to introduce sub- 

* Author to whom correspondence should be addressed. stituents onto the corresponding alkylated com- 

t BAE, bis-(acetylacetone)ethylenediimine ; DMG, plexes RCo(H,BAE) have failed due to the insta- 
bis(dimethylglyoxime) ; Salen, N,N’-bis-(salicylalde- bility of the Co-C bond. 
hyde)ethylenediimine. Recently, ’ ’ we have shown that this difficulty 
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Fig. 1. Schematic representation of ligands. 

may be overcome by making use of Schrauzer’s 
method. l6 This implies that the free substituted 
ligands may be prepared. In some instances, ” they 
have been obtained by demetallation of the related 
nickel(I1) or copper(I1) complexes but this process 
is tedious and results in low yield. 

In the present paper, we report on the possibility 
of preparing three types of substituted ligands, i.e. 
X,BAE, XAESal and XAEHap (Fig. 1). Of par- 
ticular importance is the fact that the use of non- 
symmetrical ligands (HAESal and HAEHap) 
allows the preparation of monosubstituted species 
which are expected to give a smooth modulation of 
the properties of the derived cobalt complexes. 

RESULTS AND DISCUSSION 

As described in Experimental, halogen0 sub- 
stituents are easily introduced onto the methine car- 
bons of HZBAE, HAESal and HAEHap by reacting 
these unsubstituted ligands with the suitable halo- 
genosuccinimides. The X-substituted ligands are 
stable compounds except the iodo derivatives which 
are light-sensitive and must be stored at low tem- 
perature. The results of elemental analyses are 
quoted in Table 1. The ligands have been further 
characterized by NMR (‘H and ’ 3C) spectroscopy. 
The relevant data are collected in Tables 2 and 3. 
The spectral patterns (chemical shift and mul- 
tiplicity of the signals) confirm the nature of the 
species and, more particularly, the occurrence of 
substitutions on the methine carbons. The influence 
of the substituents is clearly perceptible in the ‘H 

spectra but it may be recognized that only the BAE 
moiety of the molecule is significantly perturbed. 
No attempt has been made to analyse fully the 
complex spectra of the Salen moiety but the ‘H 
nuclei of the benzenoid ring give two sets of signals 
with maxima at 7.30 and 6.90 ppm for XAESal, 
and 7.35 and 6.80 for XAEHap, irrespective of the 
nature of the X-substituent. Returning to the BAE 
moiety, it appears that the two CI& are shifted to 
lower magnetic fields in the order (H, Cl, Br, I) 
expected on the basis of simple electronegativity 
arguments. 

These ligands have been used to prepare the com- 
plexes [Co(Chel), 2Py]ClO, and RCo(Chel), R 
being CH3 or C2H,. Due to the instability and/or 
low solubility, 13C spectra could only be obtained 
for nonalkylated complexes. The NMR data are 
quoted in Tables 4-7. As was the case for the free 
ligands, the effects of the substituents are restricted 
to the BAE part of the molecules. 

In previous papers, 2*3 we have shown that the 
redox potentials of the Co(III)-Co(II) couple 
affords a convenient evaluation of the inductive 
effects of the ligands onto the cobalt centre. 
However, it is known that in the alkyl complexes, 
RCo(Chel), difficulties in measuring the redox 
potential may arise from cleavage of the Co-C 
bond and/or cobalt-axial base bond upon reduction 
and, eventually, from the irreversible nature of the 
reduction process. lg.‘9 For these reasons, it is more 
advisable to consider the nonalkylated complexes 
which are readily soluble in pyridine and lead, in 
this solvent, to a one-electron reversible (or quasi- 
reversible) reduction process. Thus they give more 
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Table 1. Analytical data 
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C H N co 

Found Calc. Found Calc. Found Calc. Found Calc. 

Ligand 

Ih 
Ic 
Ie 

ml 
IIC 

IIIh 
IIIC 

[Co(Chel), 2py]C104 

Ie 

ID 
IIC 

IIIb 
IIIC 

RCo(Chel), H,O 

R=CHS 
Ib 
Ic 

IIb 
IIC 

IIIh 
IIIC 

R = C,H, 
Ih 
Ic 

ml 
IIC 

IIIh 
IIIC 

49.1 49.1 6.3 6.2 
38.1 37.7 4.7 4.7 
69.8 70.6 6.7 6.9 

59.3 59.3 6.1 6.1 
51.7 51.7 5.4 5.3 

61.4 61.1 6.4 6.5 
53.6 53.1 5.6 5.6 

56.4 56.5 4.9 5.0 

47.9 48.4 4.3 4.2 
45.0 45.0 4.1 3.9 

49.0 49.2 4.5 4.5 
46.5 45.9 4.5 4.2 

39.9 40.7 4.9 5.5 7.0 7.3 16.0 15.4 
33.4 33.1 4.5 4.5 5.9 5.9 12.6 12.5 

48.8 48.5 5.3 5.4 7.3 7.5 16.5 15.4 
44.0 43.4 4.7 4.9 6.8 6.7 14.5 14.2 

50.2 49.9 5.7 5.8 7.0 7.3 15.1 15.3 
45.4 44.7 5.8 5.2 5.8 6.5 14.2 13.7 

42.9 42.3 
35.2 34.6 

50.5 49.9 
44.8 44.8 

50.6 51.2 
45.3 46.1 

10.1 9.5 
7.2 7.3 
6.8 6.9 

10.9 10.0 
9.1 8.6 

10.1 9.5 
8.3 8.3 

7.6 7.7 

9.0 9.4 
8.4 8.8 

9.0 9.2 
8.8 8.6 

8.7 8.1 

10.1 9.9 
8.9 9.2 

10.3 9.7 
9.9 9.0 

5.9 5.8 6.8 7.0 15.2 14.8 
4.7 4.8 6.2 5.8 12.3 12.1 

5.6 5.8 7.1 7.3 16.2 15.3 
4.7 5.2 6.8 6.5 13.3 13.7 

6.2 6.1 7.0 7.0 15.8 14.8 
5.3 5.5 6.2 6.3 14.0 13.3 

Table 2. ‘H chemical shifts for ligands (ppm vs TMS in CDCIJ : the numbering scheme is indicated 
in Fig. 1” 

H; H; HZ N-H H4HS Hs Hk 

Ia 2.00(s), 1.93(s) 4.98(s) 11.4(s) 3.47(m) 
Ib 2.27(s), 2.15(s) 11.4(s) 3.46(m) 
IC 2.34(s), 2.20(s) 11.7(s) 3.47(m) 
Id 2.57(s), 2.34(s) 12.2(s) 3.56(m) 
Ie 1.93(s), 1.98(s) 10.8(s) 3.50(m) 

IIa 2.15(s), 1.90(s) 
IIh 2.24(s), 2.17(s) 
IIC 2.32(s), 2.22(s) 

IIIa 2.00(s), 1.93(s) 
IIIII 2.25(s), 2.14(s) 
IIIC 2.32(s), 2.25(s) 

5.00(s) 10.9(s) 3.73(m) 8.41(s) 
11.4(s) 3.76(m) 8.36(s) 
11.7(s) 3.76(m) 8.36(s) 

5.04(s) 11.0(s) 3.30(m) 2.36(s) 
11.45(s) 3.73(m) 2.33(s) 
11.75(s) 3.73(m) 2.32(s) 

am = multiplet, d = doublet, s = singlet (same abbreviations in Tables 4,6 and 7). 
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Table 3. ’ 3C chemical shifts for ligands (ppm vs TMS) : the numbering scheme is indicated in Fig. 1 

c, c; cz c3 c; c4 cs c, G G G c9 Go Cl, Cl2 

Ia 195.3 28.6 95.9 162.7 18.4 43.3 
Ib 193.8 28.3 103.0 160.4 16.1 46.8 
Ic 194.3 30.2 92.4 161.7 19.0 44.3 
Ie 193.8 25.6 126.6 159.3 12.6 41.9 

IIa 195.3 28.8 95.9 162.9 18.7 43.4 59.9 167.2 - 118.8 161.0 117.0 131.5 118.8 132.6 
ID 193.5 28.3 - 160.8 16.4 44.3 59.5 167.1 - 118.8 160.8 116.9 131.6 118.4 132.6 
IIC 193.9 30.1 92.1 162.1 19.3 44.7 59.3 167.0 - 118.6 160.7 116.8 131.6 118.6 132.5 

IIIa 195.2 28.7 95.8 162.8 18.7 43.3 49.9 173.1 14.5 118.3 162.8 117.4 128.2 118.8 132.4 
IIIh 193.4 28.2 102.4 160.9 16.3 44.3 49.6 173.1 14.6 118.3 162.5 117.5 128.1 119.3 132.4 
IIIC 194.0 30.1 92.1 162.2 19.3 44.8 49.7 173.2 14.7 118.2 162.5 117.6 128.1 119.4 132.5 

Table 4. ‘H chemical shifts for [Co(Chel), 2Py]C104 complexes (pmm vs TMS in CDC13) 

H’, H; HZ H, H, I-& 

Ia 2.33(s), 2.1 l(s) 5.02(s) 3.86(m) 
Ib 2.71(s), 2.44(s) - 4.07(m) - 

Ic 2.80(s), 2.56(s) 4.11(m) 
Id 2.97(s), 2.67(s) - 3.87(m) 
Ic 2.30(s), 2.08(s) 

IIa 2.36(s), 2.20(s) 5.11(s) 4.13(s) 8.15(s) 
IIb 2.61(s), 2.42(s) 4.11(s) 8.20(s) 
IIC 2.69(s), 2.51(s) 4.11(s) 8.21(s) 

IIIa 2.40(s), 2.15(s) 5.09(s) 4.11 3.35(s) 
w 2.60(s), 2.35(s) 4.12-4.04(m) 2.84(s) 
IIIC 2.61(s), 2.35(s) - 4.12-4.04(m) 2.83(s) 

Table 5. 13C chemical shifts for [Co(Chel), 2Py]C104 complexes (ppm vs TMS in CDC13) 

Ia 178.9 25.8 97.7 171.2 22.9 52.3 52.3 
Ib 176.0 26.9 103.3 171.2 22.5 53.7 53.7 
Ic 177.7 29.9 94.0 172.1 26.3 54.7 54.7 
Id 179.8 33.6 n.o. 172.9 29.7 55.3 55.3 

IIa 179.3 26.2 96.9 171.7 23.4 50.0 59.3 169.5 - 119.0 165.3 116.4 135.0 123.4 135.8 
III, 176.3 27.2 102.9 171.3 22.2 51.9 58.4 169.3 - 118.6 164.6 116.4 134.7 123.4 135.7 
IIC 178.0 29.8 n.o. n.o. 25.1 52.5 n.o. 169.4 - n.0. n.0. 116.5 134.8 123.2 135.8 

IIIa 179.0 26.1 97.0 171.4 22.9 50.9 55.6 176.5 20.6 122.1 165.6 116.1 130.6 124.3 134.0 
IIIb 176.4 26.8 103.2 170.8 21.5 52.6 54.9 176.0 20.3 121.5 164.8 116.7 139.4 124.0 133.9 
IIIC 177.3 29.3 93.0 171.4 24.4 53.2 54.9 176.4 20.3 121.5 164.8 116.2 130.4 124.0 134.0 
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Table 6. ‘H chemical shifts for CH,Co(Chel) complexes (ppm vs TMS in CDCl,) 

Ia 
Ib 
Ic 

IIa 
IIb 
IIC 

IIIa 
IIIb 
IIIC 

H’, H; H2 H4 H6 H6 Co-CH, 

2.09(s), 2.03(s) 5.12(s) 3.40(s) 2.25(s) 
2.30(s), 2.30(s) 3.49(s) 2.30(s) 
2.34(s), 2.26(s) 3.47(s) 2.33(s) 

2.17(s), 2.05(s) 5.17(s) 3.50(m) 8.02(s) 2.37(s) 
2.37(s), 2.32(s) 3.60(m) 7.95(s) 2.32(s) 
2.42(s), 2.30(s) 3.60(m) 7.90(s) 2.30(s) 

2.12(s), 2.06(s) 5.16(s) 3.40(m) 2.50(s) 2.26(s) 
2.33(s), 2.30(s) 3.80(m) 2.51(s) 2.33(s) 
2.40(s), 2.35(s) 3.70(m) 2.47(s) 2.24(s) 

reliable data as regards the effect of changing the 
equatorial ligand than the alkylated complexes do. 
Furthermore, we have observed in several instances 
that the data related to the two series of complexes 
show very similar trends. * 

The E,,* values obtained for the Co(XAESa1) 
and Co(XAEHap) complexes are reported in Table 
8 together with some pertinent results available in 
the literature. Looking first at the unsubstituted 
complexes, it appears that the nonsymmetrical com- 
plex IIa lies between the symmetrical (E,,2 Co(III)- 
Co(I1) for [Co(III)(Salen), 2py]ClO, = -0.39 V}*O 
ones so that use of nonsymmetrical ligands leads to 
a modulation of the redox properties of the metal 
centre. Further modulation results from intro- 
ducing substituents onto the ligand framework. As 
expected on the basis of inductive arguments, the 
halogen-substituted complexes exhibit potential 
values less negative than do the unsubstituted com- 
plexes. On decreasing the overall donor power of the 
equatorial ligand the Co(III)Co(II) polarographic 
wave shifts towards less negative values in agree- 
ment with a reduction in the electron density on the 
cobalt atom. The most important variations of E,,* 
are observed for the Co(X,BAE) complexes where 

substitutions occur on both halves of the equatorial 
ligand. The effects are reduced by half in going to 
the Co(XAESa1) series where only the BAE moiety 
is substituted. Feeble variations are observed for the 
Co(XAEHap) complexes. The difference between 
these two series may result from the electron-releas- 
ing effect of the third methyl group in the XAEHap 
ligands. 

Of particular importance is the fact that two com- 
plexes, namely Co(BrAESa1) and Co(ClAESal), are 
characterized by potential values greater than - 0.4 
V. We have previously observed that the behaviour 
of the Co-C bond in various types of RCo(Che1) 
complexes was correlated with the E,,2 [Co(III) + 
Co(II)] values and, as regards the MeSnCl,-RCo- 
(Chel) systems, that Elj2 z -0.4 V was a limiting 
value.3 On the basis of this empirical correlation, 
both RCo(XAESa1) complexes would be unreactive 
towards MeSnCl,. Surprisingly, they are found to 
be reactive. A study (‘H NMR, spin-trapping EPR, 
and chromatography) of MeSnC13-MeCo(XAE- 
Sal) (X = Cl or Br) shows that homolytic cleavage 
of the Co-C bond occurs in both cases. 

This abnormal behaviour may originate in a 
lengthening of the Co-B bond (B being the axial 

Table 7. ‘H chemical shifts for C,H,Co(Chel) complexes (ppm vs TMS in CDCl,) 

H’, H; H* H, COCH, CoCH,XC 3 

Ia 
D 
Ic 

IIa 
IIb 
IIC 

IIIa 
IIIb 
Ilk 

2.07(s), 2.01(s) 
2.28(s), 2.27(s) 
2.38(s), 2.35(s) 

2.61(s), 2.01(s) 
2.33(s), 2.14(s) 
2.45(s), 2.33(s) 

2.10(s), 2.04(s) 
2.33(s), 2.26(s) 
2.41(s), 2.33(s) 

5.08(s) 3.40(s) 
3.41(s) 
3.47(s) 

5.14(s) 3.50(m) 
3.60(m) 
3.60(m) 

5.16(s) 3.70(m) 
3.80(m) 
3.68(m) 

3.4Q(q) 
3Wq) 
3.47(q) 

3.54(q) 
3.53(q) 
3.53(q) 

3Wq) 
3.44G-o 
3.42(q) 

-0.29(t) 
-0.31(t) 
-0.29(t) 

-0.31(t) 
-0.33(t) 
-0.33(t) 

-0.35(t) 
-0.39(t) 
-0.40(t) 
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Table 8. Electrochemical data for [Co(III)(Chel), 2py]C104 complexes 

Polarography Cyclic voltammetryb 

Ewe E l/2 nb e- 
Complex” (V) Slope E,, Et?? LlI,* 09 exchanged 

Ia - 0.568d 70 1 
-0.61’ 

Ib -0.41, 69 -0.439 0.373 1.10 -OK& 1 
Ic -0.40’ -0.49s -0.363 0.98 -0.429 1 
Id -o&f 1 
Ie -0.515 65 -0.574 -o.472 0.88 -0.523 1 

IIa -o/w 1 
Ilb -0.358 102.7 -0.38, -0.25, 1.56 -0.322 1 
IIC - 0.34, 92 -0.373 -0.23,, 0.96 -0.30, 

IIIa -0.52g 1 
IIIb -0.48, -0.46, 0.93 -0.45, 1 
IIIC -o.502 109 -0.563 -0.41, 1.15 -0.488 1 

’ Complex (lo- ’ M) in pyridine, Bu,NClO, (0.1 M). 
b Cyclic voltammetry at 0.1 V s- ‘. 
’ Vs Ag-Ag+ . 
dSee Ref. 15. 
‘Vs SCE, see Ref. 20. 
‘Vs SCE, see Ref. 14. 
gVs SCE, see Ref. 21. 

base, i.e. pyridine) which would favour the reduc- 
tion Co(II1) + Co(I1) since Co-B bond lengths 
in Co(I1) complexes are expected to be longer 
than in Co(II1) complexes.22-24 Another possibility 
would be related to an increased flexibility of the 
XAESal ligands which could adopt a nonplanar 
conformation resulting in an increased stability for 
the Co(I1) form. Alternatively, one may suggest 
that the reactivity of the Co-C bond would be 
enhanced by some structural particularities. For 
instance, steric interactions between the alkyl group 
axially coordinated to the cobalt atom and the equa- 
torial ligand could be responsible for the observed 
abnormality. Recent theoretical work25 supports 
the view that the Co-C linkage is particularly sus- 
ceptible to angular distortion and/or steric 
hindrance. However, at this point we can only 
speculate as to the reasons for the seemingly abnor- 
mal behaviour of the Co(XAESa1) complexes. 
Structural determinations are needed to clarify this 
point. Work is in progress to obtain suitable crystals 
of RCo(AESa1) complexes. 

EXPERIMENTAL 

Synthesis 

Ligands. BAE was prepared following the pro- 
cedure reported by Martell et a1.26 We have pre- 

viously described the synthesis of AESal and 
AEHap ligands.2’ 

X,BAE, XAESal and XAEHap (X = Cl, Br, I 
or OC,H,) have been obtained through a method 
similar to that used recently to prepare X2BAE- 
substituted compounds with X = C6HSNHC0 and 
C6H5NHCS. l5 In a typical run, bromosuccinimide 
(2 x lo- 2 mol) was added to a solution of BAE 
(lo- 2 mol) in acetonitrile at 10°C. The mixture was 
stirred for 2 h. The white precipitate of Br2BAE 
was filtered out, dried and recrystallized in a chloro- 
fornethanol mixture. I,BAE, BrAESal and BrAE- 
Hap were obtained in a similar way. For X = Cl, 
it was necessary to add water (60 cm’) to obtain 
complete precipitation. The iodo derivative was 
very light-sensitive. 

(C6H50)2BAE was prepared by addition of 
sodium phenoxide (2 x lop2 mol) to Br2BAE 
(2 x 10m2 mol) dispersed in acetonitrile (40 cm3), 
with magnetic stirring for 48 h. Solvent evaporation 
afforded an oily product. A white precipitate was 
obtained on adding water and acetone (20 cm3). 
The white product was filtered off and dried in 
dynamic vacuum. 

Complexes. [Co(III)(Chel), 2py]ClO, complexes 
were synthesized according to Costa’s procedure2’ 
modified by Averill and Broman.” 

The brown-red alkylated complexes, RCo(Ch- 
el), H20, were prepared according to Schrauzer’s 
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procedure. I6 In chloroform, they gave the charac- 
teristic green coloration of pentacoordinated RCo- 
Chel species. Almost all these species were light- 
sensitive and unstable at room temperature, 
specifically the iodo and the phenoxy derivatives 
which could not be obtained pure. 

Measurements 

Electrochemical measurements were carried out 
as previously described.” A platinium auxiliary 
electrode and an Ag-AgCl reference electrode were 
used in conjunction with a dropping mercury elec- 
trode. ‘H and 13C NMR spectra were recorded 
on a Bruker WH90 spectrometer using CDC13 as 
internal reference. 

Acknowledgement-We are grateful to D. de Montauzon 
for electrochemical measurements. 
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Abstract-Cyclometallated complexes derived from organic ligands where two initial 
metallation sites are present have been synthesized. The preferred palladation position 
is discussed on the basis of electronic and steric effects, and the regioselectivity of the 
cyclometallation is characterized by means of IR and ‘H NMR spectroscopy. The spectral 
studies show that the less favored position is not attached to the metal atom. Acetate- and 
halogeno-bridged dimers, as well as phosphine monomers derived from the latter, have 
been obtained and studied by spectroscopical methods. 

Cyclometallation reactions have aroused great 
interest in the past,*-’ not only because of their 
importance in themselves but also because they pro- 
vide good starting materials in organic synthesis.6-s 
The question of regioselectivity in these complexes 
has arisen before%” in those cases where two cyclo- 
metallation sites are possible. As a continuation of 
our studies on cyclometallated compounds’2-‘4 
we now report the preparation and characteriza- 
tion of the complexes derived from N-(3,4- 
dimethoxybenzylidene)-2,4,6_trimethylaniline (I), 
N- (4 - methoxy - 3 - methylbenzylidene) - 2,4,6 - tri - 
methylaniline (II) and N-(3,4-methylenedioxo- 
benzylidene)-2,4,6_trimethylaniline (III). We dis- 
cuss the preferred cyclometallation site which can 
be well defined by means of IR and ‘H NMR 

Solvents were purified by the standard 
methods.” Chemicals were reagent grade. Pal- 
ladium(I1) acetate was purchased from Fluka. 
Elemental analyses were carried out in a Perkin- 
Elmer Elemental analyzer 240-B. Palladium was 
analyzed by atomic absorption in a Varian Tech- 
tron AA-G spectrophotometer. The syntheses of 
the acetate-bridged dimers were carried out under 
dry N2. IR spectra were recorded on a Perkin- 
Elmer 180 spectrophotometer. ‘H NMR spectra 
were obtained in CDCl, solutions, with (CH3)4Si 
as the standard (6 = 0 ppm), and were recorded 
on either a Varian CFT-20 or a Bruker WM-250 
spectrometer. 

spectroscopy. 
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Preparation of the complexes 

* For Part II see Ref. 1. 
f Author to whom correspondence should be addressed. 

[Pd(4’ - CH30 - 5’ - CH,C,H,C(H)=P;J - 2,4,6 - 
(CH3)3C6H2}(CH3C00)]2. In a 100-cm3 round- 
bottomed flask, 0.39 g (1.46 mmol) of II and 0.3 g 
(1.34 mmol) of palladium acetate were added in 25 
cm3 of glacial acetic acid, to give a clear solution. 
After refluxing for 2 h the solution was cooled and 
the acetic acid removed in vucuo. The residue was 
diluted with water and extracted with dich- 
loromethane. The combined extract was dried with 
anhydrous sodium sulphate, filtered and then con- 
centrated in uacuo to give a yellow solid, which was 
column chromatographed on silica gel, eluting with 

EXPERIMENTAL 



1004 J. M. VILA et al. 

dichloromethane to remove any unchanged starting 
materials. Elution with dichloromethane-ethanol 
(1%) gave the desired complex, which was recry- 
stallized from dichloromethan+n-hexane, giving a 
yellow powder. Attempts to produce crystals were 
unsuccessful. 

[Pd{4 - CH30 - 5’ - CH&H&(H)=rj - 2,4,6 - 
(CH3)&H2}X12 (X = Cl or Br). To 0.1 g of the 
acetate-bridged dimer dissolved in acetone, giving 
a clear solution, a solution of sodium chloride or 
sodium bromide in water (N lop2 M) was added. 
A solid immediately precipitated. After stirring for 
1 h at room temperature, the solid was filtered off 
and dried in vacua. 

TPd#’ - CH,O - 5’ - CH,C,C(Hm - 2,4,6 - 
(C~,);C,H,}(x)P(C,H,),1 <x = Cl. or Br). To a 
suspension of 0.05 g of the halogeno-bridged dimer 
in 10 cm3 of acetone, P(C6HJ3 was added in a 
dimer-phosphine (1 : 2) molar ratio to give a clear 
solution. After stirring for 2 h, a solution of acetone- 
water (1 : 3) was added and a solid precipitated. The 
solid was filtered off and dried in vacua. 

The analogous complexes were prepared in the 
form described above. The amounts used in their 
preparation can be seen in Table 1. The analytical 
data, color and yield for the complexes are collected 
in Table 2. 

RESULTS AND DISCUSSION 

We have previously studied the preparation and 
characterization of cyclometallated complexes ‘, ’ 2e’ 4 
in which the organic ligand presented only one 

possible cyclometallation site, or two equivalent 
ones which would afford the same product no mat- 
ter which carbon atom of the phenyl ring was 
attacked by the metal atom. We are now interested 
in studying ligands that may give rise to different 
compounds depending on the carbon atom to which 
the metal atom is attached in the final product ; by 
means of IR and ‘H NMR spectroscopies we have 
achieved this. In the complexes derived from I the 
halogeno-bridged dimers were too insoluble for the 
determination of their NMR spectra; nevertheless, 
we can assume that what can be said regarding the 
cyclometallation site of the phenyl ring for the I 
acetate-bridged complex holds in the halogeno- 
bridged ones, since the latter derive from the former 
by a metathesis reaction which should render 
the same complexes save for the bridging ligands. 
Furthermore, this also applies to the phosphine 
monomers, which are synthesized from the halo- 
geno-bridged dimers. 

Two possible cyclometallation sites, 2 and 6, are 
present in the mentioned ligands, the electrophilic 
attackI of the palladium atom on either one of 
them being influenced by both electronic and steric 
effects. In ligand I the C(6) atom was preferred. 
The methoxy group at C(4) decreases the value of 
electrophilic palladation at C(2) and C(6). Fur- 
thermore, the C(2) position is deactivated by the 
electron-withdrawing inductive effects of the adjac- 
ent methoxy group, which, on the other hand, acti- 
vates the C(6) position by its strongly para directing 
mesomeric effect. Added to this a steric effect of the 
C(3) methoxy group, it all accounts for metallation 

Table 1. Amounts of products used in the preparation of the complexes 

Ia 
Ib 
IC 

Id 
Ie 

IIa 
IIb 
IIC 

IId 
IIe 

IIIa 
IIIb 
IIIC 
IIId 
IIIe 

Pd(CH3C00)2 

g mm01 

0.3 1.34 

0.3 1.34 

0.3 1.34 

Acetate-bridged X-bridged 
Schiff base dimer NaX dimer P(C,H,), 

solution 

g mm01 g mm01 g mm01 g mm01 

0.41 1.46 
0.1 0.112 10-2 M 
0.1 0.112 lo-* M 

0.05 0.073 0.038 0.146 
0.05 0.068 0.036 0.136 

0.39 1.46 
0.1 .0.116 lo-* M 
0.1 0.116 lo-* M 

0.05 0.061 0.032 0.122 
0.05 0.055 0.029 0.110 

0.39 1.46 . 
0.1 0.116 lo-* M 
0.1 0.116 lo-* M 

0.05 0.061 0.032 0.122 
0.05 0.055 0.029 0.110 
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Table 2. Analytical data, color and yield for the complexes, and IR data for the ligands and complexes 

Analytical data found (talc.) (%) 
Yield 

Compound Color (%) c H N Pd IR data 

I 
Ia 
Ib 
Ic 
Id 
Ie 

II 
IIa 
IIb 
IIC 
III 
IIe 

III 
IIia 
IIIb 
IIIC 
IIId 
IIIe 

Yellow 
Yellow 
Yellow 
Yellow 
Yellow 

91 53.6 (53.6) 5.1 (5.2) 3.0 (3.1) 22.9 (23.8) 
79 50.9 (50.9) 4.8 (4.8) 3.0 (3.3) 24.4 (25.1) 
83 46.5 (46.1) 4.3 (4.3) 2.7 (3.0) 22.4 (22.7) 
92 62.9 (62.9) 5.0 (5.1) 1.9 (2.1) 15.0 (15.5) 
90 58.4 (59.1) 4.9 (4.8) 1.6 (1.9) 14.0 (14.5) 

Yellow 83 
Yellow 81 
Yellow 84 
Light yellow > 95 
Light yellow > 95 

Orange-yellow 85 
Yellow 78 
Yellow 83 
Yellow 90 
Yellow > 95 

55.4 (55.6) 
53.5 (53.0) 
47.5 (47.8) 
64.0 (64.5) 
59.9 (60.5) 

53.1 (52.9) 
50.5 (50.0) 
45.9 (45.1) 
62.4 (62.7) 
58.4 (58.8) 

5.7 (5.4) 
5.2 (5.0) 
4.7 (4.5) 
5.1 (5.3) 
4.9 (4.9) 

5.0 (4.4) 
4.6 (4.0) 
3.7 (3.6) 
4.8 (4.7) 
4.5 (4.4) 

3.1 (3.2) 
3.2 (3.4) 
3.1 (3.1) 
2.0 (2.1) 
1.7 (2.0) 

3.3 (3.2) 
2.9 (3.4) 
2.8 (3.1) 
1.5 (2.1) 
1.6 (2.0) 

24.1 (24.6) 
25.7 (24.6) 
23.0 (23.5) 
15.7 (15.9) 
14.5 (14.9) 

24.3 (24.6) 
25.8 (26.1) 
23.1 (23.5) 
15.5 (15.9) 
14.7 (14.9) 

1638s” 
1612sh,w,” 1590m, b,b 1420m’ 
1612m,” 29Om,’ 268m’ 
1615m,” 176sh,m,’ 166m’ 
16lOsh,m,” 298md 
161 lm,” 184sh,md 

1635m” 
1605m,” 1582s’ 1412mb 
161 lm,p 307m,’ 280m’ 
161 lsh,m,” 190m,’ 164m’ 
1610m,” 306md 
1605sh,m,” 200md 

1639m” 
1611m,” 1580m,b 1432m’ 
1611 s,’ 250m,’ 224m’ 
1611s,” 192m,’ 142m-w’ 
1620m,” 306md 
1615m,” 200m-wd 

a CN. 
’ CH,COO. 
= PdX,. 
dPdX1. 

not ocurring at the C(2) position, but rather at C(6). 
As we have described before, ’ attempts to prepare 
cyclometallated complexes where a methoxy group 
ortho to the metallation site is present have been 
unsuccessful. For reasons given there we think that 
it is mainly a strong steric effect by the methoxy 
group that prevents metallation of the carbon atom 
ortho to it. 

In ligand II, also the C(6) site is preferred. Again 
the C(4) methoxy group has a deactivating effect 
on the C(2) and C(6) atoms, whereas the 3-methyl 
group is expected to highly activate electrophilic 
attack at the para C(6) position. We do not believe 
that the methyl group has a strong steric effect so as 
to prevent palladation at C(2) because, as we have 
already shown, I4 complexes with a methyl group 
ortho to the metallation site can be obtained in high 
yield. In this case it is only a matter of electronic 
effects which favor the C(6) site for palladation. 

For ligand III we see no reason why palladation 
should not occur on any one of the C(2) and C(6) 
atoms ; in fact, a mixture of isomers might be poss- 
ible. However, in contrast to the complexes 
obtained by Barr and Dyke9,17 where cyclo- 
palladation occurred at the 6-position, we have 
obtained complexes in which it takes place through 

the 2-position, and no isomer with the metal bound 
to the C(6) atom was found. 

The ‘H NMR spectra for the I and II dimer 
complexes show two H(1) singlets due to the H(6’) 
and H(3’) protons. The initial double doublet of 
protons H(5) and H(6) disappears, upon metall- 
ation to the C(6) atom, as is expected. For the III 
dimer complexes, the initial double doublet of H(5) 
and H(6) protons still holds, and the H(2) singlet 
disappears. In the phosphine monomers the great 
amount of phenyl protons does not allow a correct 
assignment in this region. The data are shown in 
Table 3. 

Further evidence for these situations can be 
obtained from the IR spectra of the complexes, by 
studying the bands in the 900-800-cm- ’ region, and 
which are due to the different substitution pattern 
of the phenyl ring. 

In the I and II complexes the band at 825-805 
cn- ’ due to two adjacent protons in a 1,2,4-sub- 
stituted phenyl ring disappears, as is expected if the 
metallation takes place at the C(6) atom, leaving 
two solitary protons on the ring. The 1,2,3,4-phenyl 
substitution produced by palladation at the C(2) 
atom in the III complexes leaves two adjacent pro- 
tons on the ring which gives rise to a band at 810- 
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Table 3. ‘H NMR data for the ligands and dimer complexes 

I 

Ia 7.52s 

Ib 7.52s 
Ic 7.61s 
II 8.08s 

IIa 
IIb 
IIC 
III 

7.49s 
7.49s 
7.59s 
7.98s 

IIIa 

IIIb 

IIIC 

7.44s 

7.52s 

7.50s 

H6(2’) H2(6’) H5(3’) OCH,O CH,O CH, CH $00 

7.11d 7.53d 6.75d 
(Jc,s = 8.2, Js,* = 1.7) (J2,6 = 1.7) (J5,6 = 8.2) 

7.63dd 

(Js.5 = 8, Js.2 = 2) 

7.11dd 

(Jw = f-3, Js.2 = 2) 
6.86dd 

(Js.5 = 8) 
6.99dd 

(Jss = 8) 
6.92dd 

(Jw = 8) 

6.85s 

n.0. 
n.0. 

7.77s 

7.04s 
7.04s 
7.07s 
7.49d 

(J2.6 = 2) 

6.19s 

n.0. 

6:;i 

(Js.6 = f-9 
6.10 
6.10 

n.0. 
6.79d 5.94s 

(Js.6 = 8) 
6.50dd 5.62s 

(J,,, = 8) 
6.61dd 5.98s 

(Js.6 = 8) 
6.55dd 5.91s 

(J,,, = 8) 

3.83, 3.77 2.14, 1.99b 

3.88, 3.76 2.51, 2.25’ 1.70s 

3.76’ 2.26; 2.19 
3.85, 3.81 2.31; 2.27 

3.89s 2.28, 2.27, 2.1 lb 

3.67s 2.52, 2.26, 2.19, 2.18 1.71s 
3.67s 2.30, 2.27, 2.19, 2.11 
3.79s 2.32,b 2.27, 2.10 

2.19, 2.02 

2.17,b 2.12 1.63s 

2.24,b 2.20 

2.24,b 2.14 

“The numbers in parentheses apply only to the I and II complexes. J in Hz. 
bThis signal integrates for six protons. 
CH,O signals in the phosphine monomers : Id 3.81 and 2.88, Ie 3.71 and 2.82, IId 2.85, and IIe 2.84. 

800 cm- ’ in the IR spectrum that would otherwise 
be absent. 

With this in mind, and as we have discussed 
before,‘,‘2-‘4 the complexes may be formulated as 
follows with a d* palladium atom in a 2 + oxidation 
state : 

a: x = CH3CO0 

b: X - Cl 

c: x - or 

d: X = Cl 

e: x - Br 

I: R - 4'.5'-m30+; R' = 2,4.6-(CH3)3C6H* 

II: R - 4'-CH~O-5~13: R' - 2,4.6-013)3C~t$ 

III: R - 3,4-0~~0; R' = 2,4,6-(CH3),C6H, 

The numbers on the phenyl rings apply only to the I and II cmplexes; 

for the III cmplexes the notation of the free llgand holds. 

The present compounds are all remarkably air- 
stable solids ranging in color from orange-yellow 
to light yellow. Except for the halogeno-bridged 
dimers, which are only sparingly soluble in chloro- 
form and dichloromethane and totally insoluble in 
alcohols, the complexes are soluble in the more 
common organic solvents, and insoluble in water. 

They all show a shift of the vCN band towards 
lower wavenumbers (Table 2) with respect to the 
parent organic ligand, the magnitude of which 
shows that the metal atom is bound through 
the nitrogen lone pair’4”8-20 and not to the C=N 
double bond. Further evidence of this is the 0.43- 
0.57-ppm upfield shift of the azomethine proton 
signal, 14s2’ as is depicted in Table 3. 

The acetate-bridged ligands have characteristic 
bands in the IR spectrum at 159Om and 1420m 
cm-’ (Ia), 1582s and 1412mcrn’ (IIa), and 1580m 
and 1432m cm-’ (IIIa), the separations between 
them show the acetato ligand to be bridging 
between the metal atoms’4,22 (Table 2). 

In the ‘H NMR spectra an H(6) singlet, 1.70 (Ia), 
1.71 (IIa) and 1.63 (IIIa), is found in each case 
(Table 3). This peak has been assigned to the two 
acetate-methyl groups, so that they are equivalent, 
therefore rendering the organic ligands in a tram 
disposition. 23,24 The upfield shift of this signal, com- 
pared to that of palladium(I1) acetate (6 2.04 ppm) 
may be due to the through-space shielding environ- 
ment of the unmetallated phenyl ring. ‘,I4 

The chloro-bridged dimers have a tram geometry 
as have been shown by IRz5 and X-ray studies ;26 
they show two vPdClb bands in the IR spectrum. 
The higher-frequency band is attributed to the 
Pd-Cl bond tram to nitrogen, and the lower fre- 
quency one to the Pd-Cl bond tram to the phenyl 
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carbon atom, owing to the higher tram influence 
of a phenyl carbon atom than that of a nitrogen 
atom.27~28 

In the phosphine monomers, as we have shown 
before’*‘2-‘4 the phosphine ligand is trans to the 
nitrogen atom, and the halogen ligand to the carbon 
atom. The high tram influence of the latter weakens 
the Pd-Cl bond and thus the vPdC1, vibration 
frequency appears at lower wavenumbers than 
could be expected should the halogen atom be tram 
to a weak tram influence ligand*’ (Table 2). Further 
proof can be drawn from the ‘H NMR spectra of 
the monomer complexes. The C(4) methoxy group 
signal suffers an upfield shift with respect to its 
position in the free ligand and the dimer complexes 
due to the aromatic shielding cone of the phosphine 
ligand (Table 3), which can only take place with this 
ligand trans to the nitrogen atom. I In complexes Ia, 

IIa and IIb the H5(3’) proton signal is shifted upfield 
by 0.59-0.75 ppm compared to the parent free 
ligand, whereas in 1IIa-c it is only shifted 0.18-0.29 
ppm. This could be due to a flow of charge from 
the ds palladium atom29 which would be more 
notorious in the I and II complexes as in them 
H5(3’) is ortho to the oPd--C bond, whereas in the 
III complexes H(5) would bepara to this bond, and 
hence farther away, so that the effect would be less 
intense in these cases. 
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MIXED-LIGAND COMPLEXES OF Ru(II1) AND Rh(II1): ESR 
STUDIES ON SOME Ru(III) COMPLEXES 
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Abstract-Reactions of 2-mercapto-3-phenyl-4-quinazolinone (LH) with RuCl, - xH,O and 
RhC13 .xH,O afforded the compounds [RuL2C1(Hz0)]Hz0, [RuL,Cl*DMF] and 
RhL(LH)Cl* * 2Hz0. Reactions of LH with RuC13 - xH,O in the presence of N-heterocyclic 
bases led to the formation of complexes of type [RuL,ClB] * HZ0 (B = pyridine, 3-picoline 
or imidazole) and [RuL612(o-phen)] HZ0 (o-phen = l,lO-phenanthroline). These complexes 
were characterized on the basis of analytical, conductivity, magnetic, IR and electronic 
spectral and ESR studies. Tentative structures for the complexes are proposed. 

Studies on the complexing behaviour of biologically 
active ligands containing thioamide group have 
been the subject of investigations in our labora- 
tory. l-3 Recently the complexes of Pd(II), Pt(I1) and 
Ru(I1) with ligands containing a thioamide group 
reported from our laboratory have been selected 
for anticancer screening by the National Cancer 
Institute, Bethesda, Maryland, U.S.A. The effect 
of various ligands and metal ions on metal-ligand 
covalency, d-orbital splitting and distortion of com- 
plexes have been of considerable interest in the field 
of coordination chemistry. The low-spin d5-con- 
figuration is a good probe of molecular structure 
and bonding since g values of such complexes vary 
widely, owing to the structure of the complex and 
the degree of metal-ligand covalency. Although a 
large number of d’(t$ complexes have been 
studied, the application of ESR was mainly limited 
to the first-row transition series. Only a few Ru(II1) 
complexes have been subjected to ESR studies.” 
In view of the biological activity of the complexes 
and diverse coordinating ability of the ligand 2- 
mercapto-3-phenyl-4-quinazolinone (LH) we were 
prompted to study the Ru(II1) and Rh(II1) com- 
plexes. Recently, we have reported the interaction 
of LH with Co(II), Ni(II), Pd(II), Pt(I1) and Pt(IV) 
ions in the presence and absence of various N-het- 
erocyclic bases.‘,” The ligand (LH) has been used 
for the estimation of copper’ ’ and Dave et al. have 

* Author to whom correspondence should be addressed. 

reported the interaction with Cu(II), Co(II1) and 
Ni(II).” 

The IR spectrum of LH in the solid state displays 
a v(NH) absorption band at cu 3250 cm-’ but no 
v(SH) absorption band at cu 2500 cm- ‘, indicating 
that, in the solid state, the ligand exists as a thione 
(1) and not as a thiol(2) tautomer. 

1 2 

EXPERIMENTAL 

All the chemicals used were either AR or chem- 
ically pure grade. Sulphur and chloride were esti- 
mated gravimetrically. Ruthenium was estimated 
on a IL-751 atomic absorption spectrophotometer 
after the complex had been decomposed by heating 
with a mixture of HzS04 and HN03. Electronic 
spectra were recorded on a Cary model 17D UV- 
visible spectrophotometer. The IR spectra were 
obtained on a Perkin-Elmer 580 spectrophotometer 
in KBr in the range 400&250 cm- ‘. Melting points 
of the complexes were recorded on a Fisher-John 
melting-point apparatus and are uncorrected. The 
ESR spectra were recorded on 109E-line century 
series EPR spectrometer at X-band frequencies at 
293 K using DPPH (g = 2.0036) as internal stan- 

1009 
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Table 1. Analytical and magnetic data of complexes 

Compound 

RhL(LH)CI 2 - 2H *O 

[RuL2Cl - DMF] 

[RuL2C1(Hz0)]H20 

[R~L,C~~Y)IH,G 

[RuL,C1(3-pic)]H,O 

[RuLCl,(o-phen)]H,O 

[RuL,Cl(imid)]H,O 

Found (talc.) (%) 
M.p. 

Colour (“C) (& M S C H N Cl 

Yellow > 290 DMb - 9.1 46.8 3.1 8.0 10.0 
(14.4) (8.9) (46.9) (3.2) (7.8) (9.9) 

Violet 232d 1.75 14.4 9.1 51.8 3.4 9.6 4.8 
250 (14.1) (8.9) (52.0) (3.5) (9.8) (5.0) 

Black > 290 1.82 15.1 9.2 50.3 3.3 8.5 5.0 
(14.9) (9.4) (50.0) (3.2) (8.3) (5.2) 

Greenish black > 290 2.10 13.4 8.6 53.5 3.5 9.3 5.0 
(13.7) (8.7) (53.6) (3.4) (9.5) (4.8) 

Brown black 210 2.07 13.6 8.4 54.3 3.4 9.1 4.9 
(13.4) (8.5) (54.1) (3.6) (9.3) (4.7) 

Reddish brown 212 1.73 16.5 5.3 50.3 3.2 9.1 11.3 
(16.2) (5.1) (50.1) (3.0) (8.9) (11.4) 

Sea-green 215 1.94 13.8 9.0 52.0 3.7 11.8 5.1 
(14.0) (8.9) (51.8) (3.6) (11.7) (4.9) 

“At 20°C and uncorrected for diamagnetism. 
b DM = diamagnetic. 
‘d = decomposes. 

dard. Magnetic susceptibilities were measured by a 
parallel-field vibrating sample magnetometer 
(VSM) model 150A at 293 K. 

The ligand LH was prepared by a literature 
method.‘3s’4 

Preparation of complexes 

RhL(LH)Cl, * 2H20. A solution of RhCl, * xHIO 
(0.26 g, 1 mmol) in DMF (10 cm3) was added to a 
filtered solution of LH (0.508 g, 2 mmol) in DMF 
(25 cm’). The resulting solution was heated under 
reflux with constant stirring for an hour. The sol- 
ution was allowed to cool at room temperature. 
Addition of excess ammonia solution to it pre- 
cipitated a yellow complex which was centrifuged, 
washed with water, alcohol and ether, and dried at 
80°C. 

[RuLzC1-DMF]. A solution of RuC13 *xHzO 
(0.26 g, 1 mmol) in DMF (10 cm3) was added to a 
filtered solution of LH (0.5 g) in DMF (25 cm3). 
The resulting solution was refluxed for an hour. The 
solution was concentrated to about 5 cm3 on a 
water bath : on cooling a violet precipitate resulted 
which was filtered, washed with alcohol and ether, 
and dried at 80°C. 

* 0.25 g of LH in the case of [RuLCl,(o-phen)]H,O. 
t 5 cm3 of pyridine, 3-picoline, 5 cm3 of an ethanolic 

solution of l,lO-phenanthroline (0.2 g, 1 mmol) or 5 cm3 
of an aqueous solution of imidazole (0.07 g, 1 mmol). 

General method of preparation of [RuL2ClB]H20 
[B = H20, pyridine (py), 3-picoline (3-pit) or imi- 
dazole (imid)] and [RuLCl,(o-phen)]HzO (o- 
phen = l,lO-phenanthroline). A filtered alkaline 
(PH 9-10) ethanolic solution (25 cm3) of LH (0.5 g, 
2 mmol)* was added to an aqueous solution (50 
cm’) of RuC13 * xH20 (0.26 g, 1 mmol) containing 
the appropriate heterocyclic base7 solution. The 
resulting solution was heated under reflux for 15 
h. The resultant precipitates were filtered, washed 
thoroughly with water, a little amount of alcohol 
and ether. The compounds were recrystallized from 
methanol. 

RESULTS AND DISCUSSION 

Microanalytical data as well as sulfur, metal and 
chloride estimations are in good agreement with 
stoichiometry proposed for complexes (Table 1). 
All complexes were found to be nonconducting in 
methanol. 

IR spectra 

The ligand LH contains a thioamide group 

I I 
(H-N-C=S) and gives rise to four character- 
istic thioamide bands, namely, I, II, III and IV, 
in the region of 1500, 1300, 1000 and 800 cm-‘, 
and have contributions from &C-H) + 6(N7H), 
v(C=S) + v(C=N) + v(C-H), v(C-N) + v(C-S), 
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0 I a 1 I , I I 1 

1800 2300 2800 3300 3800 4300 2300 2800 3300 3800 

L I 1 I I 

2760 2920 3080 3240 3400 

Fig. 1. Solid-state ESR spectra at 293 K (field Hin Gauss) : (a) [RuL,CI * DMFJ, (b) [RuL,Cl@y)] - H,O, 
and (c) [RuLCl,(o-phen)] - H20. 
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Table 2. Comparison of IR bands of ligand (LH) and metal complexes (in cm- ‘) 

Thioamide bands 

Compound WH) v(GH) v(C=o) I II III IV 

LH 3250 1660s 

RhL(LH)Cl, - 2H 2O 3240-3260~ 3500br 1700s 

[RuL,Cl.DMF] 1690s 
[RuL&l(H,O)]H,O 3460br 1700s 

]RuL,Cl(~y)lH,0 - 3460br 1680s 

[RuL,C1(3-pic)]H,O 3400br 1690s,br 

[RuLCl,(o-phen)]H,O - 3400br 1690s 
[RuL,Cl(imid)]H,O 3340-3420br 1700s 

1540s 1345s 1000s 770s 
980m 

1520m 1330s 1ooow 770s 
134ow 

1520m 1330m IOOOm 780s 
1510m 1330s 103ow 770s 
1320s 1320s 990w 
1510s 1320s 101om 770s 

990m 
1505s 1310s 980m 790m 

760s 
1510s 1320m 990w 770s 
151Om 1330m 1000~ 770s 

1320m 

and v(C=S) modes of vibrations, respectively’5-‘8 
(Table 2). 

The disappearance of the v(NH) band of the 
ligand at 3250 cm-’ from the spectra of all com- 
plexes except RhL(LH)C12 * 2H20 indicates the dis- 
placement of N-H hydrogen by Ru(II1) and 
Rh(III), and formation of a metal-nitrogen bond. 
The presence of weak broad band at 324G3260 
cn- ’ in the IR spectrum of RhL(LH)C12 - 2H20 
indicates that one ligand is present as LH. 

The weakening and broadening of v(NH) after 
complexation can be tentatively assigned to 
Rh(III)-N bond formation. 

The presence of a broad band in the region of 
3400-3500 cm-’ in the spectra of complexes is 
assigned as v(OH) of water. The broad band at 
3360-3420 cm-’ in the spectra of [RuL$l 
(imid)] * HZ0 may be assigned as mixed band of 
v(NH) of imidazole and v(OH) of water. 

The v(C=O) band of the ligand at 1660 cm-’ 
shifts towards a higher wavenumber by 10-30 cm- ’ 
in the spectra of complexes, indicating the non- 
involvement of the C=O group in metal bonding. 
The v(O) of DMF in the [RuL&l * DMF] com- 
plex is probably merged with the band present at 
1690 cm-’ in the IR spectrum of the complex. 
v(C=O)” in DMF appears at 1683 cm-‘, hence 
coordination of DMF through its N atom is likely. 

The thioamide band I of the ligand at 1540 cm- ’ 
shifts to a lower wavenumber by 20-35 cm-’ in 
the spectra of the complexes. This indicates M-N 
bond formation as the thioamide band I has its 
principal contribution from @C-H) + 6(N-H). 

The thioamide band II of the ligand at 1345 cm- ’ 
either splits or shifts to a lower wavenumber as a 

result of coordination as band II has a contribution 
from v(C-S) + v(C=N) + v(C-H). 

The thioamide band III [v(C-N)+v(C-S)] is 
relatively weak in the spectra of the complexes. The 
thioamide band IV v(C=S) of the ligand at 770 
cm-’ changes its position by ) 10 cm- ’ in the spec- 
tra of the complexes. A red shift of 25-55 cm-’ in 
band IV usually indicates bonding through sulphur 
and a blue shift of 40-90 cm- ’ in this band indicates 
bonding through nitrogen. However, if there is sim- 
ultaneous coordination through nitrogen and sul- 
phur, there may not be much of a shift in band IV.2o 
Hence the small shift of band IV is attributed to 
simultaneous coordination through nitrogen and 
sulphur. In contrast with soft metal ions, similar 
ligands are reported to coordinate through sulphur 
only.” 

New bands of weak to medium intensity in the 
region 250-500 cm- ’ in the spectra of the complexes 
may be assigned to the coupled vibrations v(M-Cl), 
v(M-N) and v(M-S).~’ 

In the spectra of the complexes, there seems to 
be extensive mixing between the bands of the ligand 
and those of the bases, hence the characteristic fre- 
quencies of N-heterocycles did not occur at their 
standard positions. 

Magnetic moments and electronic spectra 

The magnetic-susceptibility measurements at 
room temperature show that the magnetic moments 
of ruthenium complexes lie in the range 1.7-2.1 BM 
(Table 1) corresponding to one unpaired electron. 
The rhodium complex was found to be diamagnetic. 

The electronic spectrum of LH in DMF exhibits 
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a strong peak at 295 nm and a weak shoulder at 
262 nm which are assigned to a z + x* intraligand 

(IL) transition.23 
The electronic spectra of the Ru(II1) complexes 

show bands in the 645-655-, 525-565- and 415- 
465~nm regions (Table 3) which may be assigned 
to 2T2g + 4T,,, 2T2g + 4T2g and ‘T2, + 2A29, 2T,, 

transitions,24 respectively. 
In the spectra of Ru(II1) complexes, some of these 

transitions could not be observed, probably because 
of masking by a strong charge-transfer (CT) and/or 
an IL transition. A band or shoulder around 295- 
310 nm is assigned to the IL transition. Another 
band at 330 nm in the spectrum of [RuL2C1 
(py)]H,O may be assigned to an M + L or L + M 
CT transitions. 

The rhodium complex shows only IL transitions. 
All other expected transitions24 were probably 
masked by IL bands. 

ESR spectra 

To interpret the ESR data, we have used the 
theory as described by Bleaney and O’Brien which 
has been successfully applied to many complexes.“6 

The ESR measurement does not determine the 
sign of gi components, nor the correspondence of 
g,, g2 or g3 to gX, gv or gZ. It only gives the absolute 
principal g values. Therefore, we considered all 
possible combinations for acceptable results. For 
axially symmetric molecules gZ is assigned to the 
unique component and only eight possible sign com- 
binations were taken, whereas for molecules with 
lower symmetry 48 possible combinations were con- 
sidered. 

A Fortran IV computer program on a DEC-1090 
system was used for all these calculations. The 
experimental g values and approximate values of 
the starting vector (approximate values of A, B, C 

and k, keeping the normalization condition 
A2+ B2+ C* = 1, in mind) were fed into the 
program. For each set in turn, values of A, B, C 

and k were found by use of the Newton-Raphson 
method. The computer program was then tested 
by using literature-reported5 data. 

For all of the possible combinations the values 
of A, B, C, k, A/J. and V/J were obtained, and 
reasonable combinations were selected (Table 4) by 
considering the following conditions. (1) Solutions 
with 0.75 c k < 2.0 were examined while a defi- 

Table 3. Electronic spectra of complexes in methanol and typical g values of some of the 
Ru(II1) complexes 

Band 
position ESR spectra 

Compound 
A max 

(nm) Assignment 81 92 93 $ 

Ligand (LH) 

RuL(LH)CI, - 2H 2O 

[RuL,CI *DMF] 

[RuL2CI(H20)]H20 

~&CKPY)~H,O 

[RuL,C1(3-pic)]H20 

[RuLCl,(o-phen)]H,O 

[RuL,Cl(imid)]H,O 

262 
295 
265 
310sh 
265 
306 
465 
525 
295 
555 
300 
330 
415 
295 
430 
655 
295 
485 
300 
565 
645 

n-+x* 
n + n* 
IL 
IL or CT 
IL 
IL 
‘T,, -+ 2A c+,, ‘T,, 
2T, + 4T, 
IL 
2T2g + 4T, 
IL 
CT 
27-2g -, 2A,, ‘T,, 

IL 
“T2, -P 2A 2g, ‘T,, 

2.74 2.25 1.79 2.29 

2.32 2.14 2.01 2.16 

‘T2, + 4T,, 
IL 2.23 2.23 1.95 2.14 
2T, + ‘T k? 
IL 
2T,, -+ 4T 28 
‘T,, + 4T,, 

n Spectra taken in DMF solvent. 
bg = (+g:+:g:+:g:>“‘. 
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Table 4. g Values, ground-state wave function parameters, orbital reduction factors and energy level splitting 
parameters of Ru(II1) complexes 

Fit gx sy a k A B C VIA AlA 

[RuL,Cl - DMF] (1) -2.25 2.14 1.79 1.209 0.768 0.639 0.047 0.193 0.243 
(2) -2.14 2.25 1.79 1.209 0.768 0.639 -0.047 -0.193 0.243 

[R~L,C~(PY)IH,O (1) -2.14 2.32 2.01 1.119 0.802 0.598 0.018 0.067 0.074 
(2) -2.32 2.14 2.01 1.119 0.802 0.598 -0.018 -0.067 0.074 

[RuLCl,(o-phen)]H,O (1) -2.23 2.23 -1.95 0.953 0.902 0.996 0.0 0.0 0.640 
(2) -2.23 2.23 1.95 1.104 0.798 0.603 0.0 0.0 0.099 

nition of k requires 0.75 < k < 1.0 as a large value 
of k can be obtained if the assumptions made in 
the theory are not strictly valid.4s25-27 (2) Kramer’s 
doublets obtained from the knowledge of A, B and 
C should be coincident with those of the ground 
state obtained from the matrix of spin-orbit coup- 
ling and low-symmetry field, for the observed ESR 
spectra were due to the lowest Kramer’s doublets. 
(3) For molecules showing three featured spectra, 
48 combinations usually lead to six solutions with 
identical k values. These solutions differ only in 
their ordering of real one-electron d-functions and 
in the value of the coefficients A, B, and C. In 
such cases we made a choice by taking the pair 
corresponding to gz z 2.0. (4) The tetragonal dis- 
tortion (A) is assumed to be larger than the rhombic 
distortion (V), which seems reasonable if we con- 
sider the structure of the complexes examined. 

As a consequence, two possible fits (Table 4) for 
[RuL,Cl * DMF] and [RuL,Cl(py)]H,O were lim- 
ited to the following : g, = -gx, g2 = g,,, g3 = g2 ; 
or g, = g,,, g2 = -gx, g3 = gz. These solutions are 
equivalent with each other, differing only in the 
choice of the x- and y-axes, in other words, differing 
in the signs of both the coefficient C and V/l values, 
and it is difficult to reject either of the two, although 
assignments giving a negative V/l value were 
chosen and reported for [RuX(NH~)~]~+ (X = Cl 
or Br).28 

For an axially symmetric molecule, [RuLCl,(o- 
phen)]H*O there are two acceptable fits. Both fits 
produce a small A/n (A < A) corresponding to a 
small axial distortion. The value of k is in the range 
0.95-1.10, and the estimated energy of electronic 
transitions between Kramer’s doublet lies in the 
range 14OG1800 cm-‘. [Here we assume A w 1000 
cm- I, arbitrarily considering a reduction from the 
free-ion value of 1180 cm- ’ for Ru(III).] These 
transitions fall in the IR range of the spectrum and 
may get obscured by vibrational transitions. 

The fit (1) for [RuL,Cl(o-phen)]H,O is chosen 
here, the sign of gy is positive and both gx and gz 
are negative (B > A, C) and the results show that 
the hole is in the t; (d,,) orbital. Similar assignments 
have been reported for B-diketonate complexes of 
Ru(II1). 5 The ordering of the one-electron real func- 
tions is one where the doubly degenerate level t: 
(d,,f d,,) lies the lowest. The orbital energies of 
some of the complexes are given in Table 5. For the 
compounds with three distinct components, two fits 
were found and results are not very much different 
from each other. The highest lying orbital is dx, and 
the ground state may be either : (a) d,,, or (b) d,,. It 
is difficult to decide between the two possibilities. 
The positive value of A/n found in this work means 
that the d,,-orbital lies at a higher energy than the 
d,,- and d,,-orbitals, thus supporting the order of d- 
orbital energies listed in Table 5. 

Table 5. Energies of three Kramer’s eigenstates and calculated d-orbital energies for the complexes” 

Compound EiA E,/l EJl AEJ1 AEJl d-Orbital order Energies (2 cm- ‘) 

[RuL,Cl - DMF] - 1.093 0.326 0.525 1.419 1.618 YZ<XZ<XY -0.177,0.015,0.162 
xz< YZ<XY -0.177,0.015,0.162 

NLCKPY)IH,O - 1.026 0.444 0.508 1.470 1.534 YZ < xz < XY - 0.058,0.009,0.050 
xz< YZ<XY -0.058,0.009,0.050 

[RuLCl,(o-phen)]H,O -1.281 0.141 0.5 1.422 1.781 e(xz,YZ) < b&‘Y) -0.21,0.42 
- 1.035 0.436 0.5 1.471 1.535 e(_YZ,YZ) < b2(XY) -0.33,0.66 

a E is lowest energy of ground-state Kramer’s doublet. 
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For the complexes studied the value of k is in the 
range 0.95-1.21. The 0.953 value for the orbital 
reduction factor k for the compound [RuLCl,(o- 
phen)]H,O is as expected since o-phenanthroline is 
known to behave as a n-bonding ligand and forms 
strong metal-ligand covalent bonds. The value of k 
greater than 1 .O is also not surprising as many other 
factors besides covalency are responsible for the 
variation in the value of k4,2s27 and moreover the 
complexes of x-bonding ligands such as PPh3 and 
AsPh, are reported to have k values greater than 
1 .O.’ An important contribution to the large values 
of k is, probably, the presence of low-lying CT 
states. Since 4d and 5d electrons are less tightly 
bound to the metal atom, the molecular-orbital for- 
mation occurs readily and as a result the CT states 
have a lower energy than most crystal field states.29 

Thus the ESR study of [RuL,Cl* DMF] and 
[RuL,Cl(py)]H,O compounds indicates the rhom- 
bic distortion, gX # gY # gz, for these complexes and 
axial symmetry, gX = gY # gz for the [RuLCl,(o- 
phen)]H,O complex. 

On the basis of analytical, conductivity, magnetic, 
spectroscopic and ESR data, a distorted 
octahedral geometry is assigned to Ru(II1) and 
Rh(II1) complexes, assuming that LH is bidentate 
and coordinated through the nitrogen and sulphur 
of the thioamide group. 

1. 

2. 

3. 

4. 

5. 

6. 
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Abstract-A new series of amino acid Schiff base Ni(I1) complexes of 2-hydroxy-l-naphthal- 
dehyde with glycine, L-alanine, L-valine, L-leucine, DL-isoleucine, DL-norleucine, L-se&e 
and r.,-aspartic acid has been prepared by constituent combination. The structure of the 
complexes is investigated by microanalysis, conductance, electronic and IR spectral 
measurements. It is concluded that the bivalent anions of the Schiff bases coordinated to 
Ni(I1) as a tetradentate ligand (O-NO-O), in the case of the aspartic acid moiety, or as a 
tridentate ligand (O-N-O) in the case of the other amino acid moieties. The structure of 
the Ni(I1) complexes is suggested to be square planar. 

Though much attention has been paid to metal 
complexes of Schiff bases derived from salicy- 
laldehyde and amino acids, ‘-lo there is little in the 
literature on using 2-hydroxy- 1-naphthaldehyde 
(naph). Only MacDonald et al. ” investigated the 
Cu(I1) complexes of naphthylidene polyfunctional 
amino acids. Accordingly, the work of this paper 
describes the synthesis as well as elucidation of the 
chemical structure of a series of new Ni(I1) com- 
plexes of Schiff bases derived from naph and some 
bi- and tridentate a-amino acids. The amino acids 
applied in this investigation are glycine (gly), L- 

alanine (ala), L-valine (val), L-leucine (leu), DL-iso- 
leucine (isoleu), DL-norleucine (norleu), L-serine 
(ser), and L-aspartic acid (asp). 

EXPERIMENTAL 

1017 

stituent combination method which has proved to 
be an excellent synthetic procedure. Quantitative 
yields of the Ni(IIkN-naphthylideneamino acid 
complexes were obtained by adding an alcoholic 
solution of Ni(I1) chloride to an alcoholic solution 
of stoichiometric amounts of both naph and amino 
acid. Sodium carbonate was added to the reaction 
mixture and then it was gently refluxed on a water 
bath for 3 h. After cooling a crystalline product 
obtained. The collected solid complexes were 
washed with water and ethanol, and then dried. The 
analytical data of the different Ni(I1) complexes 
synthesized along with their decomposition tem- 
peratures are given in Table 1. 

Physical measurements 

All chemicals used were A.R. products and were 
used without further purification. 

Preparation of complexes 

The general method used for preparation of the 
different complexes under investigation is the con- 

* Author to whom correspondence should be addressed. 

The electrolytic conductances were measured at 
25°C using a Pye conductance bridge. The UV and 
visible electronic spectra were carried out using 
matched l-cm3 stoppered silica cells on a Pye- 
Unicam SP 100 spectrophotometer. The IR spectra 
of the complexes were recorded in potassium bro- 
mide using a Perkin-Elmer 599 B IR spec- 
trophotometer. 
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Table 1. Characterization data of Ni(II)-naphthylideneamino acids complexes 

Decomposition Molar Analysis (%) 
temperature Appearance conductance 

Complex (“C) of crystals (W ’ cm* mol- ‘) C N 

[Ni(naph-81y)]H20 265 Brown 2.6’ 51.1 
(51.2) (Z) 

[Ni(naph-ala)]H,O > 300 Dark yellow 2.3’ 52.5 
(52.7) ,t:, 

[Ni(naph-val)]H,O 155 Yellowish-green 7.2* 55.2 
(55.4) (Z) 

[Ni(naph-leu)]H,O 288 Dark yellow 9.2’ 56.4 
(56.6) d::) 

[Ni(naph-isoleu)]H,O > 300 Yellow 4.36 56.4 
(56.6) (G) 

[Ni(naph-norleu)]H,O 284 Yellow 6.0* 56.6 3.7 
(56.5) (3.8) 

[Ni(naph-ser)]H,O 274 Yellowish-green 5.0b 49.9 3.9 
(50.1) (4.1) 

[Ni(naph-asp)]H 248 Brown e 49.4 
(49.6) (:3) 

“Calculated values are given in parentheses. 
*Measured in DMF. 
‘Insoluble in ethanol or DMF. 

RESULTS AND DISCUSSION 

Chemical analysis and molar-conductance measure- 
ments 

The results of microanalysis of the prepared 
Ni(II) naphthylideneamino acid complexes (Table 
1) suggest the general molecular formula [Ni 
(II)(naph)(amino acid)] for the synthesized 
complexes. This reveals the behaviour that the 
divalent anions of the naphthylideneamino acids 
are coordinated to the central Ni(I1) ion. Except in 
the case of Ni(II)--naphthylideneaspartic acid 
complexes which is insoluble in ethanol or DMF, 
the measured molar-conductance values for the 
DMF or ethanolic solutions of the other prepared 
Ni(I1) complexes are very low (< 10.0 a- ’ cm2 
mall ‘) as given in Table 1. This suggests a non- 
electrolytic nature for these complexes. 

Electronic spectra 

The recorded visible spectra of the different 
Ni(IIFnaphthylideneamino acid complexes in 
DMF (Fig. 1) show two main bands at 408 and 396 

nm (s,,, = 3000-12,200 and 6200-13,000 1 mall ’ 
cm- I, respectively). Furthermore a broad weak 
band or shoulder is observed in the range 560- 
530 nm (.smax = 40-800 1 mol- ’ cm- ‘). This spectral 
behaviour suggests a square planar structure for the 

different Ni(II)-naphthylideneamino acid com- 
plexes since it was reported before that the visible 
spectra of square planar Ni(I1) complexes are char- 
acterized by an absorption band in the 66&400-nm 
region (E,,, = 5&500 1 mol- ’ cm- ‘) followed by a 
more intense one in the 434330-nm region.12 The 
high excitation energy visible band observed in the 
spectra of the Ni(I1) complexes (&,,, = 396 nm) 
can be presumably ascribed to an intramolecular 
charge-transfer transition liable to take place in the 
complexed ligand, naphthylideneamino acid. 

IR spectra 

The IR of all Ni(I1) complexes show a broad 
band at 3300 cm-‘, supporting the presence of a 
water molecule in each complex as indicated by the 
chemical-analysis data listed in Table 1. The broad 
band appearing in the 163CL1615-cm- ’ region in 
the IR spectra of all complexes can be considered 
as an overlapped band due to two stretching 
vibrations, antisymmetric coordinated COO- and 
C&N. Since it has been reported that the stretching 
vibration of the phenolic C-O usually appears near 
1530 cm- ’ ’ 3 the band that appeared in the IR spec- 
tra of all complexes in the 1540-l 525-cm- ’ region 
can be attributed to phenolic C-O stretching. 

The IR spectrum of the synthesized Ni(IIb 
naphthylideneaspartic acid complex does not show 
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.6- 

L6 - 

500 600 700 h,nm 

Fig. 1. Visible electronic absorption spectra of 2 x lop3 M (700-500 nm) (a) and 1 x 10e4 M (50& 
340 nm) (b) Ni(II)-N-naphthylideneamino acid complexes in DMF : (a) gly, (b) ala, (c) val, (d) leu, 

(e) isoleu, (f) norleu, and (g) ser. 

an absorption band due to unionized unco- 
ordinated COO stretching which usually appears at 
17%1700 cm-‘.14 This indicates that the Schiff 
base naphthylideneaspartic acid coordinated to 
Ni(I1) as a trivalent anion tetradentate (GN-O- 
0) ligand. With respect to the amino acid serine, 
the binding ability of the alcoholic oxygen was esti- 
mated to be comparatively weak in an acid or neu- 
tral medium. I5 Accordingly, in the case of the Schiff 
base naphthylideneserine the possibility that the 
serine moiety OH group takes part in complex for- 
mation can be ruled out. This is what is observed 
since the molar-conductance measurement of the 
Ni(II)-naphthylideneserine complex shows the 
nonelectrolytic nature of such a complex i.e. it 
behaves as a bivalent anion tridentate (O-N-O) 
ligand. 

Conclusions 

The important conclusions that can be drawn 
from this study can be summarized as follows : 

(i) Except for the Schiff base naphthy- 

lideneaspartic acid, the other naphthylideneamino 
acids studied coordinate to the central Ni(I1) as 
bivalent anion tridentate O-N4 ligands where two 
five- and six-chelated rings are formed. The bonding 
sites are the oxygens of the o-hydroxy and a-car- 
boxy1 groups belonging to the naphthylideneamino 
acid moieties. The third bonding site is the azo- 
methine nitrogen atom. The structure of such com- 
plexes can be represented schematically (Fig. 2). 

R’\ 
%’ 

c-cc=0 

I I - CH=NL ./” Qs \ / \ o/NbH2 - 
Fig. 2. Ni(II)-naphthylideneamino acid complexes 
(square planar structure) R, = H ; R, = H (gly), CH3 
(ala), CH(CH3)2 (val), CH,CH(CH3)z (leu), CH(CH,) 
CH,CH, (isoleu), CH2CH,CH2CH3 (norleu), or 

CHzOH (ser). 
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Fig. 3. Ni(IIEnaphthylideneaspartic acid 
(square planar structure). 

4. 

5. 

6. 

7. 
complex 

8. 

9. 

(ii) The dianions of naphthylideneaspartic acid 
are coordinated to Ni(I1) as a O-N-O-0 tet- 
radentate ligand where three chelated rings are for- 10. 

med. The additional fourth bonding site is the oxy- 
gen /Scarboxy group of the aspartic acid moiety. 
The structure of this complex can be represented as 

11 
’ 

in Fig. 3. 12. 
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Abstract-Two novel series of complexes of types [La(DAPCH)X,]X and 
[La(DAPTC)X,]X (DAPCH = a potentially pentadentate ligand derived from 2,6-diace- 
tylpyridine and carbohydrazide ; DAPTC = a potentially tridentate ligand derived from 
2,6_diacetylpyridine and thiocarbohydrazide ; X = Cl, Br or NOJ have been synthesized 
and characterized by elemental analyses, conductance measurements and IR spectral data. 
All these complexes contain terminal hydrazinic nitrogen atoms with an unshared electron 
pair and may take part in nucleophilic condensations. Therefore, the reactions of these 
complexes with 2,6_diacetylpyridine have also been studied which cause ring closure and 
formation of macrocyclic ligand complexes. Two types of cyclic products, viz. mononuclear 
[La(mac)X,]X, [La(mac’)X,]X and binuclear [Laz(mac)X4]X2, [La,(mac’)X,]X, (mac- 
= macrocyclic ligand derived from DAPCH and 2,6_diacetylpyridine ; mat’ = macrocyclic 

ligand derived from DAPTC and 2,6_diacetylpyridine ; X = Cl, Br or NOJ have been 
isolated by carrying out the reactions by different methods. The IR spectra of these cyclic 
products are reported. 

Much research on macrocyclic complexes has been 
focused on species containing a first-row transition 
metal ion and a tetradentate ligand. ’ The majority 
of the ligands contain nitrogen donor atoms and 
are coordinated in a planar manner to the metal 
ion.2-1 ’ The formation of macrocyclic complexes 
depends significantly on the dimension of the inter- 
nal cavity, on the rigidity of the macrocycle, on the 
nature of its donor atoms and on the complexing 
properties of the anion involved in the coordi- 
nation.‘*‘2*‘3 These ligands are also of theoretical 
interest since they are capable of furnishing an 
environment of controlled geometry and ligand 
field strength. ‘v6 

The coordination chemistry of polyaza macro- 
cyclic ligands towards lanthanides has been stud- 
ied’“lg and papers have appeared on crown ether 
and cryptand complexes of lanthanide ions.2S24 

In this paper, the synthesis and characterization 
of lanthanum(II1) macrocyclic complexes derived 
from the condensation of 2,6_diacetylpyridine, car- 
bohydrazide or thiocarbohydrazide is reported. 

RESULTS AND DISCUSSION 

The condensation reactions of 2,6-diace- 
tylpyridine with carbohydrazide or thi- 
ocarbohydrazide in ethanol in the presence of 
sodium acetate give rise to the ligands DAPCH or 
DAPTC : 

II II 
H/ 

I 
C=A A=C 

HN NH 

HaN NH1 

~=o (DAPCH) oI s (DAPTC) 

1021 
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These ligands react with a lanthanum salt in a 
1 : 1 molar ratio and form ring-opened complexes : 

Lax, + DAPCH + [La(DAPCH)X,]X, 

Lax, + DAPTC + [La(DAPTC)X,]X. 

It appears that, in the above complexes, the two 
terminal amino groups remain uncoordinated and 
can take part in condensation reactions with dike- 
tones, and, therefore, the reactions of above com- 
plexes with 2,6_diacetylpyridine have been carried 
out which result in the formation of complexes with 
the following types of macrocyclic ligand : 

I I 
C=A A=C 

HN\N N/NH 
II II 

A = 0 (me) or S (III%') 

However, if the reactions are carried out in situ, 
i.e. the metal salt, carbohydrazide or thiocarbo- 
hydrazide and 2,6_diacetylpyridine are mixed to- 
gether in ethanol and refluxed, an entirely different 
binuclear product is obtained. The reaction is pro- 
posed as follows : 

e,h&ONayLl. ‘) 
DAPCH or DAPTC [La,(max)xalxl 

Lax, 
1 

S5thallOl 
0, 

[ Wmax'Xl X2 

[L~(DAPCH)X~]X 

or 

[L&DAPTC)X~]X 

2,6- 
diacetyl . pyridine 

I 

I La(mac) x2 I x 

OI 

[La(mac’)XJX 

The metal to ligand stoichiometry of all these 
products has been established on the basis of 
elemental analysis (Table 1). The complexes have 
high melting points. The mononuclear lanthanum 
complexes behave as 1 : 1 electrolytes and binuclear 
complexes as 1 : 2 electrolytes in dimethyl- 

formamide. Since these cyclic products could not be 
isolated in the absence of metal ion, lanthanum(II1) 
appear to act as a kinetic “template”. 

IR spectra ofparent DAPCH or DAPTC complexes 

These ligands show bands due to the pyridine 
ring, amine groups, hydrazine or azomethine 
groups, and amide groups (DAPCH) or thioamide 
groups (DAPTC). 

The IR spectrum of the ligand DAPCH shows 
bands at 1675,1500,1260,660 and 530 cm ’ which 
may be assigned2s~26 to amide-I [v(C=O)], amide- 

II [v(CN) + 6(NH)], amide-III [6(NH)], amide-IV 
[+(C=O)] and amide-VI [n(C=O)] vibrations, 
respectively. In the lanthanum complexes, all these 
bands except amide-I show upward shifts (- 60-30 
cm-‘), whereas amide-I band shows a downward 
shift (- 35-20 cm- ‘). These changes in amide 
group vibrations indicate that the amide oxygen 
(ketonic) takes part in coordination to the metal 
atom.‘j This has further been confirmed by the 
appearance of new bands at ca 49G70 cm- ’ assign- 
able” to v(La-0). The IR spectrum of the ligand 
DAPTC shows bands at ca 1560, 1210, 1080 and 
770 cm-’ which are assigned” to thioamide-I, -11, 
-111 and -IV vibrations, respectively. The ligands 
containing an HN-C==S group can undergo 
thione - _ thiol tautomerism. However, the appear- 

ance of four thioamide bands in DAPTC indicates 
the existence of the ligand in the thione form. 
The thioamide-IV band has been found to have 
a maximum v(C=S) contribution.28 In the 
lanthanum complexes, all these bands remain at the 
same position, indicating the non-coordination 
of the thioamide sulphur to the lanthanum atom. 

Both the ligands show a weak band at ca 1640 
cm-’ which can be assigned to the v(C=N) 

vibration of the azomethine linkage. The appearance 
of a weak v(C=N) band is in accord with the obser- 
vations of several other workers.29,30 The band due 
to v(C=N) appears at slightly lower wavenumbers 
(N 1625-1610 cm- ‘) in the complexes, suggestingz9 
that nitrogen atoms of the azomethines are coor- 
dinated to the lanthanum atom. The bands appear- 
ing in the 40&350 cm-’ region may be assigned*’ 
to v(La-N) vibrations. 

The pyridine ring vibrations most affected by pyri- 
dine nitrogen coordination to a metal atom are 8a 
(pyridine ring deformation), 6a (in-plane ring defor- 
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Table 1. Analytical data of the complexes” 

Found (talc.) (%) 

Colour C H N s La Cl/Br 

[La(DAPCH)Cl,]CI Light yellow 

[La(DAPCH)Br,]Br Light yellow 

[La(DAPCH)(NO,),]NO, Light brown 

[La(mac)Cl&l Dark yellow 

[La(mac)Br,]Br Brown 

]La(mac)(NWJN& Orange 

[La,(mac)ClJCl, Brown 

[La2(mac)Br,]Br2 Brown 

tLa,(mac)(NO,),l(NO,), Yellowish brown 

[La(DAPTC)Cl,]Cl Light yellow 

[La(DAPTC)Br,]Br Light brown 

[La(DAPTC)(NO,),]NO, Light brown 

[La(mac’)Cl&l Brown 

[La(mac’)Br,]Br Brown 

[La(mac’) WUINO 3 Yellowish brown 

[La,(mac’)Cl,]Cl, Dark yellow 

[La,(mac’)Br,]Br, Chocolate 

[La,(mac’)(NO,),l(NO,), Orange 

23.8 
(23.8) 
19.2 

(19.2) 
20.8 

(20.8) 
35.2 

(35.3) 
29.4 

(29.5) 
31.5 

(31.6) 
25.9 

(25.9) 
20.1 

(20.1) 
22.1 

(22.1) 
22.5 

(22.5) 
18.3 

(18.3) 
19.8 

(19.8) 
33.6 

(33.7) 
28.4 

(28.4) 
30.3 

(30.3) 
25.0 

(25.0) 
19.6 

(19.6) 
21.5 

(21.5) 

3.0 

(3.0) 

(Z) 
2.6 

(2.6) 
3.1 

(3.2) 

:2:67) 

(E) 

(E) 

(E) 

d:‘o, 
2.8 

(2.9) 

(E) 

(E) 

(E) 
2.5 

(2.6) 

(Z) 
2.1 

(2.2) 
1.7 

(1.7) 

(K) 

22.7 
(22.8) 
18.3 

(18.3) 
26.4 

(26.5) 
20.6 

(20.6) 
17.1 

(17.2) 
23.9 

(23.9) 
15.1 

(15.1) 
11.7 

(11.7) 
20.6 

(20.6) 
21.5 

(21.5) 
17.5 

(17.5) 
25.2 

(25.3) 
19.6 

(19.6) 
16.5 

(16.5) 
23.0 

(23.0) 
14.6 

(14.6) 
11.3 

(11.4) 
20.0 

(20.0) 

- 

- 
- 

- 
- 

- 

10.9 
(10.9) 

(E) 

(E) 

$1’9) 
7.5 

(7.5) 
8.0 

(8.0) 

(Z) 

(E) 

(Z::) 

25.1 19.2 
(25.1) (19.2) 
20.1 34.9 

(20.2) (34.9) 
21.9 - 

(21.9) - 
20.4 15.6 

(20.4) (15.6) 
17.0 29.4 

(17.0) (29.4) 
18.2 - 

(18.3) - 
30.0 23.0 

(30.0) (23.0) 
23.3 40.2 

(23.3) (40.2) 
25.6 - 

(25.6) - 
23.7 18.2 

(23.7) (18.2) 
19.3 33.2 

(19.3) (33.4) 
20.9 - 

(20.9) - 
19.5 14.9 

(19.5) (14.9) 
16.4 28.3 

(16.4) (28.3) 
17.4 - 

(17.5) - 
29.0 22.2 

(29.0) (22.2) 
22.7 39.1 

(22.7) (39.1) 
24.8 - 

(24.8) - 

’ DAPCH = 2,6-diacetylpyridine-bis(carbohydrazone), DAPTC = 2,6-diacetylpyridine-bis(thiocarbohydrazone), 
mat = macrocyclic ligand derived from DAPCH and 2,6_diacetylpyridine, mat’ = macrocyclic ligand derived from 
DAPTC and 2,6_diacetylpyridine. 

mation) and 16b (out-of-plane deforma- 
tion).3’,32 These vibrations appear at ca 1580, 620 
and 410 cm-‘, respectively, in the free ligands. 
In all the complexes, these bands show a shift to a 
higher energy (N 3&10 cm- ‘), indicating coordina- 
tion of the pyridine nitrogen to the lanthanum 
atom.30 The v(La-F’y) vibrations are located at 
ca 280-250 cm- ‘. 

The ligands also show a broad band at ca 3250 
cm- ’ along with two shoulders at ca 3300-3280 and 
323&3220 cm- ’ which may be due to v[sym(NH)] 

and v[asym(NH)] vibrations. In the complexes, 
these bands persist, indicating non-coordination of 
the terminal amino groups to the metal atom. 

IR spectra of macrocyclic products 

The IR spectra of the macrocyclic complexes 
show few significant changes compared with the 
products. The v(NH,) bands disappear. Only one 
band is observed in the v(NH) region at ca 3200 
cm- ’ which may be due to secondary amino group, 
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establishing the condensation of the primary amino 
group with 2,6_diacetylpyridine. This is further sup- 
ported by the appearance of a very weak band at ca 
1635 cm- * in the [La(mac)Xz]X or [La(mac’)X,]X 
complexes, establishing the formation of an azo- 
methine linkage. In the binuclear macrocyclic com- 
plexes, this band disappears, which may be taken 
as evidence of the coordination of the azo- 
methine nitrogen to another metal atom. Further, 
the medium or weak bands appearing at ca 
1570, 620, and 420 cm-’ in the [La(mac)X,]X or 
[La(mac’)XdX complexes may be due to3’ 8a, 6a 
and 16b vibrations of the non-coordinated pyridine 
moiety. In binuclear mactrocyclic complexes, these 
bands shift to a higher frequency and overlap with 
the coordinated pyridine ring vibrations of the first 
metal. As a result broad bands appear at ca 1590, 
630 and 425 cm- I. This confirms the coordination 
of the second pyridine nitrogen to another metal. 
The spectral features in conjunction with the intense 
colour of the complexes support the formation of 
macrocyclic ligand complexes. The intense colour 
originates from a high degree of conjugation present 
in macrocyclic systems. 

In addition to the above bands, the nitrato com- 
plexes of lanthanum show bands at ca 1550- 
1535, 1270-1260 and 1040-1025 cm-’ due to 
v(asym(NO,)], v[sym(NO,)] and v(NO), indicating 
the presence of coordinated nitrate groups in the 
complexes. In the chloro and bromo complexes, the 
bands appearing at ca 350-330 and 3 10-300 cm- ’ 
may be assigned to v(La-Cl) and v(La-Br) 
vibrations, respectively. 

EXPERIMENTAL 

The ligands 2,6-diacetylpyridine-bis(carbo- 
hydrazone) (DAPCH) and 2,6_diacetylpyridine- 
bis(thiocarbohydrazone) (DAPTC) were prepared 
as reported in the literature.33 Lanthanum salts 
were procured from B.D.H. Ltd. 

Preparation of complexes of DAPCH and DAPTC, 
[La(DAPCH)X,] and [La(DAPTC)X,JX (X = Cl, 
Br or N03) 

A general procedure was adopted to synthesize 
these complexes. The procedure involves the 
addition of the appropriate ligand (0.02 mol) to an 
aqueous ethanolic (60%) solution of the appro- 
priate metal salt (0.02 mol). The mixture was 
refluxed for ca 6-8 h on a water bath. Light yellow 
or light brown masses which appeared immediately 
in the case of halo complexes, or on keeping the 
solution overnight in the case of nitrato complexes, 

were filtered, washed with ethanol and dried in vacua 
at room temperature. 

Preparation of mononuclear complexes of the macro- 
cyclic ligand, [La(mac)X,]X and [La(mac’)X2]X 
(mat = macrocyclic ligand derived by condensation 
of DAPCH and 2,6_diacetylpyridine ; mat’ = 
macrocyclic ligand derived by condensation of 
DAPTC and 2,6_diacetylpyridine; X = Cl, Br or 

NO31 

A common procedure was followed to synthesize 
these complexes. 2,6_Diacetylpyridine dissolved in 
aqueous ethanol (60%) (0.02 mol in 50 cm3) was 
added to the appropriate DAPCH or DAPTC com- 
plexes (0.02 mol) and refluxed for ca 18-20 h. The 
colour of the mixture was intensified and the pre- 
cipitate obtained was filtered, washed with ethanol 
and hot water, and dried in vacua at room tem- 
perature. 

Preparation of binuclear complexes of the macro- 
cyclic Zigand, [La,(mac)X,]X, and [La,(mac’)X,]X, 
(X = Cl, Br or N03) 

A general procedure adopted to synthesize 
these complexes involved the addition of an excess 
of the appropriate metal salt to an aqueous etha- 
nolic solution of 2,6_diacetylpyridine (0.01 mol) and 
carbohydrazide or thiocarbohydrazide (0.01 mol). 
The solution was refluxed for ca 20-24 h, when 
dark yellow, brown or orange coloured precipitates 
appeared which were filtered, washed thoroughly 
with ethanol and dried in vacua at room tem- 
perature. 

Microanalyses for carbon and hydrogen were 
performed by the C.D.R.I., Lucknow, and by the 
Department of Chemistry, B.H.U., Varanasi. 
Nitrogen was estimated by Kjeldahl’s method, sul- 
phur as BaSO,, and chloride and bromide as their 
silver salts. Lanthanum was estimated gravi- 
metrically as its oxide. 

The details of physical measurements are the 
same as described earlier. 34 
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Abstract-Reaction of pentacarbonyl iron(O) with 1 ,Zquinone mono-oximes (qoH) gives 
the Fe(qo)2 complexes as the main products together with various organic products. In the 
presence of aniline the main products are again the complexes ,Fe(qo), which are 
accompanied by the formation of organic products and complexes of type Fe(qo-A), 
where qo-A is a species arising from the coupling of the qo ligand with aniline. The 
formation of the latter type of complex and of the organic products is rationalized in terms 
of deoxygenation of the qo ligand. The complexes Fe(qo), and Fe(qo-A), have oligomeric 
structures as indicated by their magnetic properties and Massbauer spectra. Both these 
types of complex react with pyridine to give dipyridine adducts. 

Reactions of pentacarbonyl iron(O) with oximino, 
nitro and nitroso compounds have been described 
in several publications. l-l2 Nitro and nitroso com- 
pounds undergo deoxygenation to give products 
whose nature is generally accounted for in terms of 
nitrene intermediates. 5-g For oximino compounds 
both deoxygenation and deoximation behaviour 
has been reported. 6*‘2 A number of reactions have 
been reported in which pentacarbonyl iron(O) reacts 
with a chelating ligand to give rise to an iron(I1) 
complex, ’ 3-20 e.g. the reaction of acetylacetone 
gives rise to bis(acetylacetonato)iron(II). ’ 3 Hence, 
reaction of pentacarbonyl iron(O) with 1 ,Zquinone 
mono-oximes could also give rise to chelates in 
addition to products arising from reactions such as 
those indicated above involving the oxime group. 

* Author to whom correspondence should be addressed. 

In this paper we report on the reactions of pen- 
tacarbonyl iron(O) with 1,2-naphthoquinone-2- 
oxime (la), 1,2-naphthoquinone-1-oxime (lb) and 
5methoxy-l,Zquinone-Zoxime (1~). We also 
report on the interaction of la and lb with pen- 
tacarbonyl iron(O) in the presence of aniline and on 
the interaction of pentacarbonyl iron(O) with the 
iron(II1) complexes, Fe(qo)3(qoH = la-lc). 

Interaction of pentacarbonyl iron(O) with the qui- 
noneoximes (la-lc) in refluxing tetrahydrofuran 
gave, in each case, the corresponding iron(I1) 1,2- 
quinone mono-oximato complex, Fe(qo), (2), as the 
main product and a mixture of small amounts of 
organic products (Scheme 1). The organic products 
isolated from the reaction of la included 2-amino- 
N4( 1-hydroxy-2-naphthyl)- 1 ,Cnaphthoquinone 4- 
imine and 5-hydroxy-dibenzo[b,i]phenazin- 12(6H)- 
one. For the reaction involving lc the predominant 
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organic product was 2-amino-7-methoxy-3H- 
phenoxazin-3-one. The complexity of the mixture 
of organic products arising from lb hindered char- 
acterization. 

In the presence of aniline la and lb again reacted 
with pentacarbonyl iron(O) to give the Fe(qo), com- 
plex as the main product. In addition, iron com- 
plexes of type Fe(qo-A), (3 and 4), where qo-A is a 

species arising from the coupling of the qo ligand 
with aniline and various organic products, were 
formed. The predominant organic product isolated 
from both of these systems was 2-phenylamino- 
N4-phenyl-1,4-naphthoquinone-4-imine. Other 
products isolated from the reaction involving la 
were 2-amino-N4-phenyl- 1 ,Cnaphthoquinone 4- 
imine, N4-phenylamino-1 ,2-naphthoquinone and 

P R’ - R’ = H. Rs,R’ = --HC=CH--CH=CH- 

b R’= R’= H, R’,R’= -HC=CH-CH=CH- 

E R’ = R’ = R’ = H, R3 = OMc 

I 

organic products 

Sb 6 
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7a 7b 

5-hydroxy-dibenzo-[b,i]phenazin-12(6H)-one. For 
the system involving lb, N4-phenylamino- 1,2- 
naphthoquinone was also isolated. The nature of 
the ligands in the Fe(qo-A)z complexes 3 and 4 
was established by isolating and characterizing the 
organic products formed from the reaction of the 
complexes with aqueous hydrochloric acid. In the 
case of the complex 3 the acidolysis led to the pro- 
tonated ligand 5a, which exists mainly as the amino 
tautomer 5b. In contrast, acidolysis of complex 4 led 
to the quinone 6. Similar behaviour was observed 
earlier for the analogous copper(I1) complex which 
was obtained from the reaction of aniline with 
Cu(qo)l (qoH = lb).*’ 

The iron(II1) complexes Fe(qo)3 (qoH = la-lc) 
reacted readily with pentacarbonyl iron(O) in 
refluxing tetrahydrofuran to give the respective 
Fe(qo), complexes in quantitative yield. No organic 
products were formed in these reactions. 

The Fe(qo), complexes obtained from the above 
reactions are oligomeric, as indicated by their mag- 
netic properties and Miissbauer spectra, and as sug- 
gested previously for such complexes obtained by 
other routes. ** By analogy, oligomeric structures 
(Fig. 1) are also suggested for the Fe(qo-A), com- 

0nNH=50r7 

Fig. 1. 

plexes. These compounds exhibit two doublets in 
their Miissbauer spectra and the values of their 
room-temperature magnetic moments (ca 3 BM) 
(Table 1) are in accord with the presence of both 
high-spin five-coordinate and low-spin six-coor- 
dinate iron atoms. The pyridine adducts of the 
Fe(qo-A), complexes are six-coordinate dia- 
magnetic species which lose pyridine at 16O”C/O.3 
mmHg to give the respective bischelates. 

The formation of the complexes Fe(qo)z as the 
major products from the reactions between pen- 
tacarbonyl iron(O) and the quinoneoximes probably 
reflects their high insolubility in tetrahydrofuran 
and organic solvents in general. The organic prod- 
ucts obtained from these reactions parallel closely 
those arising from reactions of the copper(I1) com- 
plexes of these quinone oximes with aniline*’ or 
triphenylphosphine. 23 They can be accounted for in 
terms of deoxygenation of the protonated ligands 
to give the quinoneimine/nitrene 8 followed by 
hydrogen abstraction and/or coupling reactions. 
Their formation through deoxygenation of the che- 
lated anionic ligands is unlikely, as suggested by the 
absence of any organic products in the reactions 
between the complexes Fe(qo)3 and pentacarbonyl 
iron(O), and by the inertness of the Fe(qo), com- 
plexes towards pentacarbonyl iron(O). When aniline 
is involved, products arising from coupling reac- 
tions of the quinoneimine/nitrene with aniline are 
also obtained. The formation of 2-phenylamino- 
N4-phenyl- 1,4-naphthoquinone-4-imine from both 
the reaction involving la and that involving lb 
probably arises as a result of interaction of aniline 
with N4-phenylamino-1,2-naphthoquinone. 

Table 1. Miissbauer parameters and room-temperature 
magnetic moments of iron(I1) complexes derived from 

the mono-oximes of 1,2-naphthoquinone” 

A &Fe) l&i 
Complex (mm SK’) (nun s- ‘) (BM) 

Fe(l-nqo),.2py 0.92 0.19 0.50 
Fe(2-nqo)2 * 2py 0.88 0.20 0.60 
Fe(l-nqo), 0.79 0.08 3.08 

4.00 1.22 
Fe(2-nqo), 0.71 0.05 3.04 

3.99 1.22 
Fe(l-qo-A), (4) 0.88 0.12 3.12 

3.27 0.47 
Fe(2-qo-A)* (3) 0.77 0.08 3.13 

3.40 0.92 

“All spectra were recorded at room temperature. No 
significant differences were observed when recording 
spectra at liquid-nitrogen temperature (77 K). 
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EXPERIMENTAL 

Magnetic-susceptibility data, and also IR, NMR, 
electronic and Mijssbauer spectra, were obtained as 
described earlier. 2 ‘*22 

Reaction between pentacarbonyl iron(O) and 1,2- 
naphthoquinone- 1 -oxime 

Pentacarbonyl iron(O) (2.0 g, 10.2 mmol) and the 
mono-oxime (5.2 g, 30.0 mmol) were heated under 
reflux in dry tetrahydrofuran (50 cm’) under nitro- 
gen for 24 h. The mixture was filtered and the resi- 
due washed with tetrahydrofuran (2 x 10 cm’) and 
dried at lOO”C/O.l mmHg to give green bis(l,2- 
naphthoquinone-1-oximato)iron(II) (2.56 g, 64%) 
(Found: C, 59.6; H, 3.2; Fe, 13.8; N, 6.9. Calc. for 
C2,,Hi2FeN204: C, 60.0; H, 3.0; Fe, 14.0; N, 
7.0%). 

Reaction between pentacarbonyl iron(O) and 1,2- 
naphthoquinone-2-oxime 

Similarly, pentacarbonyl iron(O) (2.0 g, 10.2 
mmol) and 1,2-naphthoquinone-2-oxime (5.2 g, 
30.0 mmol) gave green bis( 1 ,Znaphthoquinone-Z 
oximato)iron(II) (3.28 g, 82%) (Found : C, 59.8 ; H, 
3.1; Fe, 13.9; N, 6.9. Calc. for C2,,Hi2FeN204: C, 
60.0; H, 3.0; Fe, 14.0; N, 7.0%). The combined 
filtrate and washings were evaporated under 
reduced pressure to give a brown oil which was 
chromatographed on silica gel. Toluene eluted 
unreacted 1,2-naphthoquinone-2-oxime (0.42 g, 
8% recovery) followed by 5-hydroxy-dibenzo[b,i]- 
phenazin-12(6H)-one (0.19 g, 4%), m.p. 28&283”C 
(decomp), m/z 312 (M+) (identical TLC and IR to 
an authentic sample2’). Toluene-ethyl acetate (1 : 1) 
eluted 2-amino-N4-)1 -hydroxy-2-naphthyl)- 1,4- 
naphthoquinone 4-imine (0.28 g, 68%) m.p. 274 
276°C m/z 314 (M+) (identical TLC and IR to an 
authentic sample23). 

Reaction between pentacarbonyl iron(O) and 5- 
methoxy- 1,2-quinone-2-oxime 

Similarly, pentacarbonyl iron(O) (2.0 g, 10.2 
mmol) and the mono-oxime 5-methoxy- 1,2-qui- 
none-Zoxime (4.6 g, 30.0 mmol) gave green bis(5- 
methoxy- 1,2-quinone-2-oximato)iron(II) (1.8 g, 
50%) (Found: C, 46.4; H, 3.6; Fe, 15.2; N, 7.3. 
Calc.forC,,H,,FeN206:C,46.6;H,3.8;Fe, 15.5; 
N, 7.6%). The combined filtrate and washings were 
evaporated under reduced pressure to give a brown 
oil which was chromarographed on silica gel. Tolu- 
ene eluted 2-amino-7-methoxy-3H-phenoxazin-3- 
one (0.91 g, 25%) (identical TLC and IR to an 
authentic sample23). 

Reaction between pentacarbonyl iron(O) and 1,2- 
naphthoquinone-1-oxime in the presence of aniline 

Pentacarbonyl iron(O) (2.0 g, 10.2 mmol) and the 
mono-oxime (5.0 g, 29.0 mmol) were heated under 
reflux with aniline (4.4 g, 47.0 mmol) in dry tetra- 
hydrofuran (100 cm3) under nitrogen for 24 h. The 
mixture was stirred at ambient temperature for a 
further 16 h and filtered to give a green solid (2.7 
g) which was stirred in pyridine for 72 h and chro- 
matographed on silica gel. Light petrol (b.p. 30- 
40”Cttoluene (1 : 1) eluted 2-phenylamino-N4- 
phenyl- 1,4-naphthoquinone-4-imine (0.66 g, 7%) ; 
(Found: C, 81.5; H, 5.0; N, 8.6. C22H,6N20 
requires : C, 8 1.5 ; H, 4.9 ; N, 8.6%) ; v,,(KBr) 1660 
(W), and 3360 (N-H) em-‘; G[(CD3)2So] 181.8 
(lC, CO), 6.6 (lH, s), and 6.7-8.7 (15H, br, 
m) ; m/z 324 (M+). Tolueneethyl acetate (3 : 1) 
eluted bis( 1 ,Znaphthoquinone-l-oximato)dipyri- 
dineiron(I1) (1.86 g, 33%) (Found: C, 63.8; H, 
3.9 ; Fe, 9.9 ; N, 10.0. Calc. for C30H22FeN404 : 
C, 64.5; H, 3.9; Fe, 10.0; N, 10.0%). Ethyl 
acetate eluted bis(Cphenylamino- 1-imino- 1,2- 
naphthoquinone)dipyridineiron(II) (1.08 g, 15%) 
(Found: C, 71.5; H, 4.0; Fe, 7.5; N, 11.7. 
C42H32FeN602 requires: C, 71.2; H, 4.5; Fe, 7.9; 
N, 11.9%.) Evaporation of the filtrate under 
reduced pressure gave a brown tar (8.0 g) which 
was chromatographed on silica gel. Light petrol 
(b.p. 30-4OCktoluene (1 : 1) eluted 2-phenyl- 
amino - N4 - phenyl - 1,4 - naphthoquinone-+imine 
(1.66 g, 18%) (identified by TLC). Toluene eluted 
N4-phenylamino-1,2-naphthoquinone (0.53 g, 
7.3%), m.p. 257-259°C (lit. 254256”C24) (Found : 
C, 77.9; H, 3.9; N, 6.0. Calc for ClgH,,N02: C, 
77.1; H, 4.4; N, 5.6%) ; m/z 249 (M+). 

Pyrolysis of bis(4-phenylamino- 1 -imino- 1 ,Znaphtho- 
quinone)dipyridine iron(I1) 

This bis(pyridine) iron(I1) complex (1.0 g) was 
heated at 160°C and 0.3 mmHg for 1 h. The residue 
was green bis(4_phenylamino- 1 -imino- 1 ,Znaphtho- 
quinone)iron(II) (0.79 g) (Found : C, 69.4 ; H, 3.9 ; 
Fe, 10.1 ; N, 10.5. C32H22FeN402 requires : C, 69.8 ; 
H, 3.9; Fe, 10.2; N, 10.2%). The distillate, collected 
in a trap cooled in a solid carbon dioxide-ethanol 
bath, was shown to be pyridine (IR). 

Reaction between bis(4_phenylamino- 1 -imino- 1,2- 
naphthoquinone)iron(II) and hydrochloric acid 

The bis(pyridine) iron(I1) complex (0.2 g) was 
shaken with aqueous hydrochloric acid (15%, 50 
cm’) for 10 min. After neutralisation (NaHCO,) 
chloroform was added and the mixture shaken for 5 
min. The chloroform layer was separated from the 
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aqueous layer, which was then further extracted with 
chloroform. The combined chloroform extracts were 
dried (MgSO,), filtered and evaporated under 
reduced pressure to give N4-phenylamino- 
1,Znaphthoquinone (0.16 g, 90%) (identified by 
TLC). 

Reaction between pentacarbonyl iron(O) and 1,2- 
naphthoquinone-2-oxime in the presence of aniline 

Pentacarbonyl iron(O) (2.0 g, 10.2 mmol) and the 
mono-oxime (5.3 g, 3 1 .O mmol) were heated under 
reflux with aniline (4.6 g, 49.0 mmol) in dry tetra- 
hydrofuran (100 cm’) under nitrogen for 24 h. The 
mixture was stirred at ambient temperature for a 
further 16 h and filtered to give a green solid (2.3 
g), which was stirred in pyridine for 72 h and chro- 
matographed on silica gel. Light petrol (b.p. 30- 
4O”Cktoluene (1 : 1) eluted 2-phenylamino-N4- 
phenyl-1,4-naphthoquinone-4-imine (0.17 g, 2%) 
(identified by TLC). Toluene-ethyl acetate (3 : 1) 
eluted bis( 1,2-naphthoquinone-2-oximato)dipy- 
ridine iron(I1) (2.96 g, 52%) (Found: C, 65.1; H, 
4.5; Fe, 10.6; N, 9.6. Calc. for C3,,H22FeN404: 
C, 64.5; H, 3.9; Fe, 10.0; N, 10.0%). Ethyl acetate 
eluted bis(4-phenylamino-2-imino-1 ,Znaphtho- 
quinone)dipyridineiron(II) (0.48 g, 7%) (Found : C, 
70.5; H, 4.1; Fe, 8.2; N, 12.2. C42H32FeN602 
requires:C,71.2;H,4.5;Fe,7.9;N,11.9%).Evap- 
oration of the filtrate under reduced pressure gave 
a brown tar (9.8 g) which was chromatographed on 
silica gel. Light petrol (b.p. 3@-40”C)-toluene (1 : 1) 
eluted 2-phenylamino-N4-phenyl- 1 ,Cnaphtho- 
quinone4-imine (2.7 g, 27%); identified by TLC, 
Ir and NMR) Toluene eluted 2-amino-N4-phenyl- 
1,4-naphthoquinone-4-imine (1.1 g, 14.0%) 
(Found: C, 77.3 ; H, 4.1 ; N, 11.5. Calc. for 
C ,6H, ZN20 : C, 77.4 ; H, 4.8 ; N, 11.3%) ; v,,,(KBr) 
3495,3380,1660,1620 and 1600cm-’ ; &,(CHC13) 
247 nm (log E 4.25) 299 nm (log E 4.06), 345 nm 
(log E 3.72), and 445 nm (log E 3.70) ; m/z 248 (M+) ; 
followed by N4-phenylamino- 1,2_naphthoquinone 
(0.23 g, 3%); m.p. 256259°C (lit. 254256”Cz4) 
(identical by comparison with the sample isolated 
above ; TLC and IR). Toluene-ethyl acetate (3 : 1) 
eluted 5-hydroxy-dibenzo[b,i]-phenazin-12(6H)- 
one (0.18 g, 4%) (identical TLC and IR to an auth- 
entic sample’ ‘). 

Pyrolysis of bis(4-phenylamino-2-imino- 1,2- 
naphthoquinone)dipyridine iron(I1) 

The bis(pyridine) iron(I1) complex (1 .O g) was 
heated at 16O”C/O.3 mmHg for 1 h. The residue was 
green bis(4-phenylamino-2-imino-1 ,Znaphtho- 
quinone)iron(II) (0.8 g) (Found: C, 69.3; H, 3.8; 

Fe, 10.3 ; N, 9.8. C32H22FeN402 requires : C, 69.8 ; 
H, 4.0 ; Fe, 10.2 ; N, 10.2%). The distillate, collected 
in a trap cooled in a solid carbon dioxide-ethanol 
bath, was shown to be pyridine (IR). 

Reaction between bis(4-phenylamino-2-imino- 1,2- 
naphthoquinone)iron(II) and hydrochloric acid 

The bis iron(I1) complex (0.2 g) was shaken with 
aqueous hydrochloric acid (15%, 50 cm’) for 10 
min. After neutralization (NaHCO,) chloroform 
was added and the mixture shaken for 5 min. The 
chloroform layer was separated from the aqueous 
layer, which was then further extracted with chloro- 
form. The combined chloroform extracts were dried 
(MgS04), filterd and evaporated under reduced 
pressure to give 2-amino-N4-phenyl-1 ,Cnaphtho- 
quinone-4-imine (0.12 g, 67%) (identified by TLC). 

Reaction of pentacarbonyl iron(O) with tris( 1,2- 
quinone mono-oximato)iron(III) 

Pentacarbonyl iron(O) (ca 1.0 g, 1 mol. equiv.) 
and tris( 1 ,Zquinone mono-oximato(iron)(III) 
[fe(qo),; qoH = la, b or c] (1 mol. equiv.) were 
heated under reflux in dry tetrahydrofuran (50 cm’) 
under nitrogen for 24 h. Bis(l,2-quinone mono- 
oximato)iron(II) was filtered off, washed with 
tetrahydrofuran (2 x 10 cm3) and dried at lOO’C/O. 1 
mmHg. 

Found (%) 

Product % yield C H 

2a 98 59.5 3.2 
2b 97 59.8 3.2 
2c 98 46.3 3.2 

Fe N 

13.9 6.9 
14.1 6.8 
15.2 7.3 

Acknowledgements-We thank the S.E.R.C., Kodak Ltd 
and Filtrona Ltd for CASE. Awards to D.S.P. and 
J.S.M., and Dr H. D. Mathewson for many useful dis- 
cussions. 

1. 

2. 

3. 
4. 

5. 

REFERENCES 

S. A. C. Gervasio, L. M. R. Rossetti and P. L. 
Stanghellini, J. Chem. Sot., Chem. Commun. 1976, 
370. 
H. Alper and C. H. Keung, Tetrahedron Lett. 1970, 
53. 
H. Alper, Znorg. Chem. 1972,11,976. 
J. Eeekhof, H. Hogeveen and R. M. Kellogg, J. 
Chem. Sot., Chem. Commun. 1966,657. 
M. Dekker and G. R. Knox, J. Chem. Sot., Chem. 
Commun. 1967,1243. 



1032 J. CHARALAMBOUS et al. 

6. H. Alper and J. T. Edward, Can. J. Chem. 1970,4S, 
1543. 

7. J. E. Kmiecik, J. Org. Chem. 1965, 30, 2014. 
8. M. J. Barrow and 0. S. Mills, Angew. Chem., Znt. 

Ed. Engl. 1969, 8, 879. 
9. S. Horie and S. Murahashi, Bull. Chem. Sot. Jpn 

1960,33, 88. 
10. S. Horie and S. Murahashi, J. Am. Chem. Sot. 1956, 

78,4816. 
11. P. A. S. Smith and B. B. Brown, J. Am. Chem. Sot. 

1951,73,2435. 
12. A. Dondoni and G. Barbara, J. Chem. Sot., Chem. 

Commun. 1975,761. 
13. T. G. Dunne and F. A. Cotton, Znorg. Chem. 1963, 

2, 263. 
14. W. R. McClelland and R. E. Benson, J. Am. Chem. 

Sot. 1966,88,5165. 
15. F. Calderazzo, C. Floriani, R. Her& and F. L’Eplat- 

teniers, J. Chem. Sot. A 1969, 1378. 
16. M. Tsutsui, R. A. Velapodi, K. Suzuki, F. 

Vohwinkel, M. Ichikawa and T. Koyano, J. Am. 
Chem. Sot. 1969,91, 6292. 

17. K. D. Karlin and S. J. Lippard, J. Am. Chem. Sot. 
1976,98,6951. 

18. A. L. Balch, I. G. Dance and R. L. Helm, J. Am. 
Chem. Sot. 1968,90, 1139. 

19. J. Miller and A. L. Balch, Znorg. Chem. 1971, 101, 
1410. 

20. C. J. Jones, J. A. McCleverty and D. G. Orchard, 
J. Chem. Sot., Dalton Trans. 1972, 1109. 

21. R. G. Buckley, J. Charalambous and E. G. Brain, J. 
Chem. Sot., Perkin I 1982, 1075. 

22. D. K. Allen, J. Charalambous, M. H. Johri, R. Sims, 
J. Bailey, H. D. Mathewson and D. Cunningham, 
Znorg. Chim. Acta 1978,29, L235. 

23. R. G. Buckley, J. Charalambous, M. J. Kensett, M. 
McPartlin, D. Mukergee, E. G. Brain and J. M. 
Jenkins, J. Chem. Sot., Perkin I 1983, 693. 

24. I. D. Biggs and J. M. Tedder, Tetrahedron 1978, 34, 
1377. 



Polyhedron Vol. 6, No. 5, pp. 103F1035, 1987 
Printed in Great Britain 

0277-5387/87 $3.00+ .OLl 
0 1987 Pergamon Journals Ltd 

COMPLEXES OF COPPER(I1) WITH MONONITROSO- AND 
DINITROSORESORCINOLS 

JOHN CHARALAMBOUS,* COLIN W. NEWNHAM, F. BRIAN TAYLOR, 
MARTIN J. WHELEHAN, KEITH W. P. WHITE and IVAN G. H. 

WILSON 

Polytechnic of North London, Holloway, London N7 8DB, U.K. 

(Received 20 June 1986 ; accepted 16 September 1986) 

Abstract-Polymeric complexes of the type Cu(X-dnr) - HZ0 (X-dnrH, = 2,4 - dinitro- 
soresorcinol and 4 - ethyl -, 4 - chloro- or 5 - methyldinitrosoresorcinol) have been prepared 
by nitrosation of resorcinol, 4-ethylresorcinol, 4-chlororesorcinol and 5-methylresorcinol 
with sodium nitrite-acetic acid in the presence of copper(I1) chloride. Nitrosation of 2 - 
methylresorcinol gives Cu(2 - Memnr),*4H20 (2 - MemnrH = 2 - methyl - 4 - nitro- 
sorcinol). Reaction of the complexes Cu(X-dnr) *Hz0 (X = H, 6-Et or 6-Cl) with hot 
pyridine gives the respective Cu(X-dnr) * py complexes. Magnetic-susceptibility studies 
indicate antiferromagnetic interaction through the X-dnr’- ligand in the complexes Cu(X- 
dnr) * L (L = Hz0 or py) and association of Cu(ZMemnr), units in the complex Cu(2- 
Memnr), .4H20. 

Metal complexes of 1,2 - quinonemono - oximes 
(2 - nitrosophenols) have synthetic, analytical and 
other uses.lm3 We have previously reported that 
polymeric complexes of the type Ni(X-dnr) * 2Hz0 
where X-dnrHz (1) is 2,4 - dinitrosoresorcinol, 6 - 
ethyl - 2,4 - dinitrosoresorcinol or 5 - methyl - 2,4 - 
dinitrosoresorcinol are obtained by nitrosation of 
resorcinol, 4 - ethylresorcinol and 5 - methyl- 
resorcinol, respectively, in the presence of nickel 

OH OH 

NO 

2 

NOH 

*Author to whom correspondence should be addressed. 

chloride.4 In contrast nitrosation of 2 - methyl- 
resorcinol in the presence of nickel chloride gives a 
bischelated complex derived from the mono- 
nitrosated resorcinol 2.4 In this paper we describe 
the preparation, characterization and magnetic 
properties of analogous copper(I1) complexes. 

EXPERIMENTAL 

Elemental analyses were carried out by the mic- 
roanalytical laboratory of the Polytechnic of North 
London. Copper was determined by atomic absorp- 
tion with a Pye-Unicam SP9 spectrophotometer, 
after decomposing the complexes with concentrated 
sulphuric acid and hydrogen peroxide. IR spectra, 
magnetic susceptibilities and thermal gravimetric 
data were obtained as described earlier. 5 Magnetic 
moments were corrected for the diamagnetic effect 
of the ligands.6 

Preparation of the complexes Cu(X-dnr) - H,O 
(X = H, 6-Et, 6-Cl or 5-Me) and Cu(2- 
Memnr), - 4Hz0 by nitrosation of resorcinols 

The resorcinol (0.05 mol) in ethanol (100 cm3) 
was added to a solution of copper(I1) chloride dihy- 
drate (8.5 g, 0.05 mol), acetic acid (20 cm3) and 
sodium acetate (20 g) in water (120 cm3). Sodium 

1033 
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Table 1. Analytical and room-temperature magnetic data for Cu(II) complexes of nitrosoresorcinols 

Phenol Product formula No. (%) C H N Cu 
Yield 

Found (%) 

Resorcinol Cu(dnr)- H,O 1 87 29.1 1.8 10.2 25.9 
4-Ethylresorcinol Cu(6-Etdnr) * Hz0 2 61 34.1 2.8 9.8 22.8 
4-Chlororesorcinol Cu(6-Cldnr) - Hz0 3 79 25.2 1.5 8.8 22.8 
5-Methylresorcinol Cu(S-Mednr) *Hz0 4 62 31.4 2.1 10.7 23.9 
2-Methylresorcinol Cu(2-Memnr), - 4H,O 5 50 37.5 4.0 6.4 14.6 

Cu(dnr) - py 6 62 42.9 2.7 13.2 21.2 
Cu(6-Etdnr) - py 7 65 45.1 3.0 10.6 18.7 
Cu(6-Cldnr) - py 8 56 38.4 1.9 12.4 18.8 

Required (%) 

C H N Cu (ca 295 K) 

29.1 1.6 11.3 25.7 1 .oo 
34.8 2.3 10.1 23.0 1.40 
25.5 1.1 9.9 22.5 1.25 
32.1 2.3 10.7 24.3 1.33 
38.2 4.6 6.3 14.7 1.48 
42.8 2.3 13.6 20.6 1.34 
46.3 3.3 12.5 18.9 1.55 
38.5 1.8 12.3 18.5 1.37 

nitrite (10 g) in water (60 cm3) was added with 
stirring. The resulting mixture was stirred at 20°C 
for 1 week and then the product was filtered off, 
washed thoroughly by stirring with water (3 x 100 
cm3) and ethanol (3 x 100 cm3) for several hours 
and dried at 5O”C/O.l mm (see Table 1 for analysis 
and other data). 

Interaction of the complexes Cu(X - dnr) - HZ0 (X 
= H, 6-Et or 6-Cl) with pyridine 

The hydrated complex (ca 3 g) was heated under 
reflux in pyridine (100 cm’) for 1 h. The reaction 
mixture was filtered hot, the filtrate was evaporated 
to dryness at 6O”C/O. 1 mm and the resultant residue 
of the pyridine adduct was washed with ethanol and 
ether, and dried at SOC/O.l mm. 

RESULTS AND DISCUSSION 

Bottei and McEachern’ have reported that the 
interaction of copper sulphate pentahydrate with 
2,4 - dinitrosoresorcinol in aqueous ethanol gave a 

polymeric product which they formulated as 
Cu(dnr). In contrast, Hunter and Webb’ for- 
mulated the product of a similar reaction in meth- 
anol as [Cu(dnrH),(H,O)d * 2Hz0. We have 
obtained a polymeric complex of formula Cu(dnr) 
- HZ0 by nitrosation of resorcinol in the presence 
of copper chloride. The analogous complexes Cu(5 - 
Mednr) * H20, Cu(6 - Etdnr) - Hz0 and Cu(6 - 
Cldnr) * HZ0 have been obtained similarly by nitro- 
sation of 5 - methylresorcinol, 4 - ethylresorcinol 
and 4 - chlororesorcinol, respectively. Nitrosation 
of 2-methylresorcinol in the presence of copper(I1) 
chloride, leads to mononitrosation and formation 
of the complex Cu(2 - Memnr), * 4H20. The for- 
mulation of the complexes was established by 
elemental analysis and IR spectroscopy. The pos- 
ition of nitrosation has been established as 
described previously.4 

The complexes CL@ - dnr) * HZ0 (X = H, 6-Et, 
6-Cl or 5-Me) were insoluble in ethanol, acetone, 
chloroform and diethyl ether, but dissolved in 
refluxing pyridine to give 1 : 1 adducts as shown by 
the isolation and characterization of the pyridine 

Table 2. Thermal gravimetric analysis 

Decomposition 
Weight Weight loss (mg) temperature 

of sample Tb,’ 
(“C) of 

Compound (mg) (“C) Found Calcd M(X-dnr) 

1 107 100 8 8 170 
2 103 142 8 7 175 
3 103 115 7 7 185 
4 114 132 9 8 162 

a Nos from Table 1. 
‘Temperature of loss of water. 
c Maxima on the rate of weight loss against temperature curve. 
dCalculated for 1 mol equiv. of water. 
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Table 3. Variable-temperature magnetic data for Cu(6- 
Cldnr) - py 

T (K) 293 273 253 233 213 
106xA 810 845 906 960 1016 

&T 1.38 1.36 1.36 1.34 1.32 
-B(K) 75 

adducts when X = H, 6-Et or 6-Cl. Thermal gravi- 
metric analysis (Table 2) on all the hydrates showed 
that water was lost quantitatively between 100 and 
150°C to give Cu(X-dnr) which decomposed 
between 160 and 190°C. 

Magnetic susceptibilities for the complexes 
Cu(X - dnr) * Hz0 (X = H, 6-Et, 6-Cl or 5-Me) and 
Cu(X-dnr)py (X = H, 6-Et or 6-Cl) were measured 
at room temperature and the calculated magnetic 
moments are given in Table 1. The magnetic 
moments at room temperature for both the 
hydrates and the pyridine adducts of Cu(X-dnr) 
studied fall in a range (1.0-1.6 BM) which is well 
below the limits expected for magnetically dilute 
copper(I1) complexes. Generally, copper complexes 
have moments in the range 1.8-2.1 BM, inde- 
pendent of the co-ordination number.6 A deviation 
from simple paramagnetic behaviour therefore is 
indicated for these copper complexes. A variable- 
temperature study of magnetic moments was car- 
ried out on Cu(6 - Cldnr) - py. The decreasing 
magnetic moment with temperature (Table 3) and 
the negative Weiss constant observed for the com- 
plex suggests antiferromagnetic behaviour. This 
may arise either through the bridging X-dnr*- 
ligand or through association involving copper 

atoms in different chains of the polymer (3). The 
latter possibility is less likely because: (i) anti- 
ferromagnetic behaviour is also shown by the cor- 
responding six-coordinate nickel(I1) complexes 
Ni(X - dnr) - 2H20 which have X-dnr bridges, and 
(ii) the pyridine adducts of analogous copper(I1) 
complexes of 2-nitrosophenols are known to exhibit 
five-co-ordination. 5*g 

The relatively low magnetic moment of Cu(2- 
Memnr), * 4H20 would suggest some association 
between Cu(2-Memnr), units as found in related 
nickel complexes. ’ O 
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6. 

7. 

8. 

9. 

10. 

REFERENCES 

R. G. Buckley, J. Charalambous, M. J. Kensett, M. 
McPartlin, D. Mukerjee, E. G. Brain and J. M. 
Jenkins, J. Chem. Sot., Perkin Trans. I 1983, 693. 
C. B. Castellani and R. Millini, J. Chem. Sot., Dalton 
Trans. 1984, 1461. 
J. Charalambous, L. I. B. Haines and J. S. Morgan, 
B.P. Application 83 31464. 
R. G. Cawthorne, J. Charalambous, W. M. Shutie, 
F. B. Taylor and A. Betts, Inorg. Chim. Acta 1979, 
37, 245. 
J. Charalambous, M. J. Frazer and F. B. Taylor, J. 
Chem. Sot. A 1969,2787. 
A. Eamshaw, Introduction to Magnetochemistry. 
Academic Press, London (1968). 
R. S. Bottei and C. P. McEachern, J. Znorg. Nucl. 
Chem. 1971,33,9. 
P. W. W. Hunter and G. A. Webb, J. Inorg. Nucl. 
Chem. 1970,32,1386. 
M. McPartlin, Inorg. Nucl. Chem. Lett. 1973, 9, 
1207. 
J. Charalambous, M. J. Kensett and J. M. Jenkins, 
Znorg. Chim. Acta 1976, 16, 213. 



Polyhedron Vol. 6, No. 5, pp. 1037-1039, 1987 
Printed in Great Britain 

0277-5387/87 $3.00+.00 
0 1987 Pergamoo Journals Ltd 

“‘Sn NMR STUDY OF THE EQUILIBRIUM OF FORMATION 
OF TRIORGANOTIN(IV) CHLORIDE COMPLEXES IN 

COORDINATING SOLVENTS 

J. HOLECEK,” K. HANDLfit, V. CERNP and M. NADVORNfK 

Department of General and Inorganic Chemistry, Institute of Chemical Technology, 
53210 Pardubice, Czechoslovakia 

and 

A. LYCKA 

Research Institute of Organic Syntheses, 532 18 Pardubice-Rybitvi, Czechoslovakia 

(Received 26 March 1985 ; accepted 25 September 1986) 

Abstract-The temperature and concentration dependences of ’ “Sn chemical shifts of 
triorganotin(IV) chlorides [R,SnCl (R = n-butyl, benzyl or phenyl)] in deuteriochloroform 
and three coordinating solvents [S (S = pyridine, dimethyl sulphoxide or hex- 
amethylphosphortriamide)] have been studied. The values of “‘Sn chemical shifts of the 
complexes R,SnCl.S formed have been determined from the temperature dependence, and 
the values of the thermodynamic parameters K,, AG, AH and AS of these complexes 
have been calculated. The stability of complexes increases in the R-substituent series: n- 
butyl < benzyl < phenyl, and in the solvent series : pyridine < d&ethyl sulphoxide < 
hexamethylphosphortriamide. 

For the description of the equilibrium of formation 
of triorganotin(IV) complexes in solutions of coor- 
dinating solvents, which occurs only when the 
molar ratio of the components is 1: 1, the simple 
equation’ based on the knowledge of the con- 
centration dependence of the chemical shift S(’ “Sn) 
was derived. The 6(’ “Sn) of pure components of 
the equilibrium system, necessary for the cal- 
culation of the equilibrium constant, are obtained 
as limiting values by the extrapolation of this con- 
centration dependence. In some systems it is diffi- 
cult to implement such an extrapolation, because 
experimental data are limited to a narrow con- 
centration range due to the specific physical prop- 
erties of the system. In this paper we report on the 
R,SnCl(S) systems, where R is n-butyl (Bu), phenyl 
(Ph) or benzyl (Bz), and (S) is pyridine (py), dime- 
thy1 sulphoxide (dmso) or hexamethylphosphor- 
triamide (hmpa), respectively, so that in such cases 
the necessary data can be obtained from the temper- 
ature dependences of the a(’ ’ ‘Sn) parameter. 

* Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Tri-n-butyl-, tribenzyl- and triphenyltin(IV) 
chlorides were prepared by known methods. ‘w3 The 
’ “Sn NMR spectra were measured on a JNM-FX 
100 spectrometer (JEOL, Japan) at 37.14 MHz. The 
’ “Sn chemical shifts were measured at f 0. 1-ppm 
digital resolution at various temperatures, and 
referred to external neat tetramethylstannane. The 
positive 6(’ “Sn) values denote downfield shifts. An 
external 2H lock was used in the measurements 
using py, dmso and hmpa. The temperature was 
measured with an accuracy of f 1 K. 

RESULTS AND DISCUSSION 

Due to the limited sensitivity of the experimental 
equipment and the physical properties of the 
R,SnCl(S) system (R = Bu, Ph or Bz) studied the 
6(“‘Sn) values can be determined in the con- 
centration region x (mole fraction) of the order of 
N 1O-2 and in the temperature regions 240-320 K 
with S = CDC13, 300-360 K (S = dmso or hmpa) 
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and 240-300 K (S = py). The changes in 6( ‘19Sn) 
in the studied concentration range are very small 
(l-3 ppm) and therefore it is not possible to 
extrapolate to infinite dilution. The temperature 
dependences of a(’ 19Sn) for all the studied trior- 
ganotin(IV) chlorides in CDC13 solution are also 
small, but in the coordination solvents they are 
sufficiently high, and in the temperature region 
studied the observed changes in 6( ‘19Sn) are N 6& 
100 ppm. This is manifested in Fig. 1 where the 
temperature dependences of 6(’ ’ 9Sn) are shown for 
the Bz,SnCl(py) system with two concentrations 
(X = 1.35 x lo-* and 5.11 x lo-‘, respectively) 
and for the Bz3SnCl(CDC13) system with x = 
2.12 x lo-*. 

The equilibrium constants (KX) of the complex 
formation according to the reaction : 

R,SnCI + S Z$ R,SnCl(S) 

were calculated from the original Hunter and 
Reeves equation’ transferred to the form: 

(6,-6*)[(6*,-6*)-x(6,-6,)1 
Kx = @,a-&x(1 -x)(6*,-6*)-x(6,-6*)1 

where x is the concentration of R,SnCl (mole frac- 
tion), 6, is the observed 6(’ 19Sn), and aA and aAB 
are the a(’ ’ 9Sn) of components R,SnCl and 
R,SnCl(S), respectively. 

For the 6(“9Sn) of the pure R,SnCl component 
the value of 6(“9Sn) measured in a CDC13 solution 
was used. The 6(“9Sn) of the complex R,SnCl(S) 
was obtained by the optimalizing process for the 
parameter dAB supposing the linear dependence of 
In K, on T- ‘, resp. AG on T. This presumption is 
consistent with the complex formation R,SnCl(S) 
with a component ratio of 1: 1 and was justified 
in Ref. 4. Using a simple computer program, the 
selected values of a(’ ’ 9Sn) for complexes R,SnCl(S) 
(with a 0.5-ppm step) were gradually introduced 
into the expression for the equilibrium constant 
with the aim of finding the best correlation 

_,m - --_-_ 

‘ii -60 - 
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240 300 33 
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Fig. 1. Temperature dependence of ’ ’ 9Sn chemical shifts 
of tribenzyltin(IV) chloride in pyridine (py) and CDC13. 
Concentration (mole fraction) : (0) 1.35 x lo- ’ (py), (a) 

5.11 x lo-’ (py), (a) 2.12 x lo-’ (CDCI,). 

coefficient (r) of the linear regression of the function 
In K N T- ‘. The values of r for the optimum linear 
regressions for the systems studied varied within the 
limits 0.985-0.999. The optimum values of 6(‘19Sn) 
for the correlation of the individual systems are 
taken as the values for R,SnCl(S) complexes. The 
calculated values of K, and the other ther- 
modynamic quantities of the systems under study 
are given in Table 1. 

The values obtained in this way correspond well 
with those obtained by another method.5,6 The 
value of AH = - 41 .O kJ mol- ’ obtained by Grad- 
don and Rana’ for the Ph,SnCl(py) system seems to 
be very high, which could be caused by an incorrect 
method used for its determination. The value of 
- 33 kJ mall ’ for the heat of mixing for the 
Ph,SnCl(py) system6 is clearly distorted by the heat 
of crystallization. 

From our measurements we can conclude that 
in the studied group of complexes their stability 
increases (in agreement with K, and/or AG values) 

Table 1. Thermodynamic data for formation of R,SnCl(S) complexes at 300 K 

System KX 

-AC 
(kJ mol- ‘) 

-AH 
(kJ mol- ‘) 

-AS 
(J mol- ’ K- ‘) 

Bu,SnCl-py 
Bu,SnCl-dmso 
Bu,SnCl-hmpa 
Bz,SnCl-py 
Bz,SnCl-dmso 
Bz,SnCl-hmpa 
Ph,SnCl-py 
Ph,SnCl-dmso 
Ph,SnCl-hmpa 

4.1 f0.3 3.5kO.2 18.OkO.7 49f2 
20.4f 1.0 7.5kO.l 18.8 f0.2 38+1 
25.2f2.2 8.0f0.2 14.5kO.l 21fl 

4.7fO.O 3.9fO.O 2O.lkO.6 54+2 
23.8 f0.7 7.9fO.l 18.1 +O.l 34*1 
35.6kO.l 8.9fO.O 19.0f0.2 33fl 
10.9fO.O 6.0fO.O 18.6f0.8 43+3 
35.5 f2.0 8.9fO.l 14.9kO.6 20+2 

176.1 12.9 21.9f0.3 30fl 
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in the series of substituents Bu c Bz < Ph, and in 2. 
the series of coordinating solvents py < dmso < 
hmpa. Therefore, the most stable complexes are 3. 
formed in systems with Ph,SnCl and hmpa. The 
conversion into the complex is almost complete in 4. 

this case. 

5. 
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Abstract-The concepts of the Cone Packing Model, namely the Solid Angle Factor (SAF), 
Fan Angle (FA), Coordination Vector (f), Gap and Hole have been introduced to describe 
steric packing around the metal centre. In a treatment of more than 160 structures of 
lanthanide coordination compounds, it was found that the sums of the ligand SAFs (SAS) 
are mainly in the region SAS = 0.78, u = 0.05. This result provides concrete evidence 
that “coordination saturation” in the lanthanide compounds is actually saturation in the 
coordination space. The Packing Centre Rule has shown for the first time that the vector 
sum of the ligand SAFs, i.e. Z SAF * f, of each structure closely approaches zero with an 
average Z SAF *f’ of 0.02 and a standard deviation of 0.015. The Packing Centre Rule 
indicates that there is a clear tendency for the ligands to distribute themselves so that the 
non-bonding repulsions are at a minimum. 

Two major problems remain unclarified in lan- 
thanide and actinide chemistry. Firstly, although 
“coordination saturation” is a well-accepted con- 
cept in coordination and organometallic chemistry 
and is extensively used as a criterion for the thermal 
stability and chemical reactivity of d-transition 
metal compounds, the concept is not clearly defined 
for the f-group analogues. There are two plausible 
arguments, of which the first refers to saturation in 
the valence orbital shell of the metal ion. Coor- 
dination saturation is achieved if the electron count 
reaches a certain limit (the electron configuration 
attains the “next inert gas” configuration, e.g. the 
18 or 16-electron rules). Another argument is based 
on the occupation of the coordination space by the 
ligands. There is altogether a 4~ solid angle around 
the metal ion and, when the metal is coordinated to 

*Author to whom correspondence should be addressed. 

enough ligands to prevent the entry of further more 
ligands into the coordination sphere, the space is 
believed to be saturated. The second interesting 
problem is concerned with the decisive factors in 
the molecular structure of coordination and organ- 
ometallic compounds. In d-transition metal coor- 
dination compounds, the problem can be analysed 
in terms of the Crystal Field Stabilization Energy 
(CFSE). The structure which has the higher CFSE 
will be more stable than those with a lower CFSE. 
However, the CFSE is minimal in f-group metal 
compounds. There is a considerable flexibility in the 
coordination geometry adopted by their complexes 
whereas there is little gain or loss in CFSE. We have 
recently suggested that the structure of lanthanide 
and actinide coordination compounds is very simi- 
lar to the packing in an ionic lattice so that the size 
of the ions plays a dominant role in their arrange- 
ment. ’ 

The two approaches to the above problems are 
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based on different models. The first approach is 
based on metal-ligand orbital interactions whereas 
the second is based on the geometrical packing. 
Since Tolman made the first attempt to describe 
steric crowding quantitatively,’ there has been con- 
tinued interest324 in this subject. The idea of the 
solid angle was introduced by several authors5-8 
almost simultaneously to describe steric packing 
around the metal centre. Although we have 
reported many applications of the Cone Packing 
Model% I3 in inorganic preparations and in explain- 
ing bonding in the products, a detailed treatment of 
the model itself has not yet been published. In the 
present paper we report our work on the structural 
characteristics of lanthanide coordination com- 
pounds and report the Packing Saturation and Uni- 
form Packing Rules that we have determined. 

A FEW CONCEPTS OF THE CONE 
PACKING MODEL 

In dealing with a monomeric structure, a unit 
sphere of radius 1 8, is drawn with the metal ion as 
the centre. The ligands are centripetally projected 
onto the surface of the unit sphere in the first and 
second order, respectively. The first-order steric 
effect is due to the directly coordinating atoms and 
the second-order steric effect is due to the next layer 
of non-coordinating atoms which is usually at a 
distance of 3.54.5 8, from the metal ion (Fig. 1). 
The Solid Angle Factor (SAF) is defined as the solid 
angle of the ligand cone comprising the metal at the 
apex and the primary coordinating atom or group 
(the first-order SAF) or the whole ligand (the 

second-order SAF) divided by 47~. Geometrically, it 
refers to the ratio of the projected area to 471, i.e. 
the area of the sphere surface. It actually represents 
the size of the ligand as viewed from the metal centre 
towards the ligand. The sum of the values of SAF 
of all the ligands coordinated to the metal centre 
represents the total occupancy of the ligands in 
the coordination sphere. It is apparent that this 
occupancy should not reach unity because there are 
gaps and holes among the ligands. Previously we 
have used the symbols c.a.f. and X c.a.f. to express 
the SAF and the overall occupancy.8 The symbols 
were later changed to SAF and SAS in order to 
avoid confusion with Tolman’s Cone Angle con- 
cept. 

The fan angle (FA) is defined as one-half of the 
angle subtended by the primary coordinating atom 
or group (the first-order FA) or the whole ligand 
(the second-order FA) in different symmetry planes 
using the van der Waals’ sphere concept. In practice 
the FA of the second-order steric effect has the same 
meaning as the term “Cone Angle” as defined by 
Toman. Irregular ligands have more than one FA, 
so that the FA could be used to describe he shape 
of a ligand. 

Coordination Vector (f): this is a unit vector 
directed from the metal ion towards the primary 
coordinating atom. f is used to define the position 
of a ligand. The product of the ligand SAF and ?, 
i.e. 4rcSAF *?, expresses not only the projectional 
area of a specified ligand on the unit sphere but also 
indicates the location of that area. 

It should be remarked here that the f of a chelating 
ligand is described by each of the individual vectors 

Fig. 1. Geometrical description of concepts of Cone Packing Model : (a) Solid Angle, (b) Fan Angle, 
(c) projection of ligands to the unit sphere, (d) hole among the ligands, (e) Coordination Vector (P), 

and (f) gap between two ligands. 



of the coordinating atoms rather than by their sum. 
For example, the ? of bidentate nitrate is 
io,+e,,+b,whereI’ o1 and & are the coordination 
vectors of the two oxygen atoms and d is the coor- 
dination area of the overlapping part of the two 
atoms. The coordination vector of a plate-like 
ligand, e.g. cyclopentadienyl, is directed towards 
the centre of the ligand. 

The vector sum of the values of SAF of all the co- 
ordinating ligands, I: SAF,* & throughout the metal 
ion, indicates the distribution of the areas in the 
sphere surface. If the ligands are concentrated at 
one side of the sphere and the other side is empty, 
the vector sum of the ligand SAF will be signi- 
ficantly high in this direction. Since E SAF:4, of 
the most popular coordination geometry are always 
zero, we adopt it as one, but not a unique, criterion 
of uniformity in the packing of the ligands around 
the metal ion. 

The Gap between two neighbouring ligands A 
and B is defined as the difference between the bond 
angle AMB and their FA sum, GAB = & AMB- 
(FAA + FAB). 

When the van der Waals’ spheres of the coor- 
dinating atoms separate from each other the Gap 
is positive, when they are in contact the Gap is zero, 
and when they overlap the Gap is negative. 

Holes among the ligands : The Hole is defined as 
the largest cone which could be inserted among the 
ligands present. Since it is an empty site for an 
incoming ligand, it is also described by SAF and ?. 
The Hole expresses the vacancy among the ligands 
discussed above. The steric packing in a reported 
structure could be studied using the above concepts 
by the following approach. 

MATHEMATICAL TREATMENT 

The published atomic lattice coordinates are 
transformed into rectangular coordinates by means 
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of the following equations : 

X= axsin/?+bysinacos4, 

Y = bysinasin& 

Z = cz+bycosa+uxcosB, 

q5 = cos- ’ ( cosy-cosacosp 

> sinasinb ’ 

where a, b and c and a, B and y are the lattice 
parameters, and x, y and z the atomic lattice coor- 
dinates. I’ may be calculated from : 

t = (rt+P+@/R 

R = (X2+ Y2+Z2)‘/2. 

The distance between any two atoms may then be 
calculated. The FA 8 = sin-’ (v/l), where v is the 
van der Waals’ radius of a specific atom and 1 is the 
bond length between metal ion and the coor- 
dination atom. 

SAF = f(1 -cos8). 

The first-order packing refers to the packing in the 
primary coordination sphere. 

Correction must be made for bidentate ligands 
for overlapping according to the following equ- 
ation : 

ASAF = (rcU2$/180-&sin @)/(2n12 cos2 q) 

where q is one-half of the angle L-M-L’ (L and 
L’ are the two coordinating atoms in one ligand) : 
d is one-half the distance between the two atoms 
(Fig. 2) and + = cos-’ (d/v). The approximation 
comes from the shaded area when the two atoms 
are identical and are equidistant from the metal. 
More accurate corrections can be made if the two 
atoms are not identical or they are not equidistant 
from the metal ion. 8(b) 

The second-order steric packing has only been 

2d i 
L QP f 

\ 

? 

B 

M 

$ - 
d 

Fig. 2. Correction for overlapping of bidentate ligands. 
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Table 2. Steric packing of selected structures for lanthanide coordination compounds” 
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No. Pattern Compounds 

Formal 
coordination 

number 1C SAF - ;I SAS Reference 

1 MB, 
2 MA,A, 
3 MA, 
4 MA,MA; 
5 MAB, 
6 MA, 
7 MB, 
8 MB, 

DYI(GHI~~‘SJ~ 
WWN(CH3M313C13 
K.&MW3tPrCL4 
WGH,O)~C1~ 
Yb(acac),(H,O) 
[Wb971(CW3 
NH,Pr(tta),(H,O) 

9 MB., Er(PF,),-4L, CON(CH 3)~ 
/ 

L=CH, \ 
\ 

CON(CH 3)~ 
10 M2DjA, YbGOJ3(H@)6 
11 MCI 

Na,bd ((@~~)~(HZO),5 

12 MA, Y(HK’)&2HsSOJs 
13 MA,B, lLa(NO~)~(HK%l(H,O) 
14 MB3F La(NO,),(l8-crown-6) 
15 MFA,B Sm(ClOJ,(dbcd) 

8 0.012 0.811 24 

8 0.022 0.788 25 
9 0.004 0.779 26 

9 
11 
12 
10 

0.001 0.767 16 
0.008 0.699 17 
0.009 0.736 18 
0.009 0.841 19 
0.011 0.710 20 
0.008 0.737 21 
0.021 0.714 22 
0.006 0.683 23 

0.00 
0.014 
0.010 
0.005 

0.826 27 
0.797 28 
0.842 29 
0.834 30 

“A full list for Table 2 is deposited as supplementary data. 

treated for a few structures. The second-order SAS 
value is the sum of the SAFs of all atoms in the 
layer from 3.5 to 4.5 A from the metal ion. 

We have given two examples to show the cal- 
culation (Table 1). The values of SAS and I: SAF - f 
of some selected structures are listed in Table 2. 

RESULTS AND DISCUSSION 

Ligand packing around the metal centre is very 
similar to the packing of an ionic lattice in which : 

(1) The SAS of all anions around a cation stays 
approximately constant regardless of the lattice 
character. 

(2) The vector sum of the value of the SAF of all 
anions around a cation tends to be zero. 

(3) The anions are in contact with each other in 
the lattice. 

All three characteristics remain approximately true 
in structures of lanthanide coordination com- 
pounds. 

The purpose of our work is to demonstrate that 

steric packing plays a dominant role in the mol- 
ecular structures of lanthanide coordination com- 
pounds. Fluctuations in both the coordination 
number and the SAS values are analysed as follows : 
if the coordination saturation in f-group chemistry 
is explained on the basis of filling the valence 
orbitals with electrons, the formal coordination 
number in these structures should be distributed 
around certain electron counts with few exceptions. 
On the other hand, if coordination saturation is 
explained on the basis of filling up coordination 
space, the sum of the ligand SAFs will be con- 
centrated around a value which represents the cri- 
terion of the proper packing. One ligand more in the 
coordination sphere will lead to steric overcrowding 
and one ligand less will lead to steric undercrowd- 
ing. It is expected that the standard deviation of the 
ligand packing should therefore be within the SAF 
of one ligand (see Table 3). 

In fact, we have found that the sum of the ligand 
SAFs are quite constant in spite of the change in 
the formal coordination number from 4 to 12 (Fig. 
3). Steric packing increases steadily and slowly with 
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Table 3. Average steric packing and deviations for 164 structures” 

Coordination Number of 
number structures x SAFei SAS 

6 15 0.008 k 0.009 0.742+0.053 
7 14 0.024 f 0.009 0.729 kO.033 
8 58 0.012~0.009 0.766+0.051 
9 48 0.009+0.01 0.793 kO.038 

10 19 0.016+0.008 0.812+0.032 
11 6 0.018 kO.007 0.814f0.020 
12 4 0.008 f 0.005 0.891 kO.037 

a General : lZ SAF - ? = 0.02 + 0.015, SAS 0.78 f = 0.05*. The standard 
deviation is less than the SAF of the smallest ligand in our calculation. 

the increasing formal coordination number. This 
phenomenon is very similar to the phenomenon in 
the packing of balls in a box in that the smaller the 
balls the higher the space occupancy. The values of 
SAS reach about 0.90 for structures of high coor- 
dination number, although the electron count has 
not yet achieved the inert-gas formalism. It was 
noticed that the gaps between the neighbouring 
ligands were almost zero or even negative, indi- 
cating a very crowded steric packing. It is definitely 
the steric repulsion that prevents more ligands 
entering the coordination space. Thus equilibrium 
is established and the CFSE is compensated for by 
the ligand non-bonding repulsions. 

It is found that the structures of compounds with 
relatively lower SAS values always contain ligands 
which are bulky in the second order. A typical 
example is LA[N(SiMe,),],PPh,O. Although there 

0.3 

t 
02 

0. I 1 
0 I.q..T?, 

5 6 7 6 9 IO II 12 

Coordination number 

Fig. 3. The Packing Saturation Rule and the Packing 
Centre Rule. The stable region is described with a centre 
line at the SAS equal to the average steric crowding and 
two border lines of either gain or loss of one ligand with 

anSAFofO.1. 

are only four coordinating atoms in the first order 
with an SAS value of 0.423 [Table l(a)], in the 
second-order steric crowding there are six silicon 
atoms, six carbon atoms and a phosphorus atom at 
distances from 3.45 to 3.91 A around the lanthanum 
ion. The calculated SAS value in the second layer is 
0.78. The second- and first-order steric effects have 
a cooperative effect with respect to each other. That 
is, if all the ligands in a molecule have little steric 
effect in the second order, then steric crowding in 
the first order would be higher then the average 
value of SAS e.g. LnCli-, [Ln(N0,),13- and 
[Ln(N03),]2- whereas ligands which are bulky in 
the second order always form complexes in which 
the SAS value is less than the average (e.g. with 
ligands containing -Ph-, -CMe;, -NMe; or 
-SiMe;). 

The Packing Centre Rule: in a box filled with 
balls, in spite of the different sizes and different 
arrangements of the balls, the centre of gravity of 
the balls moves very little and it always coincides 
approximately with the centre of the box. We have 
found a similar result in studying the structures 
of lanthanide coordination compounds. The vector 
sums of the first-order ligand SASS in all the struc- 
tures without exception approach zero (Table 3) 
regardless of the molecular geometries and the for- 
mal coordination numbers. This also occurs in ionic 
latice, for the lattice will change with the variation 
in the ionic radii of the anions around a cation, as 
well as vice versa. This behaviour is in clear contrast 
to the structures of main-group element compounds 
such as water and ammonia where the centres of 
gravity of the hydrogen atoms are apparently not 
close to the central atoms due to the lone pair of 
electrons. Thus the structures of lanthanide coor- 
dination compounds, being individual molecular 
structures, obviously retain the properties of ionic 
lattices. Since the crystal field stabilization energy 
is at a minimum and the molecular geometry is 
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Table 4. Molecular geometry of the coordination pattern MASB 

1047 

Compound 

LaCp,thf 

PrCp,thf 

NdCp$hf 

GdCp,thf 

YCp,thf 

Ligand SAF 

CP 0.215 

thf 0.087 

Bond angle (“) Bond angle (“) (talc.) 
Reference (thf/Cp) Reference (thf/Cp) 

99.5 
117.7 

30 

99.0 
117.6 

31 97.8 

100.2 
117.0 

31 118.2 

12,13 99.2 
117.5 

32 

99.1 
117.4 

30 

very flexible, the bonds between the metal and the 
ligands are almost undirectional. Steric and static 
repulsion among the ligands lead to a uniform dis- 
tribution of ligands. 

The Packing Centre Rule is further proved by its 
application in predicting the molecular structures. 
For example, for the molecular geometry of MA,B 
compounds, according to the rule (Fig. 4) : 

3SAFA cos (180 - t?) - SAFB = 0, 

the bond angle AMB is thus derived from the 
reported SAF values,‘*@) and another bond angle is 
derived according to the sphere triangle function : 

cj = cos- ’ (: cos* 8 - 4). 

Some of the results are shown in Table 4. The cal- 
culated results are in good agreement with the 
reported ones. 

Finally, non-bonding distances of the coor- 
dination polyhedron were calculated for many 
structures. In most cases, the distances are close to 
or less than the sums of the van der Waals’ radii 
of the corresponding atoms in the neighbouring 

A 

A 

B 
--__ h 4 M 0 

A 

Fig. 4. Application of the Packing Centre Rule in cal- 
culating the molecular geometry of the structural pattern 
MA,B (0 = LAMB, 4 = &AMA): the vector sum 

must be zero along the MB direction. 

ligands. When the atoms are not in contact in the 
primary coordination sphere, the ligands would 
then be in either contact in the secondary layer or in 
contact with ligands in the other molecules. This 
phenomenon offers an explanation for the geo- 
metrical flexibility of the molecular structure and 
for the question how the ligands are fixed at their 
positions. Favourable orbital interaction seems to 
play no significant role in molecular geometry. A 
ligand remains at its position simply because its drift- 
ing is interlocked by other ligands in the neigh- 
bourhood. 
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Abstract-The mixed-ligand complexes [Cu(den)en](ClO&, [Cu(den)Pn](ClO& and 
[Cu(den)tn](ClO,), (where den = diethylenetriamine, en = ethylenediamine, Pn = 1,2- 
diaminopropane, and tn = 1,3_diaminopropane) have been synthesized, and their IR, elec- 
tronic and ESR spectral properties have been studied to understand the stereochemistry of 
these complexes both in the solid state and in DMF (dimethylformamide) or pyridine 
solutions. The metal appears to be five-coordinate in the solid state, formed with five 
nitrogens of the mixed ligand, and is found to change in solution, probably due to the 
attachment of a solvent molecule in the sixth coordination position. The equatorial and 
axial bond strengths are estimated in the solutions. 

It is well known that IR and optical absorption 
spectra can be used to obtain information regarding 
the nature and number of ligating atoms in a metal 
complex, and that the ESR technique in most of the 
cases can easily detect the point symmetry and bond 
nature in copper(I1) complexes. I-7 Mixed-ligand 
complexes were found to be interesting due to the 
fact that the arrangement of ligating atoms around 
copper(I1) was found to change as one goes from 
the solid to the solution state.’ Therefore the 
authors have undertaken the synthesis of three 
mixed-ligand complexes with general formula 

[WdenY4C104h [where den = diethylene- 
triamine, and L = en (ethylenediamine), Pn (1,2- 
diaminopropane) or tn (1,3-diaminopropane)] 
and carried out spectroscopic studies on them using 
IR, optical absorption and ESR techniques with 
the aim of understanding the stereochemistry 
of these complexes in both the solid and the solu- 
tion state. 

* Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Materials 

En, tn, Pn and den were commercially available. 
CuBr, and Cu(ClO& * 6Hz0 were prepared 
according to literature methods. 

Preparation of the complexes 

All complexes were prepared by the following 
method. 

To a hot solution of the appropriate salt (10 
mmol) in methanol (150 cm3) a hot solution of 
tridentate amine (10 mmol) and one of the bidentate 
amine (10 mmol) in the same solvent were slowly 
added. Isopropyl alcohol was added to the con- 
centrated solution in order to promote cry- 
stallization. 

All the complexes were filtered and dried in vacua 
over P4010. 
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Analysis 

Nitrogen, carbon and hydrogen were analysed 
with a Perkin-Elmer 240 Elemental Analyser. 

Physical measurements 

The room-temperature electronic spectra of the 
solid compounds were recorded on a Schimadezer 
MPS 50L spectrophotometer. The IR spectra on 
CsI discs with Nujol mulls were recorded on a Per- 
kin-Elmer 325 spectrophotometer. 

ESR spectra of these complexes in polycrystalline 
and solution forms were recorded using Varian E- 
4, X-band and E- 112 Q-band spectrometers having 
a lOO- and 70-KHz magnetic field modulation, 
respectively. DPPH was used as a g marker. The 
errors in g and A (hyperfine line separation) are 
about +O.OOl and +2 G, respectively. 

RESULTS AND DISCUSSION 

IR and electronic spectra studies 

The analytical data and physical properties of 
these complexes are reported in Table 1. The com- 
pounds are microcrystalline or powder-like, 
intensely coloured, and they are very soluble in 
MeOH, HzO, DMF (dimethylformamide) and pyri- 
dine. The principal near- and far-IR bands are 
reported in Table 2. The single band (occasionally 
doublet) of the amino groups at 3350-3320 cm-’ 
can be assigned to symmetric v(NH,), and the bands 
in the 3290-3225-cm-’ region to asymmetric 
v(NH,). A single band near 320&3 170 cm- ’ is usu- 
ally assigned to the v(NH) stretching of a secondary 
amino group [possibly plus an uncoupled v(NH) of 
the primary amino group] and the band near 1580 
cm-’ is assigned to &NH,). It appears that all the 
amino groups are coordinated to copper(I1); The 
bands assigned to the perchlorate group are : v3 at 
1080-1070 cm- ’ and vq at 625-620 cm- ‘, which are 
typical of compounds with free ClO,. The v(Cu-N) 
stretching band occurs in the range 485-427 cm- ‘, 

which confirms that the polyamines are coordinated 
by the nitrogens to the copper(I1) ion. 

The electronic spectra of solid compounds have 
a large asymmetric d-d band in the range 12,80& 
16,600 cm- ‘, and a shoulder at a lower wavenumber 
in the range 11,60&12,800 cm-‘. This pattern is 
similar to that presented by the diffuse-reflectance 
spectra of [Cu(dpt)L]X, (where L = en or tn ; 
dpt = 3,3’-diaminodipropylamine; X = Cl-, Br-, 
I- or ClO;) which have a five-coordinate distorted 
square pyramidal structure.‘. 

ESR data 

Polycrystalline spectra. Figure 1 shows the ESR 
spectra of the polycrystalline mixed-ligand 
copper(I1) complexes at Q-band microwave fre- 
quencies. The principalg values are calculated using 
the Kneubuhl procedure” from which the useful 
parameters G ((g3 - 2)/[@, +g2/2) - 21) and R 
[(g2 -g1)/(g3 -g&l are also calculated. These par- 
ameters for the three complexes are given in Table 
3. The G value (4.97) of [Cu(den)en](ClO& lies 
between 3.5 and 5.0, indicating that the g values 
obtained in the polycrystalline sample are near to 
the molecularg values, and hence the unit cell of this 
complex contains magnetically equivalent sites. ’ ‘-I4 
In the case of other two complexes the G values are 
found to be less than 3.5, indicating an exchange 
interaction among magnetically inequivalent 
copper(I1) ions in the unit cell, and hence the g 
values obtained in polycrystalline samples will be 
different from the molecular g values. I5 It is also 
found that for values of R less than 1 the ground 
state of copper(I1) will be either d,z_,z or dx,,. A dz2 
ground state for copper(I1) is indicated by values of 
R greater than 1. I4 From Table 3 it is evident that 
the ground state of copper(I1) in [Cu(den)en] 
(C104)2 is either dxz_Yz or d,,, which indicates that 
this five-coordinate complex may have a square- 
based pyramidal structure. This ground state is sup- 
ported by the fact that the low-field side of the 
spectrum is less intense than the high-field side of 

Table 1. Analytical data of the mixed-ligand copper(I1) complexes 

Complex Colour 
M.p. 

(“C) 

Analysis (%) 

C H N 

[Cu(den)en](ClO,), Periwinkle-azure 221-227 (dec) 17.2 (16.9) 5.0 (5.0) 16.6 (16.5) 
[Cu(deb)Pn](ClO,), Sky-blue 227-234 (dec) 19.6 (19.1) 5.4 (5.3) 16.1 (15.9) 
[Cu(den)tn](ClO,), Azure 197-205 (dec) 19.4 (19.1) 5.3 (5.3) 17.6 (16.6) 

a Calculated values are given in parentheses. 
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Table 2. IR and electronic spectra of the mixed-ligand copper(I1) complexes 

IR (cm- ‘) 

Complex 

Cl04 Electronic 
Symmetric Asymmetric spectra 

VW-L) vWH 2) VW-Q &NH,) ~3 v4 v(M-N) (cm ‘) 

[Cu(den)en](C104)2 

[Cu(den)Pn](C104)z 

[Cu(den)tn](ClO,), 

3320~s 327Ovs, 3235~s 3135~s 1575 1080 625~s 435s 12,50Osh, 
16,600 

3340~s 3280~s 3150m 1575 1085vsbr 620~s 442m 11,60Osh, 
12,800 
16,lOOsh 

335ovs 3290vs 3170vs 1575 1070vsbr 620~s 485m 11,80Osh, 
13,800 

the spectrum.8 Since R is greater than 1 in the case Solution spectra. The room-temperature spectra of 

of the other two complexes the ground state appears these complexes in DMF and pyridine solutions 

to be dg, indicating a compressed trigonal bipy- of four hyperfine lines of copper(I1) with a spin- 

ramidal symmetry for these five-coordinate com- dependent linewidth due to the tumbling motion of 

plexes, which is also supported by the fact that the the microcrystalline unit in solution. ” In frozen 

low-field side of the spectrum is more intense than solutions the ESR spectra consists of four hyperhne 

the high-field side of the spectrum. l6 lines as parallel features and an unresolved line as 

u = 35,117 MHz 

12.;65 kG 

[Cu (den)en] (ClO, I2 

Y =35,134 MHz 

t 
12.383 kG 

[Cu(den)Pn] (ClO,), 

H 

v * 35,072 MHz 

2COG 

12.266 kG 

[ Cu (den)tn ] tCl0, I2 

Fig. 1. ESR spectra of the polycrystalline mixed-ligand copper complexes at Q-band (A, B and 
C) microwave frequencies. 
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Table 3. g Values of polycrystalline mixed-ligand copper(I1) complexes 

Complex 92 93 

Ground 
G R state 

[Cu(den)en](ClO,), 
[Cu(den)Pn](ClO,), 
[Cu(den)tn](ClO,), 

2.029 2.055 2.209 4.97 0.124 dx2_g 

2.027 2.137 2.167 2.03 3.00 dzz 
2.037 2.115 2.159 2.09 1.77 dz2 

the perpendicular feature of the spectrum as shown 
in Fig. 2. The variation in the hype&me line inten- 
sities of the parallel features of the spectrum can 
be due to the superposition of the perpendicular 
features over the parallel features of the spectrum. 
Low-intensity lines as the parallel features of the 
spectrum can also be seen which arise most prob- 
ably due to the presence of a second species with a 
low population. The g and A values are calculated 
from the spectra following the usual procedure18 
for the highly populated species, and these values 
are given in Table 4. It can be seen from Tables 3 
and 4 that the g values obtained in the poly- 
crystalline sample of [Cu(den)en](ClO,), are not 
much different from those in the pyridine solution, 
indicating that the structure of the chromophore 
around the solid copper(I1) is not disturbed much 
in pyridine solutions, From Table 4 it is evident that 
in the case of the DMF solution of 
[Cu(den)tn](ClO,), the gll values are smaller and 
A,, are larger than the corresponding values in the 

v = 9543 MHz 

[Cu(denh] CClO, I2 

pyridine solution. This is an indication that the 
solutesolvent interaction in pyridine is greater 
compared to DMF for the compound 
[Cu(den)tn](ClO&. The g and A values in both sol- 
utions are characteristic of nitrogen coordination. I9 
Due to solute-solvent interactions the solvent mol- 
ecules have probably occupied the sixth coor- 
dination position, converting the five-coordinate 
complexes into six-coordinate ones. 

In the presence of axial bonds, 4s mixing will be 
present in the ground state and also the equatorial 
bonds will be weakened.” The a-bond parameter 
(a’) and the fraction of 3d character in the 3d 4s 
ground state of copper(I1) (f’), which give the 
strengths of the equatorial and axial bonds, respec- 
tively, can be obtained from the following equa- 
tions:*’ 

&y=I 
[ 
LL!A+2g_ig -6 

4P P 3 II 21 I 1 7 9 (1) 
v = 9547 MHz 

B 
200G 

v = 9544 MHz 

Ii 
3312 G 

3321 G 

[Cu(den)Pn] (ClO,), 

v = 9542 MHz 

C’ 

v = 9545 MHz 

3302 G 

[Cu (den) tn] (ClO, J2 

Fig. 2. ESR spectra of the mixed-ligand copper(I1) complexes in frozen DMF (B and C) and pyricline 
(A’, B’ and C’) solutions. 
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Table 4. Spin-Hamiltonian constants of mixed-ligand copper(I1) complexes in DMF and pyridine solutions 

,,;a-4 
All Al 

Complex Solvent cm- ‘) 4 9 911 91 (x10_ cm- ‘) 

[Cu(den)en](ClO,), Pyridine 2.106 64.7 2.200 2.059 173.9 10.10 

DMF 2.099 64.4 2.190 2.053 176.2 8.6 
[Cu(den)Pn](C104)2 Pyridine 2.104 69.5 2.194 2.059 173.3 17.6 

[Cu(den)tn](ClO,), DMF 
2.103 66.5 2.179 2.065 172.2 13.6 

Pyridine 2.107 78.3 2.194 2.063 170.0 25.8 

IAl Ag 0.0975(1-f*) 
a2=p%+K,+ PK, ’ (2) 

where P is a dipolar term (2.0023gNbe&_ 
(Te3),, = 1194 MHz**), and K, = 0.43. In eqn(2) 
an electron in the 4s orbital has been assigned a 
value of 0.0975 ~m-‘.“,*~ The values of a* andf* 
for all the complexes are given in Table 5. The 
value of a2 in the case of the pyridine solution of 
[Cu(den)tn](C10J2 is found to be less and its f’ 
value more than that of the corresponding values of 
the other complexes in solutions, indicating strong 
equatorial and weak axial bonds. On the other hand 
the LX* values are more andf’ values are less in the 
case of the pyridine solution of [Cu(den)en](C10J2 
and the DMF solution of [Cu(den)Pn](C10J2, indi- 
cating weak equatorial bonds and strong axial 
bonds compared to the other cases. 

Conclusions 

Mixed-ligand copper(I1) complexes with general 
formula [(Cu(den)L](C10J2 have been synthesized, 
and the IR, electronic and ESR spectral studies of 
the polycrystalline and solution forms show that : 

(a) IR and electronic spectral studies indicate 
that these mixed-ligand copper(I1) complexes are 
nitrogen-bonded five-coordinate complexes in solid 
state. 

(b) ESR studies of polycrystalline samples indi- 
cate that [Cu(den)en](C10J2 has a square-based 

Table 5. Bond parameters of mixed-ligand copper(I1) 
complexes 

Complex Solvent CL’ f’ 

PhW4W~~4)~ Pyridine 0.76 0.98 

[Cu(den)Pn](C104), DMF 0.76 0.98 
Pyridine 0.71 0.997 

[Cu(den)tn](C104), > DMF 
0.70 0.997 

Pyridine ’ 0.65 1.000 

pyramidal CuNs chromophore and the unit cell 
contains all magnetically equivalent ions, where- 
as the complexes [Cu(den)Pn](C10J2 and 
[Cu(den)tn](C10J2 have compressed trigonal 
bipyramidal CuNs chromophores and the unit cell 
contains magnetically inequivalent ions with a 
strong exchange interaction among them. 

(c) The solute-solvent interaction in the pyridine 
solutions of all these complexes is found to be more 
than that of the DMF solutions of these complexes. 
The chromophore of solid [Cu(den)en](C10J2 
is found to be less disturbed in the pyridine solu- 
tion of this complex. The equatorial bonds of 
[Cu(den)tn](C10J2 in a pyridine solution is stronger 
than other complexes in that solution. Except in 
the above case, in all the other solutions of these 
complexes, the presence of a 4s orbital in the ground 
state indicates axial bonds. 
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Abstract-The mixed-ligand complexes [Cu(den)en](ClO&, [Cu(den)Pn](ClO& and 
[Cu(den)tn](ClO,), (where den = diethylenetriamine, en = ethylenediamine, Pn = 1,2- 
diaminopropane, and tn = 1,3_diaminopropane) have been synthesized, and their IR, elec- 
tronic and ESR spectral properties have been studied to understand the stereochemistry of 
these complexes both in the solid state and in DMF (dimethylformamide) or pyridine 
solutions. The metal appears to be five-coordinate in the solid state, formed with five 
nitrogens of the mixed ligand, and is found to change in solution, probably due to the 
attachment of a solvent molecule in the sixth coordination position. The equatorial and 
axial bond strengths are estimated in the solutions. 

It is well known that IR and optical absorption 
spectra can be used to obtain information regarding 
the nature and number of ligating atoms in a metal 
complex, and that the ESR technique in most of the 
cases can easily detect the point symmetry and bond 
nature in copper(I1) complexes. I-7 Mixed-ligand 
complexes were found to be interesting due to the 
fact that the arrangement of ligating atoms around 
copper(I1) was found to change as one goes from 
the solid to the solution state.’ Therefore the 
authors have undertaken the synthesis of three 
mixed-ligand complexes with general formula 

[WdenY4C104h [where den = diethylene- 
triamine, and L = en (ethylenediamine), Pn (1,2- 
diaminopropane) or tn (1,3-diaminopropane)] 
and carried out spectroscopic studies on them using 
IR, optical absorption and ESR techniques with 
the aim of understanding the stereochemistry 
of these complexes in both the solid and the solu- 
tion state. 

* Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Materials 

En, tn, Pn and den were commercially available. 
CuBr, and Cu(ClO& * 6Hz0 were prepared 
according to literature methods. 

Preparation of the complexes 

All complexes were prepared by the following 
method. 

To a hot solution of the appropriate salt (10 
mmol) in methanol (150 cm3) a hot solution of 
tridentate amine (10 mmol) and one of the bidentate 
amine (10 mmol) in the same solvent were slowly 
added. Isopropyl alcohol was added to the con- 
centrated solution in order to promote cry- 
stallization. 

All the complexes were filtered and dried in vacua 
over P4010. 
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Analysis 

Nitrogen, carbon and hydrogen were analysed 
with a Perkin-Elmer 240 Elemental Analyser. 

Physical measurements 

The room-temperature electronic spectra of the 
solid compounds were recorded on a Schimadezer 
MPS 50L spectrophotometer. The IR spectra on 
CsI discs with Nujol mulls were recorded on a Per- 
kin-Elmer 325 spectrophotometer. 

ESR spectra of these complexes in polycrystalline 
and solution forms were recorded using Varian E- 
4, X-band and E- 112 Q-band spectrometers having 
a lOO- and 70-KHz magnetic field modulation, 
respectively. DPPH was used as a g marker. The 
errors in g and A (hyperfine line separation) are 
about +O.OOl and +2 G, respectively. 

RESULTS AND DISCUSSION 

IR and electronic spectra studies 

The analytical data and physical properties of 
these complexes are reported in Table 1. The com- 
pounds are microcrystalline or powder-like, 
intensely coloured, and they are very soluble in 
MeOH, HzO, DMF (dimethylformamide) and pyri- 
dine. The principal near- and far-IR bands are 
reported in Table 2. The single band (occasionally 
doublet) of the amino groups at 3350-3320 cm-’ 
can be assigned to symmetric v(NH,), and the bands 
in the 3290-3225-cm-’ region to asymmetric 
v(NH,). A single band near 320&3 170 cm- ’ is usu- 
ally assigned to the v(NH) stretching of a secondary 
amino group [possibly plus an uncoupled v(NH) of 
the primary amino group] and the band near 1580 
cm-’ is assigned to &NH,). It appears that all the 
amino groups are coordinated to copper(I1); The 
bands assigned to the perchlorate group are : v3 at 
1080-1070 cm- ’ and vq at 625-620 cm- ‘, which are 
typical of compounds with free ClO,. The v(Cu-N) 
stretching band occurs in the range 485-427 cm- ‘, 

which confirms that the polyamines are coordinated 
by the nitrogens to the copper(I1) ion. 

The electronic spectra of solid compounds have 
a large asymmetric d-d band in the range 12,80& 
16,600 cm- ‘, and a shoulder at a lower wavenumber 
in the range 11,60&12,800 cm-‘. This pattern is 
similar to that presented by the diffuse-reflectance 
spectra of [Cu(dpt)L]X, (where L = en or tn ; 
dpt = 3,3’-diaminodipropylamine; X = Cl-, Br-, 
I- or ClO;) which have a five-coordinate distorted 
square pyramidal structure.‘. 

ESR data 

Polycrystalline spectra. Figure 1 shows the ESR 
spectra of the polycrystalline mixed-ligand 
copper(I1) complexes at Q-band microwave fre- 
quencies. The principalg values are calculated using 
the Kneubuhl procedure” from which the useful 
parameters G ((g3 - 2)/[@, +g2/2) - 21) and R 
[(g2 -g1)/(g3 -g&l are also calculated. These par- 
ameters for the three complexes are given in Table 
3. The G value (4.97) of [Cu(den)en](ClO& lies 
between 3.5 and 5.0, indicating that the g values 
obtained in the polycrystalline sample are near to 
the molecularg values, and hence the unit cell of this 
complex contains magnetically equivalent sites. ’ ‘-I4 
In the case of other two complexes the G values are 
found to be less than 3.5, indicating an exchange 
interaction among magnetically inequivalent 
copper(I1) ions in the unit cell, and hence the g 
values obtained in polycrystalline samples will be 
different from the molecular g values. I5 It is also 
found that for values of R less than 1 the ground 
state of copper(I1) will be either d,z_,z or dx,,. A dz2 
ground state for copper(I1) is indicated by values of 
R greater than 1. I4 From Table 3 it is evident that 
the ground state of copper(I1) in [Cu(den)en] 
(C104)2 is either dxz_Yz or d,,, which indicates that 
this five-coordinate complex may have a square- 
based pyramidal structure. This ground state is sup- 
ported by the fact that the low-field side of the 
spectrum is less intense than the high-field side of 

Table 1. Analytical data of the mixed-ligand copper(I1) complexes 

Complex Colour 
M.p. 

(“C) 

Analysis (%) 

C H N 

[Cu(den)en](ClO,), Periwinkle-azure 221-227 (dec) 17.2 (16.9) 5.0 (5.0) 16.6 (16.5) 
[Cu(deb)Pn](ClO,), Sky-blue 227-234 (dec) 19.6 (19.1) 5.4 (5.3) 16.1 (15.9) 
[Cu(den)tn](ClO,), Azure 197-205 (dec) 19.4 (19.1) 5.3 (5.3) 17.6 (16.6) 

a Calculated values are given in parentheses. 
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Table 2. IR and electronic spectra of the mixed-ligand copper(I1) complexes 

IR (cm- ‘) 

Complex 

Cl04 Electronic 
Symmetric Asymmetric spectra 

VW-L) vWH 2) VW-Q &NH,) ~3 v4 v(M-N) (cm ‘) 

[Cu(den)en](C104)2 

[Cu(den)Pn](C104)z 

[Cu(den)tn](ClO,), 

3320~s 327Ovs, 3235~s 3135~s 1575 1080 625~s 435s 12,50Osh, 
16,600 

3340~s 3280~s 3150m 1575 1085vsbr 620~s 442m 11,60Osh, 
12,800 
16,lOOsh 

335ovs 3290vs 3170vs 1575 1070vsbr 620~s 485m 11,80Osh, 
13,800 

the spectrum.8 Since R is greater than 1 in the case Solution spectra. The room-temperature spectra of 

of the other two complexes the ground state appears these complexes in DMF and pyridine solutions 

to be dg, indicating a compressed trigonal bipy- of four hyperfine lines of copper(I1) with a spin- 

ramidal symmetry for these five-coordinate com- dependent linewidth due to the tumbling motion of 

plexes, which is also supported by the fact that the the microcrystalline unit in solution. ” In frozen 

low-field side of the spectrum is more intense than solutions the ESR spectra consists of four hyperhne 

the high-field side of the spectrum. l6 lines as parallel features and an unresolved line as 

u = 35,117 MHz 

12.;65 kG 

[Cu (den)en] (ClO, I2 

Y =35,134 MHz 

t 
12.383 kG 

[Cu(den)Pn] (ClO,), 

H 

v * 35,072 MHz 

2COG 

12.266 kG 

[ Cu (den)tn ] tCl0, I2 

Fig. 1. ESR spectra of the polycrystalline mixed-ligand copper complexes at Q-band (A, B and 
C) microwave frequencies. 
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Table 3. g Values of polycrystalline mixed-ligand copper(I1) complexes 

Complex 92 93 

Ground 
G R state 

[Cu(den)en](ClO,), 
[Cu(den)Pn](ClO,), 
[Cu(den)tn](ClO,), 

2.029 2.055 2.209 4.97 0.124 dx2_g 

2.027 2.137 2.167 2.03 3.00 dzz 
2.037 2.115 2.159 2.09 1.77 dz2 

the perpendicular feature of the spectrum as shown 
in Fig. 2. The variation in the hype&me line inten- 
sities of the parallel features of the spectrum can 
be due to the superposition of the perpendicular 
features over the parallel features of the spectrum. 
Low-intensity lines as the parallel features of the 
spectrum can also be seen which arise most prob- 
ably due to the presence of a second species with a 
low population. The g and A values are calculated 
from the spectra following the usual procedure18 
for the highly populated species, and these values 
are given in Table 4. It can be seen from Tables 3 
and 4 that the g values obtained in the poly- 
crystalline sample of [Cu(den)en](ClO,), are not 
much different from those in the pyridine solution, 
indicating that the structure of the chromophore 
around the solid copper(I1) is not disturbed much 
in pyridine solutions, From Table 4 it is evident that 
in the case of the DMF solution of 
[Cu(den)tn](ClO,), the gll values are smaller and 
A,, are larger than the corresponding values in the 

v = 9543 MHz 

[Cu(denh] CClO, I2 

pyridine solution. This is an indication that the 
solutesolvent interaction in pyridine is greater 
compared to DMF for the compound 
[Cu(den)tn](ClO&. The g and A values in both sol- 
utions are characteristic of nitrogen coordination. I9 
Due to solute-solvent interactions the solvent mol- 
ecules have probably occupied the sixth coor- 
dination position, converting the five-coordinate 
complexes into six-coordinate ones. 

In the presence of axial bonds, 4s mixing will be 
present in the ground state and also the equatorial 
bonds will be weakened.” The a-bond parameter 
(a’) and the fraction of 3d character in the 3d 4s 
ground state of copper(I1) (f’), which give the 
strengths of the equatorial and axial bonds, respec- 
tively, can be obtained from the following equa- 
tions:*’ 

&y=I 
[ 
LL!A+2g_ig -6 

4P P 3 II 21 I 1 7 9 (1) 
v = 9547 MHz 

B 
200G 

v = 9544 MHz 

Ii 
3312 G 

3321 G 

[Cu(den)Pn] (ClO,), 

v = 9542 MHz 

C’ 

v = 9545 MHz 

3302 G 

[Cu (den) tn] (ClO, J2 

Fig. 2. ESR spectra of the mixed-ligand copper(I1) complexes in frozen DMF (B and C) and pyricline 
(A’, B’ and C’) solutions. 
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Table 4. Spin-Hamiltonian constants of mixed-ligand copper(I1) complexes in DMF and pyridine solutions 

,,;a-4 
All Al 

Complex Solvent cm- ‘) 4 9 911 91 (x10_ cm- ‘) 

[Cu(den)en](ClO,), Pyridine 2.106 64.7 2.200 2.059 173.9 10.10 

DMF 2.099 64.4 2.190 2.053 176.2 8.6 
[Cu(den)Pn](C104)2 Pyridine 2.104 69.5 2.194 2.059 173.3 17.6 

[Cu(den)tn](ClO,), DMF 
2.103 66.5 2.179 2.065 172.2 13.6 

Pyridine 2.107 78.3 2.194 2.063 170.0 25.8 

IAl Ag 0.0975(1-f*) 
a2=p%+K,+ PK, ’ (2) 

where P is a dipolar term (2.0023gNbe&_ 
(Te3),, = 1194 MHz**), and K, = 0.43. In eqn(2) 
an electron in the 4s orbital has been assigned a 
value of 0.0975 ~m-‘.“,*~ The values of a* andf* 
for all the complexes are given in Table 5. The 
value of a2 in the case of the pyridine solution of 
[Cu(den)tn](C10J2 is found to be less and its f’ 
value more than that of the corresponding values of 
the other complexes in solutions, indicating strong 
equatorial and weak axial bonds. On the other hand 
the LX* values are more andf’ values are less in the 
case of the pyridine solution of [Cu(den)en](C10J2 
and the DMF solution of [Cu(den)Pn](C10J2, indi- 
cating weak equatorial bonds and strong axial 
bonds compared to the other cases. 

Conclusions 

Mixed-ligand copper(I1) complexes with general 
formula [(Cu(den)L](C10J2 have been synthesized, 
and the IR, electronic and ESR spectral studies of 
the polycrystalline and solution forms show that : 

(a) IR and electronic spectral studies indicate 
that these mixed-ligand copper(I1) complexes are 
nitrogen-bonded five-coordinate complexes in solid 
state. 

(b) ESR studies of polycrystalline samples indi- 
cate that [Cu(den)en](C10J2 has a square-based 

Table 5. Bond parameters of mixed-ligand copper(I1) 
complexes 

Complex Solvent CL’ f’ 

PhW4W~~4)~ Pyridine 0.76 0.98 

[Cu(den)Pn](C104), DMF 0.76 0.98 
Pyridine 0.71 0.997 

[Cu(den)tn](C104), > DMF 
0.70 0.997 

Pyridine ’ 0.65 1.000 

pyramidal CuNs chromophore and the unit cell 
contains all magnetically equivalent ions, where- 
as the complexes [Cu(den)Pn](C10J2 and 
[Cu(den)tn](C10J2 have compressed trigonal 
bipyramidal CuNs chromophores and the unit cell 
contains magnetically inequivalent ions with a 
strong exchange interaction among them. 

(c) The solute-solvent interaction in the pyridine 
solutions of all these complexes is found to be more 
than that of the DMF solutions of these complexes. 
The chromophore of solid [Cu(den)en](C10J2 
is found to be less disturbed in the pyridine solu- 
tion of this complex. The equatorial bonds of 
[Cu(den)tn](C10J2 in a pyridine solution is stronger 
than other complexes in that solution. Except in 
the above case, in all the other solutions of these 
complexes, the presence of a 4s orbital in the ground 
state indicates axial bonds. 
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Abstract-The reactions of palladium(I1) chloride with 1,4 - diphenyl - 2,3 - dimethyl - 1,4 - 
diazabutadiene and 1,4 - di(p - methoxyphenyl) - 2,3 - dimethyl - 1,4 - diazabutadiene are 
described. With 1,4 - diphenyl - 2,3 - dimethyl - 1,4 - diazabutadiene diimine fission is 
produced, giving rise to a product identified by elemental analysis, IR and Raman spectra, 
and X-ray diffraction, as truns-dichlorobis(aniline) palladium(I1). The complex is soluble 
in dimethylformamide and crystallizes with two molecules of solvent. The substance cry- 
stallizes in the monoclinic space group F2,/n. The X-ray data were refined to R = 0.047 
and R, = 0.046. Final distances are Pd-N = 2.060(5) A and Pd-Cl = 2.299(2) A. There 
are two bifurcated intermolecular N-H.. . . Cl and C-H.. . . Cl hydrogen bonds which, 
together with one more intermolecular hydrogen bond N-H.. . . 0, are responsible for the 
packing of the molecules. However, when 1,4 - di(p - methoxyphenyl) - 2,3 - dimethyl - 
1,4 - diazabutadiene was treated with palladium chloride under the same conditions cis - 
dichloro - 1,4 - di(p - methoxyphenyl) - 2,3 - dimethyl - 1,4 - diazabutadiene was formed, 
as deduced from elemental analysis, and IR and Raman spectra. 

As a part of our investigation of ligand systems 
containing N donor atoms we recently reported the 
synthesis, spectroscopic data and crystal structure 
of two diimines. ’ 

Diimines are bidentate ligands and can coor- 
dinate two metallic centers, giving rise to highly 
interesting compounds.’ The most likely reaction 
of these compounds would be, however, the chela- 
tion of a single metal ion by the bidentate ligand.>’ 

* Author to whom correspondence should be addressed. 

The donating capacity of the nitrogen atoms of 
compounds similar to 1,4 - diphenyl - 2,3 - dime- 
thy1 - 1,4 - diazabutadiene can be modified by 
the presence of para substituents on the phenyl 
ring. These substituents increase the ring charge, 
favouring the bidentate complex. 

In this work the formation of a stable complex 
of PdC12 with 1,4 - di(p - methoxyphenyl) - 2,3 - 
dimethyl - 1,4 - diazabutadiene was studied. In the 
resulting compound the ligand was bidentate. Like- 
wise, we have studied the reaction between 1,4 - 
diphenyl - 2,3 - dimethyl - 1,4 - diazabutadiene and 
PdCl, in a methanol solvent. 

1059 
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EXPERIMENTAL 

Starting materials 

Solvents of commercial quality were purified and 
dried by standard methods. PdClz (Merck, anhy- 
drous) with a minimum Pd of 59% was used with- 
out further purification. The ligands 1,4 - diphenyl- 
2,3 - dimethyl - 1,4 - diazabutadiene and 1,4 - di(p - 
methoxyphenyl) - 2,3 - dimethyl - 1,4 - diaz- 
abutadiene were kindly supplied by Drs J. Plumet 
and R. Alvarez-Osorio of the Universidad Com- 
plutense de Madrid. 

Compound preparations 

A stoichiometric amount of the diimine (molar 
ratio 2.3 : 1) was added to a suspension of PdC12 
in MeOH at room temperature. The mixture was 
stirred for 13 h. The precipitate was then collected 
by filtration, washed with methanol followed by 
diethyl ether, and finally vacuum dried at room 
temperature. 

The analytical composition of the product 
obtained with 1,4 - di(p - methoxyphenyl) - 2,3 - 
dimethyl - 1,4 - diazabutadiene was : C, 45.9 ; N, 
5.9; H, 4.3. Calc. for PdC12(C,8NZ02H20): C, 454; 
N, 5.9; H, 4.2%. 

For the product obtained from 1,4 - diphenyl - 
2,3 - dimethyl - 1,4 - diazabutadiene the com- 
position was : C, 39.7 ; N, 7.7 ; H, 4.0. Calc. for 
PdC12(C12NzH,4): C, 39.9; N, 7.7; H, 4.0%. The 
product PdCl*(C 1 *N2H, 4) was recrystallized from 
dimethylformamide for crystallographic structural 
determination. 

Physical methods 

Chemical analyses were carried out using stan- 
dard methods. IR spectra were run in hexachloro- 
butadiene mulls in the range 4000-1300 cm- ’ 
between NaCl windows, and in Nujol mulls in the 
range 165&200 cm-’ between CsI windows. The 
Raman spectra were measured with a Jarrell-Ash 
25-300 using a Kr+ laser as a source of excitation. 

Crystallography and structure determination 

Recrystallization of PdCl,(C, zNzH 1 ,J from 
dimethylformamide produced the compound 
PdC12(CI zNzH, 4) - 2C3NOH7, whose X-ray struc- 
ture analysis is reported here. There crystals, light 
yellow needles, decomposed in air through loss of 
solvent, and the crystal used for data collection 
was mounted in a sealed 0.3-mm Lindemann glass 
capillary tube in the manner commonly used 

for proteins.6 One crystal of dimensions 
0.10 x 0.30 x 0.10 mm3 was chosen for the pre- 
liminary work of orientation, lattice constants, and 
space group determination, and finally for data col- 
lection. 

Precise geometric and intensity data were col- 
lected at room temperature on an automated four- 
circle diffractometer (Enraf-Nonius CAD4), 
equipped with an MO X-ray tube and a graphite 
monochromator (A = 0.7093 A). The unit-cell par- 
ameters and orientation of the crystal with respect 
to the goniometer reference frame were determined 
by a least-squares fit to the angular positions of 25 
reflections. The compound was found to be mon- 
oclinic with space group P2,/n. The cell constants 
were determined (at ca 22°C) as : a = 13.783(3) A, 
b = 5.977(5) A, c = 14.878(4) A; /I = 111.87(l)“, 
2 = 2, Y= 1137.0(g) A3, d, = 1.49 g crn3. The 
data were collected using the 8-26 scan technique in 
the range 28(Mo-K,) < 60”. Standard reflections 
which were periodically remeasured during the 
course of data collection showed a decline in inten- 
sity. Of the 3614 independent data, 2605 with 
Z > 20(Z) were considered to be observed; only 
these data were used in the subsequent calculations. 
The usual Lorentz and polarization corrections 
were applied to the raw data. No absorption cor- 
rection was applied, however, as the linear absorp- 
tion coefficient of this compound is small (N 10.6 
cm- ’ for MO - ZQ. 

Structure solution and refinement 

The structure was solved by the heavy-atom tech- 
nique. Dimethylformamide molecules were located 
from a difference Fourier map. The function 
x w(lFO/ -IF,/)’ was minimized, with the weighting 
scheme w = 1. In the calculations of F,, the neutral 
atom scattering factors for Pd, Cl, N and C were 
taken from Ref. 7(a). The effects of the anomalous 
dispersion of Pd and Cl were included. The values of 
Af’ and Af” were taken from Ref. 7(b). Anisotropic 
refinement of these atomic positions gave R = 0.050 
and R, = 0.049. The H atom positions were located 
from a difference synthesis. Each H atom was 
assigned the Bq, of the atom to which it was 
attached and included in all further calculations, 
but the parameters were not refined. The final cycle 
gave R = 0.047 and R, = 0.046 with 124 variables. 

Calculations were carried out with the X-ray sys- 
tern8 and program PARST’ on a Univac 1 lOO/SO 
computer. The maximum residual on a difference 
map was 1.14 e A- 3, near the Pd atom. 

Atom positional parameters, observed and cal- 
culated structure factors, as well as final anisotropic 
thermal parameters and coordinates for the H 
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atoms are listed in supplementary material 
deposited with the Editor. 

Atomic coordinates have also been deposited 
with the Cambridge Crystallographic Data Centre. 

RESULTS AND DISCUSSION 

The preparation of PdC12(Ci2N2H, .,) may pro- 
ceed by the route given in Scheme 1. 

The complex is soluble in dimethylformamide, 
acetone, slightly soluble in methanol, dich- 
loromethane and cyclohexane, and insoluble in ben- 
zene and heptane. 

In the case of the cis compound, 
PdCl*(C 1 8N202H20), the electron-donating charac- 
teristics of the methoxy group in the para position 
make the N atom negative. This increases the 
donating capacity of the N atom with respect to the 
Pd(I1) ion. In this way, the attack of the methanol 
molecules after forming the complex is avoided and 
the adduct can be formed. On the other hand, in 
the absence of the electron-donating methoxy 
group, the positive charge appearing on the N atom 
after formation of the complex would give some 
electrophilic characteristics to be double bond, so 
that the nucleophilic methanol molecules would 
attack and split the bond of the azomethine group. 

The compound formed in this case is insoluble in 
dichloromethane, cyclohexane and ether, slightly 
soluble in acetone, and soluble in dimethyl- 
formamide. Unfortunately, no crystal suitable for 
X-ray analysis could be obtained. 

IR and Ramana spectra 

The IR and Raman spectra are discussed, par- 
ticularly the metal-halogen and metal-ligand 
vibrations. 

In order to interpret the IR spectra, we have 
divided these into two groups. From 4000 to 600 
cm-’ all the bands are ligand bands. 

In PdC12(C,8N202H2,J the bands at 2830 cm-’ 
(corresponding to the --OCH, group and 1632 
cm-’ (corresponding to the -C=N- group) are 
shifted ca 10 cm- ’ to lower frequencies with respect 
to those observed for the free ligand. 

The product obtained in the reaction of PdCl* 
with 1,4 - diphenyl - 2,3 - dimethyl - 1,4 - diaz- 
abutadiene, PdQ(C , rNzH 1 J, does not show a band 
corresponding to the -C5N- group, as well as 
three more bands corresponding to the C-H 
vibration in -CH3. 

Below 600 cm- ’ the bands correspond to Pd-N 
and Pd-C vibrations. We attempted to assign the 

r 

H& 

I PdCtP 
4 

I 
MeOH 

Cl 
” - 

/\ 
N 

4 

CHs 

0 

Scheme 1. 
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bands observed in the IR spectra, taking into 
account the limitations imposed by the lack of a 
crystal structure for PdC12(C,8N202H20). 

Structural determination of cis- and trans- 
PdL2C12 or PdL’C12 (where L and L’ are mono- 
or bidentate ligands containing N donor atoms), 
shows that they have a square-planar coordination 
with bond angles of very nearly 90” about the Pd(I1) 
ion. The selection rules for Cl” (cis) and Dab (truns) 
symmetry may, therefore, reasonably be expected 
to apply, i.e. two v(Pd-N) and two v(Pd-Cl) IR- 
active bands for the cis-isomer and one of each 
for the tram isomer, and one v(Pd-N) and one 
v(Pd-Cl) Raman-active band in both isomers. The 
corresponding bending vibrations are expected to 
occur below 250 cm- ‘. 

The metal-halogen stretching vibrations are the 
most readily assigned. Often, it is particularly dif- 
ficult to assign bands to the metal-nitrogen stretch- 
ing. Although the Pd-N stretching frequency 
has been extensively investigated, the intensity of 
this vibration if often very weak and this frequency 
has not been reported by some authors who studied 
similar compounds. lo* ’ ’ Furthermore, a second 
difficulty in assigning the Pd-N frequencies arises 
from the overlap of the fundamental vibrations of 
the ligands with the Pd-N vibrations of the com- 
plex. 

In trans-diammine dichloro-palladium, it would 
be expected that two prominent bands would 
appear in the Raman spectra of the complexes, I2 
one near 500 cm-’ due to the symmetric metal- 
nitrogen stretching mode of vibration (B,,) and the 
other the metal-chlorine symmetric stretching 
mode (&) near 320 cm-‘. In the IR spectrum, the 
metal-nitrogen asymmetric stretching mode (B2,,) 
has a frequency close to that of the Raman-active 
metal-halogen stretching vibration. 

In cis-diammine dichloro-palladium, as men- 
tioned previously, two stretching vibrations of each 
type are expected in the IR spectra (A, and B1 in 
C,-symmetry). The antisymmetric stretching 

vibration is the higher frequency of the two bands 
observed in the cis complexes for both the Pd-N 
stretching and Pd-X stretching modes. I3 In 
Raman spectra two vibrations (B,) are expected. 

The wavenumbers of the absorption bands in the 
far-IR region (600-250 cm- ‘) are listed in Table 1. 
A “splitting” is observed in the bands near 300 
cm-’ in the IR spectrum. The splitting may be due 
to an intermolecular crystal effect. 

The Pd-Cl symmetrical vibration could be 
responsible for the band at 304 cm- ‘. This vibration 
is theoretically Raman-inactive, but could become 
active as a consequence of certain geometrical dis- 
tortions in the proximity of the Pd(I1). Such dis- 
tortions have been observed by means of X-ray 
diffraction in some Pd complexes. l4 

In the IR the broad band at 328 probably includes 
the v,(Pd-Cl). 

Description of the structure 

The complex consists of monomeric 
PdC12(C6H7N)2 units and molecules of dimethyl- 
formamide as solvate. 

The stereochemistry of the molecules is shown in 
Fig. 1. 

The Pd atom is coordinated in a square-planar 
fashion to the Cl atoms and the N atoms. The 
Pd-N(1) and Pd-Cl distances of 2.054(5) and 
2.300(2) A, respectively, are comparable with values 
found in related complexes. ’ 5-’ 7 

Table 2 shows relevant interatomic distances and 
bond angles. Dimethylformamide molecules were 
found to be disordered. 

The dihedral angle between the plane of the ring 
and the square plane around Pd is 109.1(l)“. 

Crystal packing and hydrogen bonding 

The packing of the molecules is completely deter- 
mined by the N-H.. . . Cl, C-H.. . . Cl and 
N-H.. . . 0 intermolecular hydrogen bonding. 

Table 1. IR and Raman (R) assignments in the range 600-200 cm- ’ 

trans-PdC12(ClzNzN,J cis-PdC1,(C,8N202HZ,,) 

IR R Assignment IR R Assignment 

450 &u ba,W-WI 523 541 B I b,,W--WI 
328 328 

&u MPd--cl)1 333 B, [v,,(Pd-Cl)l 
323 323 

- B, b,W-VI 463 A , b,Pd-VI 
297 %g M’d--CO1 304 A, MPd--C~)l 
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d H(7) 

Fig. 1. ORTEP view of the complex showing the numbering scheme used. 

Table 2. Intramolecular bond distances (A) and angles (“) (esds in 
parentheses) 

Pd-Cl 
Pd-N( 1) 

N(l)-C(l) 
C(l)--c(2) 
C(2)+3) 
C(3)-C(4) 
C(4)-(W) 
C(5)--c(6) 
C(6)_C(l) 

2.300(2) 
2.054(5) 
1.436(5) 
1.384(8) 
1.386(7) 
1.38(l) 
1.38(l) 
1.385(8) 
1.389(7) 

Cl-Pd-N( 1) 
Cl*-Pd-N( 1) 
Pd-N(l>--c(l) 

N(l>--C(l)-C(2) 
C(l)--c(2)--c(3) 
C(2)-C(3)--c(4) 
C(3)-C(4)--c(5) 
C(4)--c(5)-C(6) 
C(5WX6VW) 
C(6)-W)_N(l) 

90.2( 1) 
89.8(l) 

113.4(3) 
119.2(4) 
119.3(S) 
120.6(6) 
119.9(6) 
120.2(6) 
119.8(6) 
120.6(4) 

0(11)-C(7) 
C(7)-N(8) 
N(8)-C(9) 
NW-W 0) 

Solvate molecule 
1.22(l) W l)-C(7)_N(8) 
1.31(l) C(7)-N(8)-C(9) 
1.46(l) C(7)-N(8)-C(lO) 
1.45(l) C(9)-WWC(lO) 

125.7(9) 
121.9(9) 
122.7(7) 
115.2(9) 
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Table 3. Hydrogen bond distances (A) and angles (“) 

Donor (D)--H . . . . acceptor (A) D-H D A . . . . H A . . . . D-H....A 

N(l)-H(l1) . . . .O(ll) 0.999(5) 2.91 l(8) 1.929(7) 166.7(3) (0) 
N(l)-H(12). . . . Cl* 0.836(4) 3.332(4) 2.512(2) 167.3(3) (0) 
N(l)--H(12). . . Cl 0.836(4) 3.332(4) 2.512(2) 167.3(3) (1) 
C(7)-H(7). . . . Cl* 1.177(10) 3.480(10) 2.571(2) 132.8(4) (2) 
C(7)--H(7). . . . Cl 1.177(10) 3.480(10) 2.571(2) 132.8(4) (3) 

“Symmetrycode: (O)x,y,z; (1) -x+1, -y+l, -z+l; (2) -x+1, -y, -z+l;and(3) +x, +JI--1, +z. 

There are two bifurcated hydrogen bonds, one 
involving H( 12) which is shared by N(1) and Cl 
(+x, +y-1, +z) and Cl* (-x+1, -y, -z+l), 
and another involving H(7) which is shared by C(7) 
and Cl (x, y, z) and Cl* (-x+ 1, --y+ 1, -z+ 1). 
Another intermolecular hydrogen bond involves 
H(11) (see Table 3). 

The distances of these hydrogen bonds agree well 
with the values published for other PdC12 complexes 
with ligands containing N donor atoms. “,” 
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Abstract-The coordination compounds of Pd(I1) and Pt(I1) with thiodiacetic acid 
[(H,L),MX,] [H;?L = S(CH2COOH)2, M = Pd or Pt, X = Cl or Br] were synthesized. 
Independently of the reaction conditions (aqueous or non-aqueous media) the complexes 
produced had the same structure. The vibrational spectroscopic data suggested that in the 
square-planar complexes of Pd(I1) and Pt(I1) the thiodiacetic acid is coordinated as a 
monodentate ligand through the sulphur atom and the oxygen atoms do not take part in 
the coordination to the central metal atom. The palladium complexes contain terminal 
metal-halogen bonds in the truns position but in the platinum complexes the cis con- 
figuration is more probable. 

There is a growing interest in chelate sulphur-con- 
taining ligands which can be considered as simple 
models of biological systems. Studies on the com- 
plex formation between metal ions and these ligands 
can show how the direct synthesis of platinum and 
palladium complexes with coordination spheres of 
different stability can be carried out. 

Studies on platinum and palladium coordination 
compounds with chelate ligands containing C-SH 
and COOH groups (such as cysteinelm3) showed 
that the ligand coordination depended on the reac- 
tion conditions. 

Thiodiacetic acid is one of the simplest rep- 
resentatives of chelate ligands containing the S- 
donor functional group.4 In complex formation 

* Author to whom correspondence should be addressed. 

thiodiacetic acid can be coordinated to a metal atom : 
(a) as a monodentate ligand through the sulphur 
atom or one of the oxygen atoms of the carboxylic 
group, (b) as a bidentate ligand through the sulphur 
atom and the oxygen atom of the carboxylic group, 
or (c) as a terdentate ligand through one sulphur 
and two oxygen atoms. 

A number of thiodiacetic acid complexes with 
first-row transition metals (V, Cr, Mn, Fe, Co or 
Ni) are known. >’ The behaviour of thiodiacetic 
acid towards the ions of these metals has been stud- 
ied in aqueous solution’ and, according to the 
potentiometric and spectrophotometric data, the 
formation of 1 : 1 and 1 : 2 (metal : ligand) com- 
plexes has been established. Solid 1: 1 complexes 
of type ML*nH*O (M = Cr, Mn or Co, n = 1; 
M = Ni, n = 3) and the 1: 2 complex Na,NiLz have 
been prepared and characterized.6 In these com- 
plexes thiodiacetic acid in the form of the thio- 
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diacetate anion acts as a tridentate ligand, giving 
solid complexes of pseudo-octahedral symmetry. 

CH,COOH 
/ 

The reaction of K,[PtCl,] with S 
\ ’ 

CH ,COOH 
CH,COOH 

/ 
yielding the compound Pt 

i 1 

S 
\ 

2 has 

CH$OO- 
been described,’ but the authors did not discuss the 
structure of this complex and the bonding character 
of the ligand. Palladium complexes with thio- 
diacetic acid have never been reported previously. 

The present work has involved the synthesis 
and investigations of IR and Raman spectra of 
some new Pd(I1) and Pt(I1) complexes with thio- 
diacetic acid. 

EXPERIMENTAL 

Materials 

Starting substances for the preparation of Pd(I1) 
and Pt(I1) complexes with thiodiacetic acid were 
synthesized by methods described elsewhere : 
S(CH,COOH)2,8 trans-(CeHSCN)zPdXz (X = Cl 
or Br),9 cis-[(C,H,CN),PtCl,], lo and K,[MXJ 
(M = Pt or Pd, X = Cl or Br). ” All other chemicals 
were of analytical-reagent grade. 

Spectra measurements 

The IR spectra of the solid starting compounds 
and of complexes I-VI in the form of Nujol and 
Fluorolube mulls between CsI or KBr plates, or 
polyethylene windows, were obtained in the range 
10@-4000 cm-’ using a Bruker Fourier Spec- 
trometer “IFS-l 13V”. The Raman spectra of the 
powders H2L and Na,L, and of complexes I and 
III were obtained in the range 204000 cm- ’ using 
a Raman or HG-2S spectrometer with an Ar+-ion 
laser excitation at 5145 A. The laser power varied 
from 50 to 200 mW. 

Preparation of the complexes 

All the complexes studied in this work were syn- 
thesized as follows. 

[(S(CH,COOH)J,PdCl,] (I). Powdered thio- 
diacetic acid (0.0905 g, 0.6 mmol) was added to a 
filtered solution of trans-[C6H,CN),PdCl,] (0.1156 
g, 0.30 mmol) in 15 cm3 of benzene. The reaction 
mixture was stirred at room temperature for 3-4 h. 
The resulting yellow precipitate was filtered, washed 

in benzene and ethyl ether, and dried in air and in 
vacua. The yield was 0.1342 g (93%). 

[(S(CH2COOH)JzPdBrz] (II). 0.1418 g (0.94 
mmol) of thiodiacetic acid was added to a filtered 
solution of trans-[CsH,CN)2PdBr,] (0.2232 g, 0.47 
mmol) in 15 cm3 of benzene. The reaction mixture 
was stirred at room temperature for 3-4 h. The 
brown precipitate formed in the reaction was 
filtered, washed in benzene and ethyl ether, and 
dried in vacua. The yield was 0.2497 g (93%). 

[(S(CH,COOH),),PtCl,] (III). 0.1281 g (0.27 
mmol) of cis-[C6HSCN),PtC12] was dissolved in 20 
cm3 of benzene for 2.5 h to complete dissolution 
and then filtered. 0.0842 g (0.54 mmol) of thio- 
diacetic acid was added to this solution. The reac- 
tion mixture was allowed to stir for 12 h. It was 
heated to 3540” every 2 h. The yellow compound 
thus formed was filtered, washed in benzene and 
ethyl ether, and dried in air and in vacua. The yield 
was 0.1228 g (79%). 

[(S(CH,COOH),),PdCl,] (IV). A solution con- 
taining 0.3109 g (0.95 mmol) of K2[PdC14] in 15 
cm3 of water was filtered and mixed with a filtered 
solution of 0.2859 g (1.90 mmol) of thiodiacetic acid 
in 10 cm3 of water. Ten minutes after mixing, the 
resulting solution became green-yellow. It was 
evaporated under reduced pressure at 3540°C 
yielding a greenish-brown solid. This solid was dis- 
solved in acetone, giving a potassium chloride pre- 
cipitate which was filtered. The filtrate was left for 
slow crystallization and a pale-yellow compound 
was isolated. The yield was 0.3561 g (78%). 

[(S(CHpCOOH),),PdBr2] * 5H20 (V). Filtered 
solutions of 0.5263 g (1.04 mmol) of KJPdBr,] 
in 15 cm3 of water and 0.3133 g (2.08 mmol) of 
thiodiacetic acid in 10 cm3 of water were mixed 
together. The colour of the resulting solution was 
unchanged. The solution was stirred at room tem- 
perature for 30 min and then evaporated under 
reduced pressure, forming a cherry-brown solid. 
The product was dissolved in acetone and the pre- 
cipitated potassium bromide was removed by fil- 
tration. Slow crystallization of the filtrate gave a 
pale-brown powder. The yield was 0.5773 g (97%). 

[(S(CH2COOH)&PtBr2] (VI). A filtered solution 
of 0.3392 g (2.26 mmol) of thiodiacetic acid in 10 
cm3 of water was added to a filtered solution con- 
taining 0.67 13 g (1.13 mmol) of K,[PtBr,] in 15 cm3 
of water. The resulting solution became dark-red. 
After stirring and heating to 3540°C for 5 min it 
became pale-yellow. The solution was evaporated 
dry under reduced pressure at 3540°C. The solid 
was dissolved in acetone and the precipitated KBr 
was filtered off. Slow crystallization of the filtrate 
gave an orange product which was recrystallized 
from hot acetone. The product isolated after 
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removal of the solvent was dried in air and in uucuo. (talc. 477.61) and suggested a monomeric structure 
The yield was 0.4726 g (63%). for complex I. 

RESULTS AND DISCUSSION 

Both aqueous and non-aqueous media were used 
to show the influence of the reaction conditions on 
the character of the H2L interaction with Pd(I1) and 
Pt(I1) derivatives. 

The structure of complexes I-VI was established 
using vibrational spectroscopy. Spectra changes on 
going from the free ligand H2L to complexes I-VI 
have been examined. The IR spectra of complexes 
I and IV and II and V are similar, showing that the 
structure of the complexes is the same whatever the 
method of synthesis. 

The reactions of trans-[(C,H,CN),PdX2] 
(X = Cl or Br) and ci.s-[(C6HSCN)ZPtC12] with thio- 
diacetic acid (H,L) using a 1: 2 molar ratio in 
benzene solution produced the complexes 
KH&MdW (1) ; [(H2JMdBrzl (11) and 
KWU’tCLl (III). W&M’dW (IV) ; 
[(HZL)zPdBrJ - 5H20 (V) and [(H2L)2PtBr2] (VI) 
were obtained in aqueous media using K,[PdX,] 
(X = Cl or Br) and H2L as starting compounds. An 
attempt to obtain a palladium complex containing 
four molecules of H2L in the coordination sphere 
of palladium was not successful. The reaction of 
H2L with truns-[(CgH5CN)2PdC12] in a 4 : 1 molar 
ratio only yields the product [(H,L),PdCl,]. 

The type of coordination of thiodiacetic acid to 
the metal atom was determined from the spectral 
changes obtained on going from the free ligand to 
complexes I-VI. 

Analytical data for complexes I-VI are presented 
in Table 1. 

All these complexes are thin, crystalline, coloured 
solids readily soluble in water and acetone, and 
insoluble in chloroform, carbon tetrachloride, ether 
and benzene. 

In the IR spectrum of H2L the strong band of the 
asymmetric stretching vibration of the carboxylic 
group v,,(COOH) at 1692 cn- ’ was observed. The 
asymmetric stretching vibration of the depro- 
tonated carboxylic group v,,(CO;) in thiodiacetate 
anion was found at 1592 cm- ’ for the thiodiacetic 
acid sodium salt Na,L. In the IR spectra of I-VI 
the v,,(COOH) band at a frequency of about 1700 
cm- I, which is the same in H2L and in complexes 
I-VI. This fact proves that the oxygen atoms of the 
carboxylic groups do not partake in the coor- 
dination with the central metal atom. Table 2 shows 
v,,(COOH) as observed in the IR spectra of complexes 
I-VI. 

A thermographic analysis of complexes I, II, III 
and VI showed that the complexes decompose 
before melting when heated in air (heating 
rate = 10°C mix ‘). Decomposition of these com- 
plexes starts at 120°C for I and III, and at 170°C for 
II and VI, and is followed by endothermal effects. 

The molecular weight of [(H2L)2PdC12] was 
determined in aqueous solution using reverse ebul- 
lioscopy. The molecular weight value found is 480 

The most pronounced changes in the IR spectra 
of I-VI and Raman spectra of I and III are observed 
in the low-frequency region (100-500 cm-‘), were 
metal-ligand and metal-halogen vibrations are 
manifest. Figures 1 and 2 show IR and Raman 
spectra in the low-frequency region of the ligand 
H2L and of complexes I and III. In comparison 
with the free-ligand spectra, two new bands at 308 
and 362 cm-‘, absent in the IR spectrum, were 
observed in the Raman spectrum of I. 

A strong Raman line at 308 cm-’ is assigned to 

CH,COOH I 

Table 1. Elemental analysis of Pd(I1) and Pt(I1) complexes with thiodiacetic acid : H2L = S 
/ 

\ 
CH,COOH 

Compound 

M = Pd x = Cl 
or Pt(%) or Br (%) s (%) c (%) H (%) 

Yield 
(%) Calc. Found Calc. Found Calc. Found Calc. Found Calc. Found 

WJ-M-Cl2 g, 93 22.3 22.3 14.8 14.4 13.4 13.9 20.1 20.6 2.5 2.4 
(H2L),PdBr2 93 18.7 18.3 28.2 28.4 11.3 11.7 17.0 17.6 2.1 2.2 
(HzL),PtClz @I) 79 34.4 34.2 12.5 12.3 11.3 12.1 17.0 17.6 2.1 2.3 
(H,L)zPdCl, W) 78 22.2 22.1 14.8 14.5 13.4 13.8 20.1 - 2.5 - 
(H,L),PdBr,.5H,O (V) 97 16.2 16.3 24.3 24.5 9.8 9.9 14.6 14.7 3.3 3.5 
(H,L)RtBr2 (vr) 63 29.9 30.0 24.3 24.0 9.8 10.0 14.7 - 1.8 - 
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Table 2. Some characteristic frequencies [v (cm-‘)] observed in IR and Raman spectra of thiodiacetic acid and 
complexes I-VI” 

Vibration [v (cm- ‘)] 

Compound 

vas(COOH) %s(CO;) v(M-X) v(M-S) 

IR Raman IR Raman IR Raman IR Raman 

G-bW’dCl~ W) 
(H,L),PdBr,. 5H20 (V) 

(W-MtBr2 (VI) 

1692 s 1640 - - 

- - 1592 s 1630 w,br 

1698 s - - - 

1700 s - - - 
1692s - 

1698 s - 
1700s - - 

1697 s - - - 

350 m - 370 m - 
- 308 s - 362 w,br 

253 m 368 m 
342 s,br 338 s,br 378 m 373 w,br 

368 m 
350 m - 370 m - 
253 m - 368 m - 
251m - 378 m - 

368 m 

“Abbreviations: s, strong; m, medium; w, weak; br, broad. 

the symmetric stretching vibration v,(PdCl), and 
the line at 362 cm-’ to the symmetric stretching 
vibration v,(PdS). The new bands at 350 and 370 
cm- ‘, observed in the IR spectrum and absent in 

Raman 

I I I 
D 400 300 200 

Y (cm-‘) 

Fig. 1. Vibrational spectra of thiodiacetic acid (H,L) (1) 

and of the complex [(H,L)2PdC12] (2). 

0 400 300 200 

Y (cm-’ ) 
Fig. 2. Vibrational spectra of the complex [(HzL),PtCl,]. 

the Raman spectrum, correspond to the asymmetric 
stretching vibrations v,,(PdCl) and v,(PdS) respect- 
ively. The assignment is proved by the fact that on 
replacement of the chlorine atom by bromine, the 
band v,,(PdCl) at 350 cm-’ in the IR spectrum of 
complex II disappears and a new band cor- 
responding to v,,(PdBr) appears at 253 cm- ‘. The 
band of the Pd-S stretching vibration remains at 
368 cm- *. 

A comparison between IR and Raman spectral 
data solves the problem of geometric isometry for 
complex I. In the case of the tram configuration of 
metal-halogen bonds in square-planar complexes 
of type [ML&12](Dz,,-symmetry), the symmetric 
metal-halogen vibration must appear only in the 
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Raman spectrum and is forbidden in the IR 
spectrum. On the other hand, the asymmetric 
metal-halogen vibration must be present only in 
the IR spectrum and is forbidden in the Raman 
spectrum (mutual exclusion rule). In the case of the 
cis configuration, moreover, the complexes 
[ML,CIZ] have Cz,-symmetry and the metal-hal- 
ogen vibrations are active both in the IR and in 
the Raman spectrum. The same is true for metal- 
sulphur vibrations. As follows from the data given 
in Table 2 and Fig. 1, complex I contains terminal 
metal-halogen bonds located in the truns position 
with respect to each other. 

We have no Raman data for complex II, but its 
IR spectrum contains only one Pd-Br and only 
one Pd-S stretching band, from which we can 
conclude that this complex also shows a trans con- 
figuration. 

In the case of the platinum complexes the situ- 
ation is more difficult. Both in the IR spectrum 
of III and in the Raman spectrum only Pt-Cl 
stretching vibrations were found (Fig. 2). But the 
frequency of the strong Raman line at 338 cm- ’ is 
near the strong IR band at 342 cm-‘. Due to the 
presence of the heavy Pt central atom, the sep- 
aration distance between symmetric and asym- 
metric Pt-Cl vibrations is small. ’ ’ We cannot be 
sure whether the second band is absent or present in 
the spectrum, because the bands are superimposed. 
The Pt-S stretching vibrations appear as the doub- 
let 368/378 cm-’ in the IR spectrum. In con- 
sideration of this fact and also of the method of the 
synthesis of complex III from ciS-[Pt(C6N5CN)2C12] 
the &configuration seems to be more probable. 

The cis configuration is also confirmed by the syn- 
thesis of the cis complexes when we used III as a 
starting compound (data to be published). 

The IR spectrum of the complex VI is similar 
to the spectrum of III. The assignment of M-X 
(M = Pd or Pt, X = Cl or Br) and M-S (M = Pd 
or Pt) stretching vibrations proposed by us are in 
good agreement with literature data12-15 for the 
related Pd(I1) and Pt(I1) complexes. 

Thus, from the available spectral data we can 
conclude that, in the square-planar complexes I-VI, 

thiodiacetic acid is coordinated as a monodentate 
ligand through the sulphur atom and that chelate 
formation does not occur. This way of thiodiacetic 
acid coordination was unknown before. 

It was interesting to compare the stability of 
the coordination sphere for the complexes 
[(H,L),MX,] (M = Pd or Pt, X = Cl or Br) with 
that for triphenylphosphine (PPh3) complexes. For 
this purpose the reaction of [(H2L)2PdBr2] (II) with 
PPh3 was carried out. The aqueous solution of 
[(H2L)2PdBr2] (0.49 mmol) was stirred with the sol- 
ution of PPh3 (0.98 mmol) in ethyl alcohol and 
complex VII was produced. The yield was 8 1.62%. 

In the IR spectrum of complex VII, the bands 
corresponding to the vibrations of thiodiacetic acid 
disappear and instead new bands due to the 
vibrations of the PPh3 fragment of the emerging 
compound appear. The IR spectrum of complex 
VII in the region 400-4000 cm- ’ is similar to that 
for trans-[(PPh,),PdCl,]. The band of the stretching 
Pd-Br vibration at 253 cm-’ remains in the IR 
spectrum of VII. All these results prove that PPh3 
replaces thiodiacetic acid in the inner coordination 
sphere yielding the complex trans-[(PPhj)2PdBr2], 
in agreement with the electron acceptor ability of 
neutral ligands. ’ 6 

Thus, we have synthesized the unknown coor- 
dination compounds of Pd(I1) and Pt(I1) with 
thiodiacetic acid [(H,L),MX,] (where H2L = 

CH ,COOH 

S’ 
\ ’ 

M = Pd or Pt, X = Cl or Br). 

CH,COOH 

Independently of the reaction conditions (aqueous 
or non-aqueous media) the complexes produced are 
of the same structure. From the vibrational spec- 
troscopy data we can conclude that in the above- 
mentioned square-planar complexes of Pd(I1) and 
Pt(I1) the thiodiacetic acid is coordinated as a mon- 
odentate ligand through the sulphur atom, and the 
oxygen atoms of the carboxylic groups do not take 
part in the coordination to the central metal atom. 
The palladium complexes I, II, IV and V contain 
metal-halogen bonds in the trans position. For the 
platinum complexes III and VI the cis configuration 
seems to be more probable. 
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Abstract-The 1 : 1 complex formation between dioxygen and the meso-tetraphenyl- 
porphinatocobalt(II)pyridine complex in toluene was followed spectrophotometrically 
using a high-pressure cell. The values of the equilibrium constant KP obtained are 0.0278, 
0.05 13,0.0840,0.157 and 0.278 atm- ’ at - 30, - 36, - 42, - 48 and - 54°C respectively. 
The thermodynamic data are AH* = -10.1~0.6kcalmol-‘andAS* = -49f3euata 
standard pressure of 1 atm. 

Studies of the reactions of metal complexes with 
molecular gases, 02, N2, CO2 etc., are very inter- 
esting in relation to reactions such as oxygenation 
reactions, nitrogen fixation, and C, chemistry. 

However, the gas adducts expected in the initial 
stages of the reactions are usually unstable or at 
very low concentration at room temperature, which 
causes difficulty in the characterization of those 
adducts. The concentrations of gas adducts are 
expected to be increased under the reaction con- 
ditions of high gas pressure and low temperature. 
In the present study a high-pressure cell was made 
for the trial and applied to the visible spectral 
measurements of the 1: 1 complex formation 
between dioxygen and the meso-tetraphenyl- 
porphinatocobalt(II)pyridine complex, py * Co 
(II)TPP, in toluene. 

EXPERIMENTAL 

Co(II)TPP was synthesized by the literature 
method’ and purified using a Soxhlet extractor. The 

*Authors to whom correspondence should be addressed. 
7 Stainless steels such as SUS 410 which has a lower 

thermal expansion coefficient than SUS 304 must be of 
more practical use for avoiding gas leakage from the 
apparatus at low temperatures. 

$Bengelsdijk and Drago3 who measured the oxy- 
genation reaction of Co(II)(PIXDME) using a similar 
high-pressure cell, have advised that the apparatus must 
be well-shielded and the oxygen pressure must never be 
increased rapidly. 

complex was crystallized from the extracted ether 
solution and stored in a Schlenk tube under argon. 
Toluene, purified by successive treatments with 
H$04, H20, 5% NaOH and H20, and dried with 
CaCl, and 4A molecular sieves,2 was distilled under 
argon before use. The volumes of the toluene sol- 
utions at low temperatures were corrected by extra- 
polations of the density-temperature linear relation 
obtained from the data’ at 10, 20, 25 and 30°C to 
the low-temperature region. Pyridine was dried with 
4A molecular sieves and distilled under argon. 
Absorption spectra were recorded on a Hitachi 808 
spectrophotometer equipped with double-beam 
double monochromators. 

The high-pressure cell (stainless steel, SUS 304)t 
with two optical windows was designed to measure 
the visible spectra of the solutions under a 150-atm 
pressure at low temperatures ( > - SOC). The high- 
pressure cell system is illustrated schematically in 
Fig. 1. The Almax 1 glasses (Hoya glass works), 
usually used for adjustment of water level of a 
boiler, were used for the optical windows (33 mm 
in diameter x 16 mm thick) which withstand a 250 
kg cms2 (242 atm) high pressure. The transmittance 
of the glass were 27, 82 and 86% at 350, 400 and 
450 nm, respectively. This tough window glass was 
used to avoid a sudden burst at high pressure.$ The 
cell was dipped in a Dewar vessel (150-mm i.d.), 
with two optical windows (Pyrex), which is filled 
with dry ice-ethanol (4 1) as the cold source. Cloth 
bags containing dry ice were hung in the Dewar 
vessel from the edge of the vessel for the measure- 
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pressure gauge 

9s 
cylinder 

R:high pressure room 

Tj -Ta:Teflon sheet 

W:optical window 

Q :quartz cell 

Fig. 1. Schematic diagram of the high-pressure cell system. 

ments at -72°C. If dry ice was on the bottom of 
the vessel, many small bubbles from the dry ice 
interfered with the spectrophotometric measure- 
ments. When the spectral measurements were per- 
formed in the range of - 72 to 0°C the cold source 
of the bath was heated to an appropriate tempera- 
ture. The bath was agitated continuously to main- 
tain a constant temperature without a local tem- 
perature gradient. The high-pressure cell was 
connected to an oxygen cylinder with tubings (4- 
mm o.d.) through the pressure gauge [O-150 kg 
cmm2 (YR-506-2, Yamato Sangyo Co.)]. The valves 
(250K-l/4, CARP-316) for purging and stopping 
the oxygen gas were supplied by Fujikinzoku 
Kogyo. The temperature of the bath was monitored 
continuously using a copper-constantan ther- 
mocouple which was dipped in the middle portion 
of the Dewar vessel. 

Measurements of the spectral changes using the 
high-pressure cell were performed as follows. Tolu- 
ene was degassed by several freeze-pump-thaw 
cycles before the preparations of sample solutions 
in a glove bag filled with 1-atm pure dioxygen gas 
(>99.9% Nippon Sanso). The sample solutions 
containing Co(II)TPP and 1% (v/v) pyridine were 
prepared as quickly as possible to avoid any oxi- 
dation of the cobalt porphyrin before the measure- 
ments of the oxygenation reaction. The optical 
cuvette (1 O-mm path length) containing the sample 
solution was set up in the high-pressure cell, 
through which was passed dioxygen gas from a gas 
cylinder through tubings during the setting of the 
cuvette. It took about 1 h to equilibrate the reaction 
of the sample solution at a given pressure and tem- 

7 Calculated from other data.’ 

perature, and it needed about 2 h to measure a 
spectrum. 

RESULTS AND DISCUSSION 

Spectral measurements 

Absorption spectrum of Co(II)TPP in toluene at 
-72°C has bands at 412 and 526 nm, and these 
bands shift to 410 and 535 nm when the solution 
contains 1% (v/v) (0.124 M) pyridine. This spectral 
change is due to the formation of a 1: 1 pyridine 
adduct. The equilibrium constants K, and the ther- 
modynamic data have been reported to be K, = 759 
M- ‘7 for py * Co(II)TPP and Ki = 485 f 29 M- ‘, 
AH* = -8.5 kcal mol-’ and AS* = - 16 eu (cal 
mall ’ deg- ‘) for py-Co(II)(p-CH3)TPP4 in tolu- 
ene at 25°C. From these data, almost all (N 100%) 
the Co(II)TPP in 1% (v/v) pyridinetoluene was 
estimated to be the 1: 1 pyridine adduct at lower 
temperatures than 0°C. The equilibrium constant 
K2 for the 2 : 1 complex is much smaller than 1 .4 
When oxygen gas was introduced into the sample 
solution at - 72°C the absorption spectrum 
showed new bands due to py - CoTPP - O2 at 422 
and 546 nm. The absorbance at 410 nm due to 
py * Co(II)TPP decreased with increasing oxygen 
pressure. The bands due to the pyridine adduct 
were recovered at -72°C when the solution was 
deoxygenated by freeze-pump-thaw cycles. If it 
takes a long time for the deoxygenation, the absorb- 
ance at 410 nm recovered is a little lower than that 
of the original solution, indicating the oxidation of 
a small amount of Co(I1) porphyrin complex to the 
Co(II1) complex. 

The spectral changes in the visible region with 
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Fig. 2. Visible spectral changes accompanied by oxygen 
uptake at -40°C. First and final traces are the spectra 

at 1 and 60 atm. respectively. 

increasing dioxygen pressure at -40°C are shown 
in Fig. 2. The absorbances at 410 and 535 nm due 
to py * Co(II)TPP decreased with a concomitant 
increase in the absorbances at 422 and 546 nm. 
More than 80% of complex is converted to the 
dioxygen adduct at 60 atm. This spectral changes 
showed isosbestic points. The diminution of the 
oxygen pressure from 60 to 1 atm caused the inverse 
spectral change, i.e. the absorbances at 422 and 546 
nm decreased due to the deoxygenation reaction. 

ESR spectra. The complex py * Co(II)TPP in 
toluene at -72°C shows an ESR spectrum 
(g = 2.36) analogous to the spectrum of 
B * Co(II)(p-0CH3)TPP.6 The signal height 
decreased on exposure to oxygen gas with the sim- 
ultaneous appearance of a new spectrum at 
g = 2.01. The latter spectrum is similar to the spec- 
trum of the dioxygen complex of the cobalt(I1) pro- 
toporphyrin 1X-dimethyl ester. 7 

Thermodynamic data 

For a general equilibrium reaction (1) : 

M+nL*ML, (K), (1) 

if L has no absorption, the absorbance change can 
be expressed by log ((A-&)/(&-A)} = n log 
[L] + log K, where A is the absorbance of the reac- 
tion system at a given wavelength, A0 the absorb- 
ance due to the initial complex when [L] = 0, and 
A, the limiting absorbance due to pure ML,. The 
equation shows that n and log K, respectively, can 

7 Standard pressure is 1 atm. To convert to a standard 
pressure of 1 torr the quantity R In 760 must be subtracted 
from this value. AS’ = -62 eu at a standard pressure 
of 1 torr. 

Table 1. Equilibrium constants and thermodynamic data 
for reversible O2 binding to tetraphenylporphinato- 
cobalt(II)pyridine in 1% (v/v) pyridine-toluene solution 

Temperature 
(“C) 

Kp 
(atm- ‘) In KP 

-30 2.78 x lo-’ -3.58 
-36 5.13 x 10-2 -2.97 
-42 8.40 x lo-’ -2.48 
-48 1.57 x 10-l -1.85 
-54 2.78 x 10-l -1.28 

AH* = - 10.1 f0.6 kcal mol- ’ 
AS” = -49f3 eu at standard pressure of 1 atm 

be evaluated from the slope and intercept of the 
linear plots, log (A-&)/(&-A)} vs log [L], 
at a given temperature. In the following reaction (2): 

py.CoP+O 2 e PY * Cop * 02 &A (2) 

A0 and A, are the absorbances of py * Co(II)TPP 
and py - CoTPP - 02, respectively, and [L] can be 
expressed by p02, the equilibrium partial pressure 
of dioxygen. When A, could not be obtained for a 
relatively high temperature system, e.g. at -30°C 
the molar absorptivity of the dioxygen adduct 
evaluated at -72°C was used to determine the 
limiting absorbance. The absorbances for the 
plots were measured at 5-10 different pressures 
within the l&90-atm range. The slope n obtained 
from the least-square plots fell in the range 0.96 
1.03. The equilibrium constants obtained from 
the intercepts are summarized in Table 1, indicat- 
ing a large dependence of the equilibrium con- 
stant KP on the temperature. Thermodynamic 
data, AHe = - 10.1 f0.6 kcal mol- ’ and 
ASe = -49f3 eu,t determined from the slope 
and the intercept of the van? Hoff plots (Fig. 3) 

-” I 1 , I 

4.1 4.2 43 4.4 4.6 4.6 
1/Tx103 

Fig. 3. van’t Hoff plot for the oxygenation reaction of 
py - Co(II)TPP. 



1074 K. FUSE et al. 

do not differ significantly from the values of the 
cobalt(I1) protoporphyrin 1X-dimethyl ester 
system8*9 and cobalt(I1) tetra(p-methoxy- 
phenyl)porphyrin6 If the thermodynamic data, 
AH0 and AS’, are extrapolated back to 25”C, the 
value of Kp is estimated to be 5.8 x lop4 atm- ‘, i.e. 
almost all the cobalt complexes exist as deoxy- 
genated complexes at I-atm dioxygen pressure. The 
Kp value for the system at - 72°C is estimated to be 
2.2 atm- ‘, indicating at least 68% of cobalt(I1). 
tetraphenylporphyrin exists as the dioxygen adduct 
at 1-atm pressure. Thus the equilibrium constants 
and the thermodynamic data of the 1: 1 complex 
between dioxygen and u,j?,y,G - meso - tetra- 
phenylporphinatocobalt(I1) in toluene were evalu- 
ated successfully by spectral methods using the 
high-pressure cell. We think the high-pressure cell 
is useful for spectrophotometric measurements of 
gas-participating reactions. 
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Abstract-The new ligands 1 ,Cdiformylbenzene bishydrazone (DFBH) and 1 ,Cdiace- 
tylbenzene bishydrazone (DABH) have been prepared. DFBH forms complexes with tran- 
sition metal(I1) ions of types MX,(DFBH) (M = Co, Ni, Mn, Zn or Cd, X = Cl ; M = Co 
or Ni, X = SCN; M = Ni, X = Br) and MX2(DFBH)2 (M = Co, Ni, Mn, Zn, Cd or 
Hg, X = Cl ; M = Ni or Mn, X = Br). DABH forms complexes of types MX2(DABH)2 
(M = Co, Ni or Zn, X = Cl or Br ; M = Co or Ni, X = Cl, Br or SCN) and MX2(DABH)3 
(M=Co, X=Br or SCN; N=Ni X=Cl or SCN; M=Zn, X=Cl, Br or SCN). 
Electronic spectra, magnetic moments and IR spectra have been used to deduce probable 
structures of the complexes. All contain six co-ordinated metals in high-spin configurations 
except ZnC12(DFBH) and possibly CdCl,(DFBH) which are tetrahedral. The reactions 
between cobalt(I1) halides and DABH in acetone yield the tetrahedral complexes CoX, 
(DABAZ), where DABAZ = the acetone azine of 1 ,Cdiacetylbenzene hydrazone. 

In order to use bishydrazones as chelating agents 
we have in recent years characterized complexes of 
the bishydrazones of 1 ,Zdicarbonyl compounds. 
Thus tetrahedral chelates are obtained from diace- 
tylbisdimethylhydrazone ’ and diacetyl bismono- 
methylhydrazone’ with several transition metal 
(II) ions while the bishydrazone of diacetyl forms 
octahedral chelates.’ The resemblance between 
complexes of dimethylhydrazine [giving, for exam- 
ple,3 tetrahedral CoC12(Me2NNH2)2] and of hydra- 
zine [giving3 octahedral COC12(N2H&,] with these 
bishydrazone complexes leads us to suspect that 
steric factors are largely responsible for the different 
co-ordination numbers. In contrast with the chel- 
ating bishydrazones, the bishydrazone of benzil 

* Author to whom correspondence should be addressed. 

forms pseudo-octahedral complexes, e.g.4 
CoCl,(PhC : NNH2C : NNH,Ph), which are prob- 
ably polymeric with bidentate N-methine co-ordi- 
nation of the ligand. All of these ligands contain 
the -N=C-C=N- grouping which is the 
characteristic group of some of the best known 
chelating agents, e.g. dimethylglyoxime, 2,2’-bipy- 
ridyl and 1 , 1 0-phenanthroline. The co-ordination 
chemistry of bishydrazones of 1,3-dicarbonyl com- 
pounds has not been studied because the reaction 
between these diketones and hydrazines leads to 
cyclization and the formation of pyrazoles. By 
increasing the carbonyl group separation, however, 
the bishydrazones can once again be obtained. In 
this paper we report on the ligands formed by reac- 
tion between hydrazine and l,Cdiformyl- and 1,4- 
diacetyl benzenes, i.e. DFBH (1) and DABH (2). 
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R'-NNH 1 

1 R=H 
2 R = CHs 

EXPERIMENTAL 

Experimental techniques were as described pre- 
viously’ except that reflectance spectra were meas- 
ured on a Perkin-Elmer 330 instrument over the 
range 40,000-6,600O cm-‘. The anhydrous metal 
halides of cobalt, nickel and manganese were pre- 
pared by dehydration of the hydrated salts at 100°C 
in vucuo. The ligands 1 ,Cdiformylbenzene bishy- 
drazone (DFBH) and 1 ,Cdiacetylbenzene bishy- 
drazone (DABH) were prepared, by heating under 
reflux for 4 h, a mixture of the diketone (10 g) 
in absolute ethanol (250 cm3) with an excess of 
hydrazine hydrate (25 cm3). The bishydrazones cry- 
stallized on cooling to room temperature. Their 
analytical data are presented in Tables 1 and 2, and 
some of their IR bands in Table 4. DFBH was 
soluble in hot ethanol from which it could be recry- 
stallized ; DABH however had a very low solubility 
in ethanol but was more soluble in hot methanol. 
The ligands were further characterized by their 
melting points (DFBH, m.p. 157k 1°C ; DABH, 
m.p. 176f 1’C) and NMR spectra in dime- 
thylsulphoxide-&. [DFBH showed singlets at 6.85 
ppm (NH, protons), 7.53 ppm (CsH4 protons) and 
7.80 ppm (CH protons) from TMS with relative 
intensities 4 : 4 : 2 ; DABH showed singlets at 2.03 
ppm (CH,), 6.35 ppm (NH,) and 7.63 ppm (C,H,) 
with relative intensities 6 : 4 : 41. 

The preparation of complexes of DFBH was 
straightforward. The anhydrous metal salt and the 
ligand were dissolved in hot absolute ethanol, the 
solutions mixed and the mixture heated under reflux 
for 15 min. The mixture was filtered hot and the 
precipitate washed with hot ethanol and ether 
before being dried in vacua. All reactions were car- 
ried out using reaction ratios of 4 : 1 and 1 : 4 (metal 
salt: ligand). For complexes of DABH, however, 
the low solubility of the ligand necessitated the use 
of a soxhlet apparatus. The metal salt was dissolved 
in methanol (which was a better solvent for DABH 
than ethanol) and the ligand contained in the thim- 
ble of a soxhlet extractor was continually extracted 
with hot methanol for several hours so that the 

extracts ran into the metal salt solution. For nickel 
and zinc complexes, precipitation occurred in the 
hot while the cobalt-containing solutions had to 
be cooled somewhat to achieve precipitation. The 
complexes were isolated as before. 

The best solvent for DABH was acetone. Conse- 
quently, CoCl, (0.35 g, 2.7 x IO3 mol) dissolved in 
hot acetone (25 cm3) was added to DABH (2.05 g, 
11 x 10e3 mol) dissolved in acetone (100 cm’) and 
the mixture heated under reflux for 30 min. Upon 
cooling, a dark green precipitate formed ; this was 
filtered off, washed with acetone and ether, and 
dried in vacua. A similar reaction with CoBr, gave 
a dark blue-green precipitate but no compound pre- 
cipitated when Co(SCN), was used. Analytical data 
on these compounds were as follows. CoCl, 
complex-Found : C, 46.6 ; H, 5.44; N, 12.7. 
COC~~C~H~~N~ requires: C, 48.0; H, 5.55; N, 
14.0%. CoBr, complex-Found : C, 39.4; H, 4.53 ; 
N, 10.9. CoBrZC16H22N4 requires: C, 39.3; H, 
4.54; N, 11.5%. 

RESULTS AND DISCUSSION 

The addition-elimination reactions between 
hydrazine and 1 ,Cdiformylbenzene and 1 ,Cdiace- 
tylbenzene produce the new ligands DFBH and 
DABH respectively, as crystalline solids. These 
have low solubilities in non-co-ordinating solvents 
but complexes have been prepared using hot 
ethanol as solvent for DFBH and hot methanol 
for DABH. 

Complexes of DFBH have been prepared from 
Co(H), Ni(II), Mn(II), Zn(II), Cd(I1) and Hg(II), 
and are of types MX,(DFBH) and MX2(DFBH)2; 
their colours, analytical data and magnetic 
moments are given in Table 1. Complexes of 
DABH, however, have been isolated having the 
formulae MX2(DABH)2 (M = Co, Ni or Zn ; 
X=Cl or Br; M=Co or Ni, X=NCS) and ; 
MXP(DABH)3 (M = Co, Ni or Zn, X = Cl ; 
M=Co or Zn, X=Br; M=Ni or Zn, 
X = NCS) ; they are listed in Table 2. Unfor- 
tunately the complexes are insoluble in solvents 
such as chloroform and nitromethane so that 
measurements of solution spectra and molar con- 
ductivity have been precluded. The magnetic 
moments of the cobalt, nickel and manganese com- 
plexes of both ligands show that the complexes are 
all high-spin ; the moments for the cobalt and nickel 
complexes are in the regions expected for six-co- 
ordinate metal ions, with much orbital contribution 
in the t&e,” cobalt(I1) case and little in the t&e,” 

nickel(I1) case. The electronic spectra of the cobalt 
(II) and nickel(I1) complexes can also be assigned 
to transitions in pseudo-octahedral structures 
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Table 1. Complexes of 1 ,Cdiformylbenzene bishydrazone (DFBH) : colours, analytical data and 
magnetic moments 

Complex Colour 

Elemental analysis” (%) 

by (BM) 
C H N (20°C) 

DFBH 
CoCI,(DFBH) 
COCI,(DFBH)~ 
CoBr,(DFBH), 
Co(SCN),(DFBH) 
NiCl,(DFBH) 
NiC12(DFBH)2 
NiBr,(DFBH) 
NiBr2(DFBH), 
Ni(SCN),(DFBH) 
MnCl,(DFBH) 
MnC12(DFBH)2 
MnBr,(DFBH)2 
ZnCl,(DFBH) 
ZnCl,(DFBH), 
CdCl,(DFBH) 
CdC12(DFBH)2 
HgCl,(DFBH), 

White 
Pink 
Yellow 
Green 
Yellow 
Yellow 
Green 
Yellow 
Yellow 
Brown 
Orange 
Yellow 
Yellow 
Yellow 
Yellow 
Yellow 
Yellow 
Yellow 

59.9 (59.3) 
32.5 (32.9) 
42.4 (42.3) 
35.0 (35.4) 
35.9 (35.6) 
32.3 (32.9) 
42.4 (42.3) 
25.0 (25.2) 
35.7 (35.4) 
35.2 (35.6) 
34.1 (33.4) 
42.0 (42.7) 
35.6 (35.6) 
32.3 (32.2) 
41.9 (41.7) 
27.9 (27.8) 
38.1 (37.8) 
32.2 (32.2) 

6.4 (6.2) 34.9 (34.6) 
3.4 (3.4) 19.0 (19.2) 
4.9 (4.4) 25.0 (24.7) 
3.7 (3.7) 21.1 (20.6) 
2.5 (3.0) 25.3 (24.9) 
3.1 (3.4) 19.3 (19.2) 
4.1 (4.4) 24.6 (24.7) 
2.8 (2.6) 14.3 (14.7) 
3.8 (3.7) 20.6 (20.6) 
2.9 (3.0) 24.9 (24.9) 
3.9 (3.5) 17.9 (19.4) 
4.5 (4.5) 25.0 (24.9) 
3.5 (3.7) 19.3 (20.8) 
3.7 (3.3) 18.4 (18.8) 
4.6 (4.3) 24.5 (24.4) 
3.0 (2.9) 16.0 (16.2) 
4.2 (3.9) 21.9 (22.1) 
3.5 (3.3) 18.6 (18.8) 

5.1 
4.9 
5.2 
5.1 
3.3 
3.2 
2.7 
2.9 
2.8 
5.9 
5.9 
5.9 

Diamagnetic 
Diamagnetic 
Diamagnetic 
Diamagnetic 
Diamagnetic 

a Theoretical values in parentheses. 

(Table 3). The obvious tetragonality of the com- ligand field increases from NzC14 in NiCl,(DFBH) 
plexes is shown in the nickel(I1) compounds where to N&l2 in NiC12(DFBH)2 and to N6 in 
the 3T,,(F) level is often split into the two com- Ni(NCS),(DFBH). Unfortunately the d-d bands 
ponents ‘,!$ and 3A, of D,,,-symmetry. The band above 20,000 cm- ’ are often obscured by the 
positions in the nickel complexes indicate6 that the intense charge-transfer band which gives the com- 

Table 2. Complexes of 1,4_diacetylbenzene bishydrazone (DABH) : colours, analytical data and magnetic 
moments 

Complex Colour 

DABH Beige 
CoCl,(DABH), Yellow 
CoBr,(DABH), Yellow 
Co(NCS)*(DABH), Yellow 
CoBr,(DABH), Yellow 
CO(NCS)~(DABH)~ Yellow 
NiC12(DABH)* Pale green 
NiBr2(DABH)* Pale green 
Ni(NCS),(DABH), Pale green 
NiC12(DABH)3 Pale green 
Ni(NCS),(DABH), Pale green 
ZnCl,(DABH), Yellow 
ZnBl,(DABH)* Yellow 
ZnCl,(DABH), Yellow 
ZnBr,(DABH), Yellow 
Zn(NCS)*(DABH), Yellow 

Elemental analysis” (%) 

C H N 

63.5 (63.1) 7.6 (7.4) 29.4 (29.4) 
48.7 (47.1) 5.9 (5.4) 19.7 (21.9) 
41.0 (40.1) 4.5 (4.7) 18.4 (18.7) 
48.0 (47.6) 5.0 (5.1) 24.8 (25.2) 
45.8 (45.6) 5.2 (5.4) 21.1 (21.3) 
51.8 (51.5) 5.2 (5.7) 21.6 (21.6) 
47.2 (47.1) 5.7 (5.5) 20.9 (22.0) 
40.1 (40.1) 4.7 (4.7) 18.7 (18.7) 
48.0 (47.6) 5.2 (5.1) 24.8 (25.2) 
52.1 (52.5) 6.0 (6.0) 20.4 (20.5) 
51.8 (51.5) 5.8 (5.7) 25.8 (26.3) 
47.5 (46.5) 5.6 (5.5) 20.5 (21.7) 
41.5 (39.7) 4.8 (4.7) 18.4 (18.5) 
51.1 (51.0) 5.9 (6.0) 22.9 (23.8) 
45.4 (45.3) 5.2 (5.3) 20.8 (21.1) 
51.1 (51.1) 5.6 (5.6) 25.8 (26.1) 

PER PM) 
(20°C) 

5.1 
4.8 
4.7 
5.2 
4.8 
3.1 
3.0 
3.0 
3.1 
3.0 

Diamagnetic 
Diamagnetic 
Diamagnetic 
Diamagnetic 
Diamagnetic 

a Theoretical values in parentheses. 
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Table 3. Electronic spectra (cn-’ x 103) (diffuse-reflectance) of complexes of the bishydrazones of l,Cdifor- 
mylbenzene (DFBH) and 1,4-diacetylbenzene (DABH) 

4T,, 3A% 

Cobalt complex 4A,, 4T,, 4T,, Nickel complex 3 T,,(p) 3T&? 3 Tlg 

CoCl,(DFBH) 19.0, 18.0, 17.0 7.2 NiCl,(DFBH) 

COCI,(DFBH)~ 19.2, 18.3 
CoCl,(DABH), 17.4, 16.0 
CoBr,(DFBH), 20.0, 17.9 
CoBr,(DABH), 16.7, 15.6, 14.5 
CoBr,(DABH), 18.2, 16.7, 15.4 

Co(NCS),(DFBH) 19.8sh, 17.8sh 9.9 NiBr*(DABH), 
CO(NCS)~(DABH), Obscured 10.0 Ni(NCS),(DFBH) 
CO(NCS)~(DABH)~ 17.5, 16.3 9.3 Ni(NCS),(DFBH), 

9.2 NiC12(DFBH)2 
8.3 NiC12(DABH), 
9.0 NiC12(DABH)3 
8.9 NiBr,(DFBH) 
9.5 NiBr2(DFBH), 

plexes their yellow colour or tinge. Similar ligand 
field changes are observable in the cobalt complexes 
but with less certainty because of the multiplicity of 
bands in the l&000-cm-’ region. The spectra thus 
give evidence for co-ordination of the anions ; the 
isothiocyanato complexes showing higher tran- 
sition energies than their chloro analogues, which 
in turn show higher transition energies than the 
bromo analogues. The ligand field strengths of the 
two ligands being studied here are very similar to 
that of benzildihydrazone.4 

Some important features of the IR spectra of the 
ligands and some of their complexes are shown in 
Table 4. The use of chloro, bromo and thiocyanato 
anions has enabled the identification of the mode 
of bonding of these moieties. Thus v(M-Cl) in 
ZnCl,(DFBH) indicates terminal Zn-Cl bonds in 

Obscured, 
20.0sh 

Obscured 

24.3 
Obscured, 

20.8sh 
Obscured 
25.0 
Obscured 

13.6 8.0 

17.2, 14.9 8.4 
17.4 8.7 
17.4 8.7 
13.4 7.9 
17.2, 13.6 8.1 

17.4, 14.3 8.0 
16.9sh 10.5 
17.5sh 10.5 

a tetrahedral structure with bridging DFBH. In 
ZnCl,(DFBH), v(Zn-Cl) moves to 225 cm- ’ in the 
region expected7 for terminal Zn-Cl bonds in an 
octahedral structure with two DFBH bridges 
between each zinc atom. Similarly the other MClzLz 
(L = DFBH or DABH) complexes show spectra 
consistent with their containing terminal M-Cl 
octahedral bonds. The absence of v(M-Cl) in the 
mono-ligand complexes CoCl,(DFBH) and 
NiCl,(DFBH) is consistent with them containing 
bridging chlorides, the frequency of which is usually 
to be found below 200 cn- I. The cadmium complex 
CdCl,(DFBH) shows a v(Cd-Cl) at 275 err-’ 
which is not present in CdC12(DFBH)2 so that the 
mono-ligand complex might be the only other 
tetrahedrally coordinated complex with these 
ligands. The thiocyanato complexes all show v(CN), 

Table 4. Some important IR bands in complexes of the bishydrazones of lQ-diformylbenzene 
(DFBH) and 1,Cdiacetylbenzene (DABH) 

Compound v(CN)ivcs v(C=N) W-N) v(CS) G(NCS) v(M-X) 

DFBH 1580 1110 
CoCl,(DFBH) 1579 1160 
COC~~(DFBH)~ 1571 1161 222 
Co(NCS),(DFBH) 2079 1570 1152 793 478,468 
Ni(NCS),(DFBH) 2085 1578 1164 788 470 
ZnCl,(DFBH) 1570 1180 315,295 
ZnCl,(DFBH), 1570 1180 225 
DABH 1586 1070 
CoCl,(DABH), 1578 1170 220 
Co(NCS),(DABH), 2080 1575 1160 800 482,475 
NiCl,(DABH), 1580 1175 238 
NiCl,(DABH), 1575 1165 
Ni(NCS),(DABH), 2080 1568 1160 795 480,470 238 
ZnCl,(DABH), 1568 1170 221 
Zn(NCS),(DABH), 2070 1575 1155 790 480,470 
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v(CS) and G(NCS) absorptions in the regions 
characteristically found for complexes containing 
terminal N-bonded isothiocyanate groups.8 The 
v(CS) band, being in the 788-SOO-cm- ’ region, is 
probably too high in frequency for bridging thio- 
cyanates which normally9 give a band only a little 
higher than the free-ion value of cu 750 cm- ‘. Fur- 
ther, bridging thiocyanates give’,’ v(CN) well above 
2100 cn- ‘. The occurrence of terminal N-bonded 
isothiocyanates is also in keeping with the electronic 
spectra in which no splitting of v 1 or v2 is observed 
in the nickel complexes, and the ligand field is that 
of six N donor atoms around the metal with little 
distortion from octahedral symmetry. 

The IR bands of principal interest in the ligands 
are v(C=N) and v(N-N) since the shift in these 
bands on complexing is often indicative of the mode 
of bonding of the ligand. We locate v(C=N) in 
the ligands at 1580 cm- ’ (DFBH) and 1586 cm-’ 
(DABH) this being the only band between 1500 
cm-’ and the &NH,) vibration at ca 1620 cm-‘. 
Very little shift in v(C=N) occurs on complexing 
with the metal salts. A slight increase in v(C=N) is 
usually observed4,” when the nitrogen atom of this 
bond (N’) is bonded to a metal. The absence of 
such a shift in our complexes implies bonding of 
the ligand to metal via the aminic nitrogen atom 
(N2). The N-H stretching modes v,, and v, in the 
free ligands are at 3335 and 3158 cm- ’ (DFBH), 
and 3328 and 3 188 cm- ’ (DABH). Upon co-ordi- 
nation to the metal these frequencies are decreased ; 
typically CoCl,(DFBH) has v,, at 3259 cm- ’ and v, 
at 3 115 cm- ‘. Coordination by N2 is again therefore 
implied. The N-N stretch in the ligands has been 
assigned to the bands at 1110 cm- ’ (DFBH) and 
1070 cm- ’ (DABH) in accordance with the assign- 
ment in hydrazine’ ’ and other hydrazones. I**,4 The 
observed shift of v(N-N) to higher frequencies 
upon bonding of the ligands is similar to that found 
in other hydrazone complexes. ‘,2*4 Whilst bonding 
of hydrazone ligands to metals more usually occurs 
via N’, coordination from N2 is known to occur 
when bulky substituents occur on the imimic carbon 
atom. I2 It is noteworthy that, in complexes of 
benzildihydrazone, coordination by the azomethine 
nitrogen atom is favoured by the five-membered 
ring formation formed by the -N=C-C=N- 
grouping with the metal atom. No such possibility 
occurs with the present ligands. In the mono- and 
his-ligand complexes prepared here then we believe 
the ligand to be bridging via the two -NH2 groups, 
each -NH2 group being bonded to a different 
metal atom. Curiously DABH forms tris-ligand 
complexes also. These do not appear to be tris che- 
lates because there are no differences in the 
spectra of, for example, NiC12(DABH)2 and 

NiC12(DABH)3. The IR spectra of the bis and tris 
complexes are also similar and show no evidence 
of the presence of free ligand in the tris complexes. 
One possibility is that in the tris complexes the 
metal atoms are bonded to two anions, two nitrogen 
atoms from bridging hydrazones and two nitrogen 
atoms from unidentate hydrazones. 

Whilst the inductive effect of the methyl groups 
in DABH would be expected to increase the basicity 
of the hydrazone over that of DFBH, the hydrazone 
of 1,4-dibenzoylbenzene would be expected to be 
appreciably less basic. We prepared this latter 
hydrazone and found that no complexes with 
cobalt(B) could be isolated even after many hours 
of heating the ligand and salt together in refluxing 
methanol. 

The use of acetone as a solvent for DABH led to 
dark coloured cobalt complexes whose analytical 
data indicate them to be 1: 1 complexes of the diace- 
tone azine of DABH, i.e. the hydrazone has under- 
gone an addition-elimination reaction with the ace- 
tone to give the azine DABAZ (3). 

3 

The magnetic moments of CoCl,(DABAZ) and 
CoBr2(DABAZ) are 4.6 and 4.5 BM, respectively, 
and their reflectance spectra conhrm their tetra- 
hedral structure, bands at 16,700 cm-’ (Cl- com- 
plex) and 15,400 cm- ’ (Br- complex) being 
assigned to the 4A2 + 4T,(P) transition, and the 
bands at 9090 cn- ’ (Cl- complex) and 8700 cm-’ 
(Br-) to the 4A2 + 4Tl(fl transition. The IR spectra 
show v(Co-X) at 340 and 3 15 cn- ’ (X = Cl) and 
264 cm- ’ (X = Br), again clearly showing the halide 
ions to be terminal in tetrahedral structures. These 
complexes were unfortunately insoluble in organic 
solvents so other structural studies could not be 
undertaken ; they may be polymeric with bridging 
and bidentate azines. 

1. 

2. 
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Table 1. Properties and analyses for molybdenum, tungsten and rhenium 0x0 
methyl compounds 

Compound Colour 

Analysis ( %)b 
M.p.” 
(“C) C H 0 

W4MoO)&WW4 Orange-red 100 43.1 8.4 15.1 
(43.9) (8.6) (14.6) 

(Me,MoO)Li(thf), Red 105 44.6 8.6 14.0 
(44.6) (8.7) (14.8) 

(Me,WO)zMg(thf), Orange-red 120 34.4 6.7 11.6 
(34.6) (6.8) (11.5) 

(Me,WO)Li(thf), Orange-red 110 34.5 (35.1) (Z) (K) 
(Me,ReO)Li(thf), Orange-red 175 35.2 6.7 11.8 

(34.9) (6.8) (11.6) 

‘Decomposition without melting. 
‘Found (required). 

isolated and characterized at low temperatures. It 
is surprising that no other species were obtained 
although when an excess of MeMe, was used the 
formation and subsequent decomposition of poly- 
methylated tungsten derivatives was postulated. 

The intereaction of WOCll with three equivalents 
of MgMez or six equivalents of MeMgCl in thf 
leads to good yields of a paramagnetic, orange-red 
crystalline complex of stoicheiometry 
(MedWO)*Mg(thf), that can be crystallized from 
toluene provided that a small amount of thf is 
always present. There are clearly several inter- 
mediates as indicated by colour changes from the 
early stages of the reaction at -78°C up to room 
temperature that are similar to those reported in 
the preparation of the chelating alkyl analogs. I3314 
The pale greenish solution formed initially at 
-78’C could be due to a reduced 0x0 
(chloro)tungsten(V) species [WC140]- ; the solu- 
tion rapidly becomes reddish possibly due to 
[wC1,O]z-, and as the temperature approaches 
ambient levels turns to the final orange-red colour 
of the isolated product. 

The IR spectrum of the compound shows peaks 
at 1030s.br, lOlOsh, 945s, 920s.br and 880s.br cm-’ 
that can be assigned to skeletal vibrations of thf I9 
and the v(W=O) stretch-probably at 945 cm-’ 
by comparison with the rhenium analogue. ’ 5 The 
broad band at 500 cm-’ is assigned to W-C 
vibrations,13 and the bands at 360 and 310 cm-’ to 
Mg-0 stretches. *O 

The compound is thermally stable-decompo- 
sition starts at ca 120”C-though less so than the 
rhenium analogue ; it is exceedingly air-sensitive 

both in the solid state and in solutions, giving 
almost colourless products. Attempts to isolate the 
product from oxidation, possibly WOMe, whose 
rhenium analogue ReOMe, has long been known, ” 
by regulating the oxidation step under various con- 
ditions were unsuccessful. 

A diagram of the molecular structure is shown in 
Fig. 1; selected bond lengths and angles are given 
in Table 2. The molecule is isostructural with those 
of the analogous rhenium(V) complex, “and the 
definition of the structure is similarly affected by 
significant disorder in the orientation of the 
Me,W=O groups and the conformations of the 
thf molecules (see Experimental). Accordingly, the 

Fig. 1. Structure of (Me4WO),Mg(thf),. 
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A thf-solvated lithium complex of identical sto- 
icheiometry can also be obtained for rhenium by 
the interactionof [Me,NHj[ReO,] or Re207 with 
seven equivalents of MeLi per rhenium. This sol- 
vent-dependent compound crystallizes from light 
petroleum as orange-red needles. Rigorous 
exclusion of oxygen in the reaction mixture is essen- 
tial since the compound oxidizes readily to the vol- 
atile, paramagnetic complex ReOMe,. 2 ’ the ther- 
mal stability of the rhenium compound is higher 
(d > ca 175°C) only than the tungsten or mol- 
ybdenum analogues. 

The IR spectrum is uninformative in the 
v(Re==O) stretch region due to the broadness of 
the co-ordinated thf peaks. The v(Re-C) stretch 
appears at 5 18m cm- ’ and the Li-0 vibrations at 
425 m and 360m cm- I. 

In contrast to the tungsten analogue the rhenium 
complex is diamagnetic ; however, its ‘H NMR 
spectrum displays an unusual and not fully under- 
stood behaviour. At room temperature the methyl 
peaks are not observed but on lowering the tem- 
perature a very broad peak appears at ca 0°C which 
rapidly sharpens with decreasing temperature to give 
only a sharp singlet at 6 3.12 ppm at - 60°C. The 
values for the co-ordinated thf are at 6 3.45 and 
1.33 ppm. Even lower temperatures are needed in 
order to detect the methyl peak in the “C-{ ‘H} 
spectrum ; at - 60°C only a weak band is observed 
for the methyl carbon at 6 27.84 ppm, whereas the 
co-ordinated thf appears at 6 67.97 and 25.53 ppm. 
Although in the case of the magnesium analogue15 
we attributed the broadening to non-rigid behav- 
iour for the five-co-ordinate Me,ReO grouping it 
now seems possible that the broadening could be 
attributed to unusually short spin-lattice relaxation 
times (T,) probably due to coupling with the qua- 
drupolar rhenium isotopes (“‘Re and ls7Re, I = {). 
This has recently been shown to be the main relax- 
ation pathway for ReeC interactions in [Re,(p- 
H)4(CO),,,-.24 It has also been shown for this case 
that relaxation times increase with decreasing tem- 
perature, which might account for the sharpening 
of the peak at lower temperatures. 

0x0 methyl compounds of molybdenum(V) 

The interaction of MoOCl, with three equi- 
valents of MeMe, or six equivalents of MeMgCl in 
thf affords good yields of an orange-red, para- 
magnetic complex of stoicheiometry 
(Me4MoO)2Mg(thQ4. The compound can be 
obtained from toluene as fine orange-red plates ; 
unlike the other thf-solvated magnesium complexes 
previously described, this compound is not par- 
ticularly stable in aromatic hydrocarbons, and since 

toluene seems to be the only convenient solvent for 
crystallization there are obvious difficulties in its 
isolation. However, if the procedure of dissolving 
the extracts of the reaction and crystallizing the 
product from toluene is kept below 0°C the 
decomposition is minimal and the complex can be 
obtained pure as large plates ; these can be sep- 
arated from any black residue by hand picking 
under inert atmosphere. Once isolated the com- 
pound is thermally stable to ca 100°C and is soluble 
without decomposition in ethers and thf, though it 
is insoluble in aliphatic hydrocarbons and decom- 
poses in halogenated solvents. 

The reaction pathway is far from clear but 
reduction to molybdenum(V) probably precedes 
alkylation as it is known that MeOCl, decomposes 
rapidly to MoOC~~~~ even at 25°C. The binding of 
four methyl groups is probably due to the small size 
of the ligand since a bulkier substituting aryl has 
been reported to yield a MOOR, complex (R = me- 
sityl). 26 It is not thus surprising that the chelating 
o-xylenediyl ligand which gave isolable products in 
the case of tungsten ’ 3 and rhenium I5 failed to yield 
analogous complexes for molybdenum. Schrock 
was also unable to prepare methylated species from 
the interaction of (q5-&Me,)MoCl, with various 
methylating agents,12 whereas the tungsten ana- 
logue gave easily ($-CSMe5)WMe4. 

The IR spectrum shows the usual pattern of 
bands with the v(Mo=O) stretch probably at 930s 
cm- ‘, the v(Mo-C) at 510 cm-’ and the Mg-0 
bands at 370 and 320 cm- ‘. 

When traces of oxygen were added to solutions 
of this very air-sensitive complex, a yellow-orange, 
extremely volatile and thermally unstable product 
could be detected, but could not be obtained in any 
substantial yield without extensive decomposition ; 
it is probably MoOMe,. 

The interaction of MoOCl, with six equivalents 
of MeLi leads to the paramagnetic complex 
(Me,MoO)Li(thf), as red needles from light pet- 
roleum. The compound is stable in aliphatic hydro- 
carbons, ether and thf, though unstable in aromatic 
and halogenated hydrocarbons. 

The thermal stability and air sensitivity of the 
complex is similar to that for the magnesium solv- 
ate. 

Attempts to prepare tungsten and molybdenum 
complexes with the bulkier alkyls, neopentyl, tri- 
methylsilylmethyl and benzyl, gave only oily therm- 
ally unstable materials. 

ESR spectra of molybdenum and tungsten complexes 

The ESR spectrum of (Me4W0)2Mg(thf)4 at 98 
K in a frozen toluene solution is characteristic of a 



X-ray crystal structure of (Me4W0)2Mg(thf)4 1085 

(al lb) 

d 

Fig. 2. ESR spectra (X-band) of: (a) (Me.,WO),Mg(thf),, and (b) (Me,WO)Li(thf), in tolnene at 
98 K. 

square pyramidal molecule with S = 1 (Fig. 2). The 
orientations in this axially symmetric spectrum are 
well separated, gu = 2.075, g1 = 1.891, but the most 
interesting feature is the splitting of the bands on 
each axis due to long range magnetic dipoledipole 
interaction*’ between the two tungsten atoms in the 
molecule that give rise to a separation of ca 100 and 
60 G for the parallel and perpendicular orien- 
tations, respectively. If this interaction is assumed 
to be of a purely dipole-dipole nature, the difference 
in the splitting along each axis can be roughly 
explained due to the term 3 cos* v - l/r3, where v is 
the angle formed by the line joining the two tung- 
stens and the external magnetic field, and r the 
tungsten-tungsten distance ; for v = 0” (parallel 
orientation) the interaction is expected to be twice 
as strong as that along the perpendicular axis 
(v = 90’). Hyperfine splitting due to 183W (I = f, 
14.40%) is also observed on both sides of the peaks 
for the parallel orientation but, due to the low natu- 
ral abundance of the isotope, an accurate cal- 
culation of the hyperfine splitting cannot be made. 

The ESR spectrum of (Me,WO)Li(thf), recorded 
under identical conditions (Fig. 2) suggests that the 
compound is a monomer at least in solution. The 
main features observed for the solvated magnesium 
analogue are once again evident in this spectrum, 
with a band appearing on each axis (g,, = 2.065, 
9,. = 1.902) but no further splitting, due to inter- 
space interaction, is observed. Hyperfine splitting 
with the ls3W isotope can also be seen while the 
substantial broadening of the bands-and probably 
four distinct unsymmetrical features on the shape 
of the curve at the parallel orientation-can be attri- 
buted to interaction with the ‘Li isotope (I = 2, 
92.58%). 

Spectra of the molybdenum complexes appears 
to be more complicated since the parallel and per- 
pendicular orientations are very closely spaced (the 
separation is estimated to be ca 100 G), and the 
hyperfine splitting arising from interaction with 
molybdenum isotopes (95Mo: I= 4, 15.72%; 
97Mo: I=$, 9.46%) has to be considered. 
However, the appearance of four dominant peaks 
in the spectrum of both the magnesium and the 
lithium solvate correlates better with the case of 
(Me,WO)2Mg(thf)d, and both molybdenum com- 
plexes might be expected to be dimers in solution. 

EXPERIMENTAL 

Microanalyses were by Pascher, Bonn. Spec- 
trometers : IR, Perkin-Elmer 683 (spectra in Nujol 
mulls, in cm- ‘) ; NMR, Bruker WM-250 and JEOL 
FX-90Q (data in ppm relative to SiMe3 ; ESR, 
Varian El2 (X-Band). 

WOCl,,” MoOC&,*~ [MeSNH][ReO,]” and 
Re20T3’ were prepared by literature procedures. 
The tungsten and molybdenum 0x0 tetrachlorides 
were sublimed prior to use. Solvents were refluxed 
over sodium or sodium-benzophenone under 
argon, and distilled before use. The petroleum used 
has a b.p. of 4060°C. All operations were carried 
out in vacua or purified argon. 

Tetrakis(tetrahydrofuran)magnesium 
otetrumethyl tungstare(VI)] 

bis[ox- 

To a stirred solution of WOCL (0.82 g, 2.40 
mmol) in thf (30 cm’) at -78°C was added 
MeMgCl (15 cm3 of a 0.96 mol drne3 solution in 
Et,O, 14.4 mmol). The mixture was allowed to 
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warm to room temperature and stirring was con- room temperature ; the red solution was evaporated 
tinued for ca 1 h. The resulting orange-red solution and the residues extracted with light petroleum 
was evaporated and the residue extracted with tolu- (3 x 20 cm3). Filtration of the extracts, reduction of 
ene (3 x 20 cm’) ; the filtered extract was reduced to ca 30 cm3 and cooling at -20°C gave red needles, 
40 cm3 and cooled to -20°C to give orange-red which were collected dissolved in thf. Evaporation 
polyhedra. The compound can be recrystallized from and extraction in light petroleum gave the pure 
toluenethf (1 : 1). Yield 0.28 g (28%). IR: product on cooling. Yield 0.17 g (24%). IR : 1295m, 
v(W=O), 945s ; other, 1290m, 124Ow, 1185m, 1250m, 1185m, 1160m, 1035s.br, 9lOs.br, 67Om, 
1170m, 1030s.br, lOlOsh, 920s.br, 880s.br, 670m, 600m, 490m.br, 400m and 360m. ESR : g,, = 2.009, 
600m, 500m.br, 360m and 310m. g1 = 1.924. 

Bis(tetrahydrofuran)Iithium[oxotetramethyl tung- 
state(V)] 

Bis(tetrahydrofuran)lithium[oxotetramethyl rhen- 

aW)l 

To a solution of WOC14 (0.70 g, 2.05 mmol) in 
thf (30 cm3) at - 78°C with stirring was added MeLi 
(16.20 cm3 of a 0.76 mol dmP3 solution in Et20, 
12.31 mmol). The mixture was slowly allowed to 
warm to room temperature ; the orange-red sol- 
ution was evaporated and the residue extracted with 
light petroleum (3 x 20 cm’). Filtration of the 
extracts, reduction to ca 40 cm3, and cooling at 
-20°C gave orange-red needles. The compound 
can be recrystallized by dissolving the thf, followed 
by evaporation and extraction in light petroleum. 
Yield 0.22 g (26%). IR: 1290m, 126Ow, 124Ow, 
1190m, 1170m, 1042s.br, 900s.br, 670m, 600m, 
500m, 420m and 380m. 

To a stirred suspension of [Me,NH][ReO,] (1.0 
g, 3.22 mmol) in thf (30 cm’) at - 78°C was added 
MeLi (29.7 cm3 of a 0.76 mol dmP3 solution in 
Et20, 22.56 mmol). The mixture was allowed to 
warm up to room temperature and the resulting 
orange-red solution evaporated and the residues 
extracted with light petroleum (4 x 20 cm’). Fil- 
tration of the extracts, reduction to ca 30 cm3, and 
cooling at -20°C gave orange-red needles. Yield 
0.31 g (23.5%). IR: 129Ow, 121Ow, 1170m.br, 
1140sh, 1038s.br, 900s.br, 670m, 518m, 428m.br 
and 360m.br. 

NMR (CD*, -60°C) : ‘H, 3.12 (3H, s, Me), 3.49 
(2H, m, thf), and 1.33 (2H, m, thf) ; 13C-{ ‘H} : 27.84 
(s, Me), 67.97 (s, thf), and 25.53 (s, thf). 

Tetrakis(tetrahydrofuran)magnesium bis[oxotetra- 
methyl molybdate(V)] X-ray dlxraction studies 

To a stirred solution of MoOCl, (0.67 g, 2.64 
mmol) in thf (30 cm3) at -78°C was added 
MeMgCl (16.50 cm3 of a 0.96 mol dmP3 solution 
in EtzO, 15.84 mmol) ; the solution was allowed to 
warm and held at room temperature for ca 0.5 h. 
Evaporation and extraction of the residue at 0°C 
with pre-cooled toluene (3 x 20 cm’) followed by 
filtration of the extracts at low temperature and 
reduction to ca 30 cm3 led to orange-red plates on 
cooling at -20°C. The crystals are of analytical 
purity and can be separated from any black pre- 
cipitate by hand picking. Yield 0.19 g (22%). IR: 
v(Mo=O), 930s ; other, 1290m, 123Ow, 1180m, 
1165w, 1035s, lOlOsh, 920s.br, 880m.br, 675m, 
6OOw, 510m, 370m and 320m. ESR: g,, = 1.967, 
gi = 1.907. 

Bis(tetrahydrofuran)lithium[oxotetramethyl molyb- 
date(V)] 

To a stirred solution of MoOCl, (0.57 g, 2.25 
mmol) in thf (30 cm’) at -78°C was added MeLi 
(177 cm3 of a 0.76 mol dm- 3 solution in EtzO, 13.45 
mmol). The mixture was slowly allowed to warm to 

The specimen used for structure analysis of 
(Me4WO)zMg(thf)4 was sealed under argon in a 
thin-walled capillary. All X-ray measurements were 
made on a CAD-4 diffractometer operating in the 
c0-28 scan mode with graphite-monochromated 
MO-K, radiation (1 = 0.71069 A), following pro- 
cedures previously described. 3 ’ The structure was 
refined using full-matrix least squares, with the 
coordinates of the isomorphous rhenium com- 
pound as a starting point. ’ 5 The same difficulties 
as those encountered with the rhenium compound 
were met--viz. disorder in the position of the set of 
four methyl groups attached to a tungsten and 
severe conformational disorder in the thf groups. 
The occupancies of the two sets of methyl carbons 
were fixed at 0.55 and 0.45, which gave comparable 
isotropic temperature factor coefficients for atoms 
of the two sets. A similar procedure was used to 
treat the carbons of the thf groups, each of which 
was split between two sites. The same occupancy 
factors were found to apply. Following the settled 
choice of occupancy factors, the partial carbons 
were allowed to refine anisotropically and, although 
some ellipsoids adopted rather anisotropic shapes, 
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all atoms remained positive definite and a sig- 
nificant reduction in the R value was achieved. 
Accordingly this model was considered to be 
acceptable. No hydrogen atoms were included, 
however. Details of the analysis are as follows : 

Crystal data. Cz4HS606MgW2, M = 832.80, 
triclinic, a = 9.959(5), b = 9.959(3), c = 10.517(2) 

A, a = 63.95(2), j? = 116.20(3), y = 104.09(3)“, 
V = 839.3 A3, space group PI, Z = 1, D, = 1.65 g 
cm- 3, ZL(MO-K,) = 66.03 cm-‘. 

Data collection. 1.5 < tI < 25”, T = 291 K, 3251 
data measured, 2941 unique, 2304 observed 
[Z > 2a(Z)] ; empirical absorption correction. 

Refinement. 260 parameters, unit weighting 
scheme, R = 0.032. All calculations made on a DEC 
VAX 1 l/750 computer with programs as specified 
in Ref. 31. 

Final atomic positional and thermal parameters, 
bond lengths and angles, and FO/Fc values have been 
deposited as supplementary material with the 
Editor, from whom copies are available on request. 
Atomic coordinates have also been submitted to the 
Cambridge Crystallographic Data Centre. 
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Abstract-The interaction of FeCl,(dmpe)* [dmpe = l,Zbis(dimethylphosphino)ethane] 
with RCN (R = Me or Et) gives the partially substituted complex trans- 
[FeCl(NCR)(dmpe),]Cl at room temperature, but in refluxing RCN in the presence of 
NaBPh, the product is trans-[Fe(NCR),(dmpe)2](BPh,)2. The X-ray crystal structure 
of the acetonitrile complex has been determined. No reaction is observed between 
RuC1,(dmpe)z and MeCN, although the disubstituted complex can be made in a similar 
way to the iron analogue. The interaction of truns-[M(NCMe),(dmpe)2][BPh4)2 (M = Fe 
or Ru) with H2 leads to the amine complexes truns-[M(H,NEt),(dmpe),l(BPh,),. Although 
the ethylamine can be removed on refluxing in MeCN the complexes do not act as catalysts. 
Addition of MeCN to FeC1,(PMe3)2 yields only the complex [FeC1(NCMe)(PMe3)2]C1; 
RuC12(PMe& reacts in refluxing MeCN in the presence of NaBPh, to give trans- 

[Ru(NCMe),(PMe,)J(BPh,),. 

We have recently reported the synthesis and re- 
activity of the Cr(I1) nitrile complexes trans- 
[CrC1(NCR)(dmpe)2]+ and trans-[Cr(NCR), 
(dmpe)J2+ [R = Me or Et, dmpe = 1,2-bis(dimethyl- 
phosphino)ethane]. ‘*2 

We now report the synthesis and characterization 
of the analogous complexes of Fe(H) and 
including the products of hydrogenation. 

RW), 

8ESULTS AND DISCUSSION 

1,2-Bis(dimethylphosphino)ethane complexes 

Interaction of FeC12(dmpe)23 with MeCN at 
room temperature leads to a pink solution of truns- 
[FeCl(NCMe)(dmpe),]Cl (1) which can be isolated 
as bright pink crystals. A similar reaction has been 
reported for the complex FeCl,(depe), [depe = 1,2- 

*Authors to whom correspondence should be addressed. 

bis(diethylphosphino)ethane],4 where replacement 
of the second chloride could readily be 
accomplished by addition of NaBPh, at room tem- 
perature. If NaBPh, is added to a MeCN solution 
of 1 only trans-[FeCl(NCMe)(dmpe),]BPh, (lb) 
is isolated. Reaction of lb with excess NaBPh, in 
refluxing MeCN yields the bright yellow trurzs- 
[Fe(NCNe)2(dmpe)&BPh4)2 (2), whose structure 
has been confirmed by X-ray crystallography (see 
below). 

Unlike the analogous chromium complexes,’ 1 
and 2 are unaffected by air and methanol, and are 
1 : 1 and 1 : 2 electrolytes, respectively, in MeCN. 

The IR spectra of 1 and 2 are similar to their depe 
analogues, where the monosubstituted complex (1) 
shows a decrease in the =N stretch (2240 cm- ‘) 
compared to “free” MeCN (2255 cm-‘). The 
decrease in the v(C&N) upon coordination may 
be due to decreased CN bond order caused by x- 
bonding between the metal d-orbitals and the 7c*- 
orbitals of the CN group.’ This n-bonding is pre- 
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sumably minimal for the disubstituted complex (2) 
as no change in the C=N stretch is observed 
(2255 cm- ‘). 

Both 1 and 2 are diamagnetic, low-spin d6, show- 
ing sharp ‘H NMR spectra with a slight down-field 
(more positive 6) shift of the methyl signal for the 
coordinated MeCN, compared to free MeCN. 

Complex 2 has been made previously by the 
reduction of FeCl,(dmpe), with sodium naphthal- 
ide followed by addition of HS03CF3 in MeCN.6 

The use of proprionitrile leads to the formation 
of trans-[FeCl(NCEt)(dmpe),]X (3) (X = Cl or 
BPh,) and trans-[Fe(NCEt),(dmpe),](BPh& (4) 
(see Experimental). 

The bright yellow complex trans-[Ru(NCMe), 
(dmpe),](BPh,)z (5) can be prepared similarly. 
However no ionic species were observed when 
RuC12(dmpe)27 was dissolved in MeCN (AM = 
34 ohm cm2 mol- ‘). Spectroscopically 5 is simi- 
lar to the iron complex (see Experimental and 
Table 1). 

X-ray crystallography 

A diagram of the cation structure is shown in 
Fig. 1; selected bond lengths and angles are given 
in Table 2. The structure is analogous to that of the 
Cr(I1) complex, the structure of which has been 
determined as the CH$O; salt. ’ The most inter- 
esting features of the geometry relate to the com- 
parison between this structure and that of the Cr(I1) 
complex which is low-spin d: paramagnetic. The 
M-N (nitrile) distances are essentially equal at 
1.905(7) (Fe) and 1.906(6) A (Cr), but the Fe-P 
distances [2.264 and 2.270(4) A] are significantly 
shorter than the Cr-P distances [2.364-2.392(3) 
A]. All other things being equal, we would expect 

Fig. 1. Structure of the cation [Fe(NCMe),(dmpe)212+. 

Fe(II)--X distances to be considerably smaller than 
Cr(II)-X distances just on the basis of trends in 
bond radii. Additionally, we would expect Mdrc --, 
Pdx back bonding to be maximized for the Fe(I1) 
tzg6 system and thus further shorten the Fe-P bond 
relative to the Cr-P bond. It is possible therefore 
that some of the Fe-P shortening is due to rr- 
bonding, and that perhaps the acetonitrile ligand in 
the Fe complex which appears not to be involved 
in any dn-pz backbonding (see above) is also being 
squeezed out along the axis by the tighter packing 
of the two dmpe ligands. 

trans-[M(NCMe)z(dmpe)&BPh4)2 (M = Fe or 
Ru) react readily with H2 (3 atm) at room tem- 
perature in MeCN, to give the ethylamine com- 
plexes trans-[M(H2NEt)2(dmpe)2](BPhJ2 [M = Fe 
(6) or Ru (7)]. 

The IR spectra show broad v(N-H) bands about 
3220 cm-‘. In addition to dmpe and BPh, peaks 
(Table 1) the ‘H NMR show a quartet [6 3.30 ppm, 
J(H-H) = 7.0 Hz (6) ; 3.26 ppm, J(H-H) = 7.1 Hz 
(7)] and a triplet [6 1.09 ppm, J(H-H) = 7.0 Hz 
(6) ; 6 1.09 ppm, J(H-H) = 7.1 Hz (7)] due to the 
ethyl group. The signal due to the amine N-H 
protons appears as a singlet partly overlapping the 
phosphine methylene signal. 

The coordinated ethylamine can be liberated 
from 6 and 7 on refluxing in MeCN. We have, 
however, been unable to find suitable conditions for 
the catalytic hydrogenation of MeCN using 2 or 5 
as catalysts, even under thermal (150°C 1500 psi) 
or photochemical conditions (254 nm, 80 psi). 

There has been considerable study of non-cata- 
lytic hydrogenation of nitriles using cluster com- 
plexes of iron, ruthenium and osmium.’ Although 
direct hydrogenation of nitrile and imine groups 
has been observed,8(C)‘9 the majority of these trans- 
formations have involved the formation of metal 
hydride intermediates. Catalytic reduction has 
recently been observed for (CSH,),ScH” and 
[RuCl(dppb)(MeCN)$ [dppb = l,Cbis(diphenyl- 
phosphino)butane]. ’ ’ 

Trimethylphosphine complexes 

Addition of MeCN to FeC12(PMe3)212 at room 
temperature leads to an orange solution of 
[FeCl(NCMe)(PMe,),]C1(8) which can be isolated 
as bright orange crystals. Refluxing FeCl,(PMe,), 
in MeCN with an excess of NaBPh, does not sub- 
stitute the second chloride but forms the tetra- 
phenylboron salt (8b). The complex is air-stable and 
a 1 : 1 electrolyte. 

The IR spectrum of 8 contains two weaks bands 
in the CN stretch region. One is the v(CN) band 
(2300 cm-‘) and the other (2310 cm-‘) a com- 
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Table 1. ‘H and “P-{ ‘H} NMR data (298 K) for organonitrile complexes” 

Compound ‘H Assignment 3 ‘P-{ ‘H} 

(1) [FeC1(NCMe)(dmpe)JXb 2.17m 
2.01s 
1.49m 

(3) [FeCl(NCEt)(dmpe)z]Xb 

(4) [Fe~CEt),(dmpe),l(Bph,), 

(5) [RuWMeL(dmpe)d(BPh& 

(2) [Fe(NCMe),(dmpe)*I(BPh,), 
7.20m 
6.93m 
2.2Om 
2.01s 
1.41m 

2.35q, J(H-H) = 7.6 
2.11m 
1.42m 
l.l8t, J(H-H) = 7.6 

7.3Om 
6.94m 1 
2.35q, J(H-H) = 7.6 
2.11m 
1.43m 
l.l8t, J(H-H) = 7.6 

7.25m 
6.95m 1 
2.10m 
2.10s 
1.49m 

(6) [Fe(H,NEO,(dmpe)21(BPh4)* 
7.15m 
6.9On-i 1 
3.3Oq, J(H-H) = 7.0 
2.10s 
2.OSm 
1.49m 
l.O9t, J(H-H) = 7.0 

(7) [Ru(H,NEt),(dmpe),l(BPh,), 

(8) [FeC1(NCMe)(PMe,)JXb 

7.14m 
6.90m 1 
3.33q, J(H-H) = 7.1 
2.10s 
2.01m 
1SOm 
l.O8t, J(H-H) = 7.1 

2.13br.s 
1 S0br.s 

(9) [Ru(NCMe),(PMe3),l~Bh,), 
7.46m 
7.08m 
2.36s 
1.63m 

8H P-CH, 
3H NC-CII, 

24H P-Q, 

59.60 

40H BPh4 

8H P-C& 
6H NCCI-I, 

24H P-CH3 

2H C&CH3 
8H P-C& 

24H P-CH, 
3H CH,CH, 

64.00 

60.02 

40H BPh, 

4H CI&CH, 
8H P-CH, 

24H P-CH, 
6H CH,CH, 

64.17 

40H BPh4 

8H P-CH, 
6H NCCH3 

24H P-CII, 

42.94 

40H BPh, 

4H CI12CHS 
4H NH, 
8H P-C& 

24H P-CI13 
6H CH,-CII, 

66.00 

40H BPh4 

4H CII,CH 3 
4H NH, 
8H P-CHz 

24H P-CII, 
6H CH,CI13 

3H NCCII, 
18H P--CH3 

47.31 

40H BPh, 

6H NCC& 
36H P-CH, 

-1.16 

“6 in ppm relative to SiMe, (‘H) and 85% H,PO, external (“P), J values in Hz. 
bX = Cl or BPh,. For BPh, salts spectra also include multiplets ca 6 7.2 and 6.9 ppm. 
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Table 2. Selected bond lengths (A) and bond angles (“) for [Fe(CH,CN),(dmpe),](BPh& 

WI---Fe(l) 2.270(4) 
N(l)_Fe(l) 1.905(7) 
C(l2)_P(l) 1.813(9) 
C(21)---P(2) 1.827(11) 
C(23jP(2) 1.849(10) 
C(2)--c(l) 1.463(10) 

P(2)_Fe(ltiP(l) 
N(l)-Fe(l)--P(2) 
C(12)--P(l)-Fe(l) 
C(13)-P(l)-Fe(l) 
C(13)-P(l)-C(12) 
C(22)-P(2bFe(l) 
C(23)-P(2)--Fe(l) 
C(23)-P(2)--c(22) 
C(2)-C(l)---N(1) 
C(l3>-c(23)_P(2) 

84.8(2) 
90.1(2) 

116.7(4) 
109.1(4) 
104.4(6) 
120.5(S) 
107.8(3) 
101.3(6) 
177.9(7) 
110.0(6) 

bination band resulting from the symmetrical CH3 
deformation and the C-C stretch which borrows 
intensity from the v(CN) band. ’ 3 If CD3CN is used 
the band at 23 10 cm- ’ is not present and the CGN 
stretch becomes more intense. The complex is para- 
magnetic showing a broad ‘H NMR spectrum. 

No reaction is observed between RuCl, 

(PMe3)414 and MeCN ; however on refluxing in 
the presence of two equivalents of NaBPh, trans- 
[Ru(NCMe),(PMe,),](BPh,), (9) is formed. 

Besides bands due to the phosphine and tetra- 
phenylborate the IR spectrum contains a strong 
band at 2270 cm- ’ due to coordinated MeCN. The 
‘H NMR shows a down-field shift of the methyl 
CH3 peak, whilst the trans configuration is con- 
firmed by a singlet in the “P-{ ‘H} NMR spectrum 
(6 - 1.16 ppm). 

No reaction is observed between 8 and 9 with 
hydrogen (lOO”C, 180 psi). 

None of the above complexes show any evidence 
of reduction of the metal and the concurrent for- 
mation of the (H - MeCN)+ species, as has been 
found for the chromium complex. * 

EXPERIMENTAL 

Microanalyses were by Imerial College Lab- 
oratories. Melting points were determined in sealed 
capillaries and are uncorrected. IR spectra were re- 
corded on a Perk&Elmer 683 grating spectrometer 
in Nujol mulls (4000-400 err- ‘). NMR spectra (in 
CD,CN) were recorded on a JEOL FX90Q spec- 
trometer, and data are given in Table 1. Con- 
ductivities were determined in MeCN on a Data 
Scientific PTl- 18 instrument. High-pressure reac- 

P@-Wl) 
C(ll)_P(l) 
C(l3)_P(l) 
C(22)-P(2) 
C(l)---N(1) 
C(23)-C(l3) 

2.264(4) 
1.817(10) 
1.822(10) 
1.812(11) 
1.129(7) 
1.476( 11) 

N(l)-Fe(l)_P(l) 
C(ll)-P(lkFe(1) 
C(l2~P(l)--c(ll) 
C(l3>-P(lW(l1) 
C(21)-P(2FFe(l) 
C(22)_P(2)--c(21) 
C(23)-P(2)-C(21) 
C(l)-N(l)-Fe(l) 
C(23)--C(13)-P( 1) 

89.0(2) 
122.5(4) 
101.4(6) 
100.4(6) 
116.8(4) 
lOSS(8) 
102.3(6) 
178.1(S) 
110.1(7) 

tions were carried out in a Berghof Autoclave. All 
manipulations were carried out under argon. Sol- 
vents were distilled and degassed before use. Ana- 
lytical data are collected in Table 3. 

trans - Acetonitrile - bis[l,2 - bis(dimethylphos- 
phino)ethane] chloroiron(I1) chloride (1) 

To FeClz(dmpe)2 (0.46 g, 1.08 mmol) was added 
MeCN (30 cm3). As the solid dissolved the colour 
changed from green to pink. Stirring was continued 
until all the solid had dissolved. The solution was 
filtered, concentrated and cooled to - 20°C to yield 
pink crystals. Yield 0.45 g (90%), m.p. 180°C. 

IR : 2240m, 142Os, 1300m, 1285s, 1245m, 1145w, 
114Ow, 1075m, 1035m, 94Ovs, 895s, 84Os, 800m, 
74Os, 705s, 645s. 

Conductivity (MeCN) : A, = 156 R cm2 mol- ‘. 
The tetraphenylborate salt (lb) was obtained by 

the addition of one equivalent of NaBPh, to a 
MeCN solution of 1. Filtration followed by removal 
of the solvent yielded a pink solid. Yield ca loo%, 
m.p. 217°C (dec.). 

IR: 3060m, 3040m, 224Om, 19OOw, 188Ow, 
1845w, 175Ow, 1580m, 1425m, 1305m, 128Ow, 
1270m, llOSbr.m, 109Os, 104Om, 935vs, 875m, 
845m, 755m, 74Os, 71Os, 615s, 410m. 

Conductivity (MeCN) : A,,, = 15 1 0 cm2 mol- ‘. 

trans - Bis(acetonitrile)bis[1,2 - bis(dimethylphos- 
phino)ethane]iron(II)bis(tetraphenylborate) (2) 

To FeC12(dmpe)2 (0.56 g, 1.31 mmol) in MeCN 
(80 cm3), was added NaBPh4 (0.90 g, 2.63 mmol). 
The solution was refluxed vigorously for 18 h then 
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Table 3. Analytical data for nitrile complexes” 
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Analysis (%) 

Compound C H N 

(1) [FeCl(NCMe)(dmpe)JCl 

(lb) [FeCl(NCMe)(dmpe)JBPh, 

(2) ]FeWMeL(dmpe)~(BPb& 

(3) [FeCl(NCEt)(dmpe)JCl 

(3b) [FeCl(NCEt),(dmpe),]BPh, 

(4) [Fe(NCBt),(dmpe)23(BPh4)2 

(5) [Ru(NCMe)I(dmpe)*l(BPh3, 

(6) [Fe(H,NEt),(dmpe),l(BPh3, 

(7) [Ru(H,NEt>,(dmpe>zl(BPh,), 

(8) [FeCl(NCMe)(PMe,)JCl 

(gb) [FeCl(NCMe)(PMe,),]BPh, 

(9) [Ru(NCMe),(PMe,),I(BPh,), 

32.8 
(35.9) 
62.1 

(60.7) 
71.3 

(71.4) 
37.5 

(37.3) 
61.0 

(61.1) 
60.2 

(59.7) 
69.0 

(68.5) 
70.7 

(70.8) 
68.3 
(68.0) 
29.6 

(30.0) 
53.0 

(53.0) 
69.2 

(68.2) 

’ Required values in parentheses. 

cooled and the bright yellow solution filtered. Con- 
centration and cooling (- 20°C) the solution gives 
yellow crystals. Yield 1.32 g (93%), m.p. 210°C 
(dec.). 

IR : 3050m, 3030m, 2255m, 195Ow, 189Ow, 
174Ow, 1580m, 1420m, 1305s 1290m, 1260m, 
1150br.m, 1140m, 107Ow, 106Ow, 935vs, 885m, 
84Os, 750s 745s 73Os, 71Os, 7OOw, 620s. 

Conductivity (MeCN) : AM = 190 R cm’ mol- ‘. 

trans-Bis[l,2-bis(dimethylphosphino)Mane] chloro- 
proprionitrile iron(I1) chloride (3) 

This complex was prepared as for 1 but using 
EtCN to give pink solid. Yield 74%, m.p. 193°C. 

IR: 2240m, 144Om, 1430m, 132Om, 1295m, 
128Os, 1235m, 113Ow, 108Os, 1035m, 94Os, 895s, 
84Os, 8OOm, 740m, 710m, 64Om, 550~. 

Conductivity (MeCN) : A, = 142 R cm2 mol- ‘. 
Addition of NaBPh, in MeCN yields the tetra- 

phenylborate salt (3b). 
IR: 304Om, 3020m, 2240m, 195Ow, 187Ow, 

182Ow, 158Om, 1430m, 1320m, 129Os, 1275s 

125Om, 1235m, 113Ow, 108Os, 104Os, 945s 900m, 
84Os, 800s 74Os, 71Om, 640s 615s 605s 545~. 

Conductivity (MeCN) : AM = 137 $2 cm2 mol- ‘. 

trans - Bis[l,2 - bis(dimethylphosphino)ethane] 
bisproprionitrile iron(I1) bis(tetraphenyZborate) (4) 

Prepared as for 2 but using EtCN to give yellow 
solid. Yield 58%, m.p. 230” (dec.). 

IR: 305Om, 303Om, 2250m, 195Ow, 187Ow, 
182Ow, 1580m, 1420m, 1305s, 129Os, 1275s 125Om, 
124Om, 113Ow, 108Os, 1045s 945s, 900m, 840s 
805s 740s 71Om, 64Os, 615m, 6OOm. 

Conductivity (MeCN) : A,,, = 205 f2 cm2 mol- ‘. 

trans - Bis(acetonitrile)bis[1,2 - bis(dimethylphos- 
phino)ethane] ruthenium(H) bis(tetraphenyZborate) 

(9 

As for 2 but using RuC12(dmpe)2 to give a yellow 
solid. Yield ca 70%, m.p. 240°C (dec.). 

IR : 3040m, 302Om, 228Om, 195Ow, 187Ow, 
182Ow, 158Om, 1425m, 1290s 1275s, 125Om, 
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1150m, 1135m, 1045s, 945s, 9OOm, 845m, 735vs, trans - Bis(acetonitrile)tetrakis(trimethylphosphine) 
705vs, 650m, 615s 605s. ruthenium(I1) bis(tetraphenylborate) (9) 

Conductivity (MeCN) : AM = 240 R cm* mol- ‘. 

trans - Bis[ 1,2 - bis(dimethylphosphino)ethane] bis 
(ethyhzmine)iron(II) bzk(tetraphenylborate) (6) 

A MeCN (50 cm3) solution of 2 (0.40 g, 0.37 
mmol) was pressurized with Hz (3 atm) in an auto- 
clave. The solution was stirred at room temperature 
for 12 h. After releasing the pressure, the solution 
was transferred to a flask and cooled (- 20°C) to 
give bright yellow crystals, further crystals were 
obtained on reducing of the filtrate. Yield 0.29 g 
(73%), m.p. 187°C (dec.). 

To a solution of RuC12(PMe3), (0.30 g, 0.63 
mmol) in MeCN (100 cm3) was added solid NaBPh, 
(0.43 g, 1.26 mmol). The solution was gently 
refluxed for 12 h, then cooled and the colourless 
solution filtered, concentrated and cooled to - 20°C 
giving colourless crystals. Yield 0.46 g (65%), m.p. 
148°C (dec.). 

IR: 3035m, 2270m, 195Ow, 1905w, 1835w, 
1755w, 1570m, 1430m, 1425m, 13OOm, 129Om, 
1265s, 1150m, 1085m, 1025m, 94Os, 845m, 740~s 
7OOvs, 625m, 610s 600s 505m, 5OOm, 470~. 

Conductivity (MeCN) : AM = 235 0 cm* mol- ‘. 

IR: 322Ow, 3060m, 304On-1, 195Ow, 189Ow, 
1835w, 175Ow, 158Om, 142Om, 1310m, 1295s 
1270m, 1150m, 1140m, 1075m, 1065m, 1035m, 
940s 930s 89Os, 845m, 795m, 750m, 735s, 715s, 
705m, 650m, 615s, 465w, 435m. 

Conductivity (MeCN) : AM = 210 R cm* mol- ‘. 

X-ray crystallography 

trans - Bis[l,2 - bis(dimethylphosphino)ethane] bis 
(ethylamine)rutheniwn(II) bis(tetraphenylborate) (7) 

As for 6 but using 5. Yield ca 90%. m.p. 193°C 
(dec.). 

IR : 322Ow, 3020m, 195Ow, 187Ow, 182Ow, 
1575m, 1435m, 13OOw, 1270m, 1185m, 1155m, 
1150m, 103Os, 950m, 850m, 745~s 73Ovs, 705~s 
620m, 61Os, 605vs, 490m, 465m. 

Conductivity (MeCN) : I\,+, = 217 R cm* mol- ‘. 

Acetonitrile chIorobis(trimethylphosphine) iron(I1) 
chloride (8) 

To solid FeCl,(PMe,), (2.50 g, 139 mmol) was 
added MeCN (100 cm3). The solution rapidly 
became bright orange and orange solid was 
deposited on stirring for 2 h. The solid was filtered 
and dried in vacua. Further solid can be obtained 
on cooling the supernatant. Yield 1.98 g (65%), 
m.p. 145°C (dec.). 

The crystal of [Fe(NCMe)2(dmpe)z]BPh, used 
for structure analysis was sealed under argon in a 
thin-walled glass capillary. All X-ray measurements 
were made on a CAD-4 diffractometer operating in 
the ~28 scan mode with graphite monochromated 
MO-K, radiation (1 = 0.71069 A), following pro- 
cedures previously described in detail. ls The struc- 
ture was solved and refined via the heavy-atom 
method and full-matrix least squares in a routine 
manner. All non-hydrogen atoms were refined 
anisotropically and, although most hydrogen atoms 
were located in difference maps, those on the phenyl 
and methylene groups were included in idealized 
positions and refined as parts of rigid groups with 
group isotropic U values ; methyl hydrogens, how- 
ever, were located experimentally and freely refined 
isotropically. Crystallographic details are as fol- 
lows. 

Crystal data. [C,6H38N2P4Fe]+[C24H20B];, 
M,,, = 1076.69, triclinic, space group PT, 
a = 12.239(2), b = 13.129(4), c = 12.207(4) A, 
c1 = 63.62(2), /3 = 118.96(2), y = 117.10(2)“, 
V = 1463.4, 2 = 1, D, = 1.22 g cm- 3, ~(Mo-K,) 
= 4.03 cm- ‘. 

IR: 231Ow, 23OOw, 144Om, 131Om, 129Os, 1275w, 
llOOm, 1045m, 985m, 955vs, 945sh, 870m, 73Os, 
675m, 435~. 

Data collection. 1.5 < 0 < 25, T = 293,3999 data 
recorded, 3777 unique, 2597 observed [I > 1.50(1)]. 
Empirical absorption correction. 

Conductivity (MeCN) : A,,., = 123 R cm* mol- ‘. 
Refluxing a MeCN solution of 8 in the presence of 

NaBPh, (1 equivalent) yields the tetraphenylborate 
salt (Bb). Yield ca 60%, m.p. 161°C (dec.). 

IR : 303Om, 3020m, 2315w, 23OOw, 195Ow, 
189Ow, 182Ow, 175Ow, 1585m, 1425m, 1405w, 
1305m, 1290m, 1265m, 115Os, llOOw, 1065m, 
1040m, 1015w, 955m, 950s 860m, 745vs, 735~s 
71Ovs, 630m, 62Os, 605s 490m, 470~. 

Conductivity (MeCN) : A,,, = 120 Sz cm* mol- I. 

Refinement. 349 parameters, unit weights, 
R = 0.054, Ro = 0.0545. All calculations were 
made on a DEC VAX1 l/750 computer using stan- 
dard programs. ’ 5 

Final atomic positional and thermal parameters, 
bond lengths and angles and F,/Fc values have been 
deposited as supplementary material with the 
Editor, from whom copies are available on request. 
Atomic coordinates have also been submitted to the 
Cambridge Crystallographic Data Centre. 
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Abstract-The synthesis of azomethine derivatives of aluminium containing Al-O-SiMe3 
groups and resistant to hydrolysis is described. These have been prepared either by the 
equimolar reactions of bibasic tridentate or bibasic tetradentate azomethines, viz. N-(2- 
mercaptoethyl) salicylaldimine, N-(Zmercaptophenyl) salicylaldimine, salicylaldehyde 
sulphisoxazole, salicylaldehyde azine, salicylaldehyde semicarbazone, salicylaldehyde 
thiosemicarbazone, o-hydroxyacetophenone azine N,N’1,3-propylene-bis(salicylaldimine) 
and diacetyl bis(Zmercaptoanil), or of 1: 2 molar reactions of monobasic bidentate imines 
viz. N-(Zmercaptophenyl) benzaldimine, benzaldehyde semicarbazone and benzaldehyde 
thiosemicarbazone with Me3Si-O-A1(OPr’)z in the medium of dry benzene. The resulting 
derivatives are coloured solids with sharp m.ps, non-volatile, non-electrolytes, soluble in 
chloroform, dimethylformamide and dimethylsulphoxide, and monomeric in nature. Their 
IR, ‘H NMR and electronic spectral data have been presented in support of the proposed 
structures. 

Frisch’ synthesized some binuclear compounds of 
arsenic containing the Si-O-As linkage by the 
interaction of alkyl or aryl chlorosilanes with 
arsenic acids, and which on hydrolysis yield poly- 
mers containing arsenic and silicon in the molar 
ratio 1: 2. A number of patents concerning the com- 
plexes having S&O-As type bonding appear in 
the literature.‘v3 Bradley and Thomas4 were the first 
to utilize the transesterification method for the 
preparation of silyloxides of Ti(IV), Zr(lV), Nb(V) 
and Ta(V). A few reactions of alkoxides of lan- 
thanides and trimethyl acetoxysilane with a variety 
of tridentate azomethines, possessing the O-N> 
donor sequence have been reported from these lab- 
oratories.5 However, reactions of ahuninium iso- 
propoxide and trimethylacetoxysilane with azo- 
methins having N^s, CN, O-N>, O-N-N, --- 
0 N N 0 and SNN3 donor sequences do not 
seem to have been studied earlier. The present paper 
describes the synthesis and characterization of 
a few heteronuclear derivatives of type, 
Me,Si-O-Al(SB), Me,Si-O-Al(S’B’) and 

* Author to whom correspondence should be addressed 

Me3Si-O-A1(S”B”)2 (where SB*-, S’B’*- and 
SW’- = anions of different SchitT bases). 

RESULTS AND DISCUSSION 

The equimolar reaction of trimethylacetoxysilane 
Me,SiOOCCH, with aluminium isopropoxide 
Al(OPri)3 can be represented by the following 
equation : 

+ (CH3)&-O---A1(OPri)2 + OPiOCCH3. 

The liberated isopropylacetate in the above reac- 
tion was simultaneously fractionated off as an azeo- 
trope with cyclohexane and its estimation at regular 
intervals oxidimetrically indicated the extent to 
which the reaction had proceeded. 

To the resulting solution of silyloxide of 
aluminium, an appropriate amount of azomethine 
[equimolar in the case of bibasic tri- (HO-N-XH) 
or tetradentate (HX-rN_H), and 1: 2 in the 
case of monobasic bidentate (CXH) was added. 
The liberated isopropanol was again fractionated 
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off till the reaction was complete (8-12 h) : 

HO 

(CH&Si-O-AI (OP++ N > /O> -_, (CH&Si-O-Al&N + 2PriOH 

HX > ‘Xl 

HX 

N) 
(CH313Si-O-AI (OPrilp+ ) -_j (CibJ,Si-O-AL + 2PriOH 

N> HX 

/) 
(CH3)3Si-O-AL(OPri)2+ 2Nr\H~(CH3)3Si-O-Al 

<i 

\I 

+ 2PriOH 
N 

X 

(where HO39H =SBH~I HX%H=S’B’Hz and N/‘XH = S"B"H) 

These reactions take place in two consecutive The resulting complexes are coloured solids, non- 
steps and the following reaction mechanism can volatile and soluble in chloroform, dime- 
possibly be advanced. thylformamide and dimethylsulphoxide. Their 

(i) The first step involving the reaction between resistance to hydrolysis may be due to the water 
aluminium isopropoxide and trimethylacetoxy- 
silane is almost similar to the one suggested for the 

repellent properties of the organo-silicon group pre- 
sent in these derivatives. The molar conductance in 

transesterification reaction and it may be illustrated dry dimethylformamide has been found to be below 
as below : 

yPri 
,OPri 

(CH313~~_~_~_dy_OPrid(CH3)xSi-O- AL, + 0PriOCCH3 
-I 

iO=f i)pri / 
I 
I 
L__CHL__J 

\OPrI 

(ii) The trimethylsilyloxide of aluminium diiso- 
propoxide subsequently reacts with a bibasic tri- or 
tetradentate azomethine probably by an SN2 type 
of mechanism as depicted below : 

6- 6+ 6- 
6+,0pri + H - ;I 

( CH3)3 Si -O-Al, 
OPri H-X > 

, OPri 
Si -0-A[‘_________ ___ -N 

\oPri 

“I Si-0-AL_N 1 [H-)-X) 

+ PriOH 

(CH3), ‘O’ + PriOH Si-O-AL _N 

1x1 

15 Q- ’ cm2 mol- ’ at lo- 3 M concentration, which 
is indicative of the non-ionic nature of these deriva- 
tives. The molecular-weight determinations indi- 
cate their monomeric nature. 

It may, therefore, be inferred that in these newly 
synthesized complexes, the silicon atom is in the 
tetracoordinated environment, 5 whereas the alu- 
minium atoms possibly are in tetra- or penta-coor- 
dination states as shown at top of next column. 

The proposed structures of the imine complexes 
are further supported by the IR, electronic and ‘H 
NMR spectral studies. 

A strong and broad band in the 3400-3 lOO-cm- ’ 
region is observed in the IR spectra of the ligands 
and this may be due to the hydrogen-bonded OH 
or NH stretching vibrations. Further, the absence 
of v(SH) in the 260&2500-cm- ’ region along with 
a v(C=N) band at N 1600 cn- ’ in the ligands N- 
(Zmercaptoethyl) salicylaldimine (&HI ,ONS), N- 
(2-mercaptophenyl)salicylaldimine (C , 3H 1 ,ONS) 
and diacetylbis(2-mercaptoanil) (Cl gH1 6N2SZ) is 
strong evidence for the existence of benzothiazoline 
ring and not the imine form in these ligands.6 

The IR spectra of aluminium complexes do not, 
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H3C 

H3C- 

C-CH3 

I 
C-CH3 

show any band in the 3400-3 lOO-cm- ’ region, indi- 
cating the chelation of the phenolic oxygen and 
azomethine nitrogen of the ligands to the alu- 

minium atom.5 Further, the e stretching 

vibration at 1635 cm-’ in the case of the ligand 
salicylaldehyde azine shifts towards a lower wave- 
length in the corresponding aluminium complex, 
which suggests the coordination of the azomethine 
nitrogen to the aluminium atom.7 

In the case of complexes derived from N-(2-mer- 
captophenyl) salicylaldimine and diacetylbis(2- 
mercaptoanil), a strong band appearing at 1600 

cm-’ may be assigned to the coordinated *N 

group which supports very well the fact that the 
resulting complexes are metal-imine complexes due 
to the rearrangement of the benzothiazoline struc- 
ture’ to give the irnine form, which finally acts as a 
bibasic tri- or tetradentate ligand. 

The C-O stretching modes of the phenolimine 
form of the ligands occur at N 1280 cm- I and shift 
towards a higher frequency (N 1300 cm- ‘) due to 
complexation through the phenolic oxygen of the 
ligand moiety. 

A band of medium intensity is observed in all the 
trimethylsilyloxide aluminium-bonded imine com- 
plexes in the 125&l 260-cm- ’ region which may be 

assigned to the presence of a -Si(CH& group, 
as also reported by Barraclough’ in the case of 
trimethylsilanol. 

The appearance of some new bands of strong 
to weak intensities in the spectra of metal imine 
complexes in the 900-920(s)-, 760_620(m,s)-, 570- 
430(m,w)- and 41&300(w)-cm- ’ regions are due to 
v(Si-O-Al), v(A~-O),‘~ v(AltN)‘~‘* and 
v(Al-S), ’ 3 respectively. Barraclough et ~1.~ have 
similarly assigned a strong band at 900 cm- ’ in the 
case of a number of monomeric metal tri- 
alkylsilyloxides to Si-0 stretching vibrations. 

The electronic spectra of ligands derived from o- 
aminothiophenol show two bands at 250 and 310 
nm, and these are fully consistent with the typical 
spectrum of benzothiazolines.‘4 These transitions, 
which arise due to +4* and n-rc* benzenoid rings, 
remain unchanged in all the silyloxide aluminium- 
bonded imine complexes, whereas an additional 
band is also observed at N 415 nm due to n-n* 
electronic transitions of the azomethine group, indi- 
cating the isomerization of the ligand on com- 
plexation. 

However, the electronic spectra of other azo- 
methines used in these investigations exhibit three 
bands around 245, 295 and 400 nm. The bands 
around 245 and 295 nm are possibly due to &- 
4* and n--71* transitions of the benzenoid ring in 
conjugation with the double bond of the azo- 
methine group, and the band around 400 nm may 
be due to n--R* transitions of bonding electrons 
present on the nitrogen of the azomethine group. 
In the corresponding complexes, there is no shift in 
the positions of the first two bands. However, the 
band around 400 nm undergoes a bathochromic 
shift of 20 nm in the complexes and this may be due 
to the coordination of the nitrogen of the azo- 
methine group to the central aluminium atom. 

Further, to confirm the bonding modes in these 
complexes, the ‘H NMR spectra of salicylaldehyde 
azine and its 1: 1 complex with metal silyloxide have 
been recorded in CDC13 and the chemical-shift 
values [6 (ppm)] for different protons reveal the 
following salient point. 

In the ligand, the hydrogen-bonded NH proton 
signal appears as a broad signal centred at 6 13.40 
ppm which disappears in the corresponding azinate 
complex, showing the chelation of both phenolic 
oxygens of the ligand moiety to the aluminium atom 
after the deprotonation of both phenolic groups. 

The proton signal for the azomethine proton 

(-C=N) 

H 
is observed at 6 7.95 ppm in the ligand, 

and it shifts downfield to 6 8.40 ppm in the spectrum 
of the aluminium complex due to the deshielding as 
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a result of coordinate bond formation between the 
nitrogen and aluminium. 

The signal observed at 6 1.05 ppm in the complex 
is attributable to the methyl protons of the 
-Si(CH,), groups. Further, a downfield shift in 
the resonance signal of aromatic protons of the 
ligand has also been observed in the case of the 
metal complex as a result of the deshielding of the 
aromatic protons due to the coordination of the 
azomethine nitrogen to the aluminium atom. 

EXPERIMENTAL 

Throughout these investigations, a glass appa- 
ratus fitted with interchangeable standard ground 
joints was used. 

The different Schiff bases used as ligands in the 
present investigations were prepared by the usual 
condensation6,7 of a carbonyl compound (ketone/ 
aldehyde) with the appropriate amine, amino- 
thiol, sulphonamide or diamine. The ligands were 
further purified either by recrystallization or by dis- 
tillation under reduced pressure. 

Aluminium isopropoxide was prepared by the 
direct reaction of aluminium metal with iso- 
propanol in the presence of mercuric chloride as 
a catalyst and distilled before use (85C/O.6 mm). 
Found: Al, 13.2; OPr’, 86.7. Calc.: Al, 13.2; OPr’, 
86.8%. 

Trimethylacetoxysilane was obtained by the reac- 
tion between anhydrous sodium acetate and tri- 
methyl chlorosilane in ether. The product was dis- 
tilled before use (b.p. 103”C/740 mm). Found: Si, 
21.1; OAc, 44.3, Calc.: Si, 21.2; OAc, 44.7%. 

The binuclear Schiff base complexes of alu- 
minium containing Al-O-SiMe, groups were 
synthesized by the reactions of aluminium iso- 
propoxide in an equimolar ratio with tri- 
methylacetoxysilane, (CH3)$iOOCCH3, in dry 
cyclohexane medium. The aluminium isopropoxide 
was refluxed under a fractionating column and the 
calculated amount of trimethylacetoxysilane 
diluted with dry cyclohexane was added. The reac- 
tion led to the liberation of isopropylacetate, 
C3HCOOCH3 which was continuously fraction- 
ated off azeotropically with cyclohexane at regular 
intervals for 8-10 h. When the liberated iso- 
propanol/acetic acid corresponded to 1 mol, an 
equimolar amount of bibasic tri- or tetradentate 
azomethine was added to the resulting product, 
(CH3)3Si-O-Al(OC3H’,),. However, in the case 
of monobasic bidentate ligands, the azomethine was 
added in a 1: 2 molar ratio. 

The reaction mixture was further refluxed for 
8-14 h and the isopropanol liberated was again 
fractionated off and estimated oxidimetricallv. The 

liberation of almost the theoretical amount of iso- 
propanol in the azeotrope is an indication of the 
completion of the reaction. The excess of the solvent 
was then stripped off by distillation and the last 
traces of the volatile materials were removed under 
reduced pressure. The solid products so obtained 
were washed several times with anhydrous n-hexane 
and finally dried at 5&6O”C/O.25 mm for about 4 
h. The experimental details of these reactions along 
with the analyses of the products are recorded in 
Table 1. 

The apparatus and instruments used for con- 
ductance measurements, molecular-weight deter- 
minations and electronic, IR and ‘H NMR spectral 
studies were the same as reported in our previous 
communications. ‘y7 Silicon and aluminium were 
estimated gravimetrically as silicon dioxide and alu- 
minium oxinate, respectively. Isopropanol was esti- 
mated oxidimetrically. I5 For the determination of 
the acetoxy group, a weighed amount of the com- 
pound was hydrolyzed and then titrated against a 
0.05 N solution of sodium hydroxide using phenol- 
phthalein as an indicator. 
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Abstract-Direct reaction of elemental halogens with Mo(CO)~(R~POPR~) yielded seven- 
coordinate Mo(I1) complexes of type Mo(CO)~X~(R~POPR~) (R = phenyl orp-tolyl, X = I 
or Br). The structures of Mo(CO)31z(PhIPOPPh2) (I) and Mo(CO),Br,(tolyl,POPtolyl,) 
(II) have been determined by X-ray diffraction methods. Crystal data: Mo12P204 
C27H2,,.CZH2C14, complex I, triclinic space group PT; a = 10.019(l), b = 11.876(l), 
c = 15.342(2) A; a = 73.96(l)“, /I = 79.12(l)“, y = 78.19(l)“, Z = 2, Dcalc. = 1.88 Mg rnp3. 
The structure was solved by MULTAN on the basis of 5169 reflections to a final R value 
of 0.035. Crystal data : MoBr2P204C31H2B, complex II, monoclinic space group P2,/c, 
a = 15.932(2), b = 9.847(l), c = 21.360(2) A, /3 = 106.58(l)“, Z = 4, Dd, = 1.62 Mg rne3. 
The structure was solved using MULTAN on the basis of 1588 reflections to a final R value 
of 0.097. Both structures approximate a pentagonal bipyramidal coordination geometry 
around the metal center. This stereochemistry is in accord with Kepert’s prediction for 
chelate normalized bites of less than 1.1 (1.03 and 1.05, respectively, for the POP ligands). 
The equatorial plane contains both halides, the two phosphorus donors, and a carbonyl. 
The axial carbonyls are distorted from linearity by 8.5(2) and 13(2)“, respectively. Variable- 
temperature 31P NMR studies of these and the related Mo(C0)31z(PhzPCHzPPh2) complex 
confirmed fluxional behavior. Furthermore, for each of the iodo complexes, equilibration 
with a second solution isomer was observed. 

Coordination number seven remains a fascinating 
one since no uniquely favored stereochemistry 
exists. ’ Kepert has presented theoretical ligand- 
ligand repulsion energy caculations for structural 
preference in a variety of seven-coordinate metal 
complexes.’ For the family of M(bidentate ligand) 
(unidentate ligand), complexes, he predicted that 
a capped trigonal prismatic (A) or a pentagonal 
bipyramidal (B) structure should be favored where 
the chelate’s normalized bite (b = 2sina/2) is less 
than 1.1. Above this value, there are four ster- 
eochemistries of comparable energies including 
capped octahedrons (A-D).‘,’ Lippard has 
reported stereochemistry B (pentagonal bipyramid) 
for cationic [Mo(chelating phosphine)(CNR)$+ 

* Author to whom correspondence should be addressed. 

complexes in spite of the range of normalized bites 
for dppm [bis(diphenylphosphino)-methane, 
b = 1.061 and dppe [bis(diphenylphosphino)- 
ethane, b = 1.271. 3 We have been interested in the 
coordination chemistry of the diphosphoxane 
(POP) ligand known to have an even smaller nor- 
malized bite than dppm. For example, Mo(CO), 
(Ph2POPPh2) with b = 1.06 can be compared to 
a value of 1.11 in Mo(CO),(dppm).4 Upon hal- 
ogenation, the seven-coordinate Mo(C0)3Xz(di- 
phosphine) product may be expected to have an 
even smaller b value due to increased steric conges- 
tion. Furthermore, the geometries of several 
Mo(CO)3Xa(diphosphine) complexes with higher b 
values are already known.’ Of these, Mo(CO), 
(Ph2P(CH2)3PPhz)12 (b = 1.33) and Mo(CO), 
(Ph2P(CH&PPh2)I, (b = 1.24) have iodo-capped 

1103 
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trigonal prismatic geometries (D). Unforunately the 
structure of Mo(CO)Jz(dppm) could not be deter- 
mined though the W analogue was found to have 
stereochemistry B (pentagonal bipyramid), albeit in 
a disordered structure.’ 

We report here the halogenation reaction of 
Mo(CO),(ArzPOPAr,) (Ar = phenyl or tolyl) and 
the solid-state structures of Mo(C0) 3 
12(Ph2POPPhJ (I) and Mo(CO)3Br2 
(tolyl,POPtolyl,) (II). In accord with Kepert’s 
predictions, both of these were found to be pen- 
tagonal bipyramidal (stereochemistry B) with I fea- 
turing a very low diphosphine b value of 1.03 and 
a POP angle of only 99.9(2)“. 

While detailed delineation of solution ster- 
eochemical processes for several classes of seven- 
coordinate complexes have appeared, 6 surprisingly 
little is known about the dynamical 31P NMR 
behavior of the M(CO)3X,(diphosphine) family. We 
report here the variable-temperature 31P NMR of 
complexes I, II and Mo(CO),I,(dppm), a pre- 
viously prepared compound.’ In all three cases, 
fluxionality was confirmed. We also present evi- 
dence for the presence of a second solution isomer 
in the iodo complexes. Colton and coworkers have 
reported the existence of two M(CO),I,(dppm) iso- 
mers in the solid state for both molybdenum and 
tungsten. These are all nonelectrolytes. The yellow 
(a) isomer is probably the expected seven-coor- 
dinate product while the orange (/I) isomer has been 
postulated to be a six-coordinate complex with a 
monodentate dppm ligand. ‘* It was also mentioned 
that in solution IR data supported the presence 
of both species in equilibrium.7-9 We present here 
NMR evidence that in solution at least, both major 
isomers are most likely seven-coordinate. 

RESULTS AND DISCUSSION 

Iodination and bromination of Mo(CO),(Ar, 
POPAr,) proceeded readily at room temperature 
or below liberating CO to yield seven-coordinate 
complexes of type Mo(CO),X,(Ar,POPAr,) 
(X = Br or I, Ar = Ph or p-tolyl). These orange 
or orange-yellow solids are of limited stability as 
evident from CO loss and formation of black pow- 
ders after several days of storage. 

Iodination of Mo(CO)d(ArzPOPArz) at room 
temperature afforded orange solids. X-ray quality 
crystals of complex I were grown from C2H2C14 

*A second solution isomer in low concentration has 
been suggested to account for the line-shape of the proton 
NMR in TaH(C0)2(Me,PCH,CH,PMe2)2.’ Unsym- 
metrical diphosphines gave cis/truns isomers of 
MX(CO),(PP’),.’ 

and CHzClz solutions. IR carbonyl stretches are at 
2038(w), 1970(s) and 1923(m) cm- ‘. Asymmetric 
and symmetric POP stretches can be found at 815 
and 760 cn- ‘. lo The p-tolyl analogue has Co stret- 
ches at 2046(w), 1956(s) and 1860(m) cm- I. Its POP 
stretches are at 820 and 746 cm- ‘. 

Bromination of Mo(C0)4(Ph2POPPhJ at 0°C 
afforded a yellow and an orange solid. Their IR 
spectra are significantly different in both the car- 
bony1 and POP regions. The yellow solid has bands 
at 2027(w), 1960(s) and 1890(s) cm- ’ assignable to 
CO stretches in addition to a medium band at 847 
cn- ’ assigned to the asymmetric POP stretch. The 
orange product has CO bands at 1975(s) and 
1883(s) cm-’ with POP stretches at 803 and 760 
cm-’ . Unfortunately neither solid is sufficiently sol- 
uble for more detailed structural characterization. 
Bromination of the more soluble Mo(CO), 
(tolyl,POPtolyl,) afforded a yellow-orange com- 
plex which can recrystallized from CH2C12. Com- 
plex II has CO stretches at 2049(w), 1975(sh) and 
1961(s) cm-‘. The POP stretches are at 819 and 749 
cm- ‘. 

Description of the structures 

The structures of complexes I and complex II both 
feature seven-coordinate molybdenum atoms. The 
geometry about each metal is best described as a 
distorted pentagonal bipyramid (Figs 1 and 2). This 
stereochemistry has been reported in a series of 
[Mo(CNR),(diphosphine)]*+ salts but has not been 
confirmed for Mo(CO)3Xz(diphosphine) 
complexes. The equatorial plane in each case com- 
prises one carbonyl carbon, C(3), both halogen 
atoms, and the two chelating phosphorus atoms, 
P(1) and P(2). Least-squares calculations for the 
equatorial atoms in complex I indicated significant 
distortions form planarity. Most serious is that of 
P(2) which is 0.734(3) A out of the plane of the 
other four atoms. The pentagon in II is essentially 
planar with the maximum out-of-plane distance at 
only 0.06(2) A for P(2). Each Mop(l)--O-P(2) 
chelate ring is also close to planarity with deviations 
of less than 0.04(3) A. The apical positions are 
occupied by the remaining two carbonyl carbons, 
C(1) and C(2). There is no crystallographically 
required symmetry imposed on either structure. 

The P-Mo-P angles in I and II are 61.96(4) 
and 63.0(4)“, respectively. The bite angles (b) are 
1.03 for I and 1.05 for II. Thus the observed pen- 
tagonal bipyramids (stereochemistry B) are in 
accord with Kepert’s prediction for ligands with 
small bites. In fact, complex I possesses the smallest 
such value known for a diphosphine ligand. Its 
diphosphoxane angle at 99.9(2)’ is also remarkably 
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Fig. 1. Molecular structure of complex I. 

low for a P-O-P group. This is consistent with a 
strained chelate ring crowded into the pentagonal 
equatorial region. The P-O distances in I are 
accordingly long at 1.638(3) and 1.668(3) A, indica- 
tive of low multiple-bond character due to the unfav- 
orable P-O-P angle. The corresponding POP 
angle in II of 106( 1)” and P-O distances at 1.59(3) 
and 1.62(3) A reflect some relief of this strain in the 
bromo structure. 

There appears to be slight differences in the two 
types of metal-carbonyl distances in each structure. 
The apical Ma-C bonds are 2.04( 1) and 2.05(l) 
A in complex I while the corresponding values in II 
are 2.08(4) and 2.01(4) A. The equatorial MO-C 
bond in each case is marginally shorter at 2.02(l) 
and 1.93(4) A, respectively. Apical C-MO-C 
angles are 171.5(2)O in I and 167(2)O in II. 

Values of the two Mo-P distances in I differ 

BRl CL 

Fig. 2. Molecular structure of complex II. 
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Table 1. Comparisons of experimental angular coordinates of complexes I and II with calculated values 
for stereochemistries A and B 

Calculated” for Calculated for 
Ligand stereochemistry B stereochemistry A Complex I Complex II 

atom f$/e 410 416 410 

A 30 30 31 32 
C 105/o 98152 101124 103/6 
D 91/90 100/137 931104 93197 
E 105/180 981232 104/198 105jlSO 
F 911270 100/317 941287 98/278 
G 180 180 1641303 167/314 

“Definitions of 4 and 8, ligands A-G, and calculated values of angular coordinates for ligand bite 
b = 1.0 are from Table 4, Ref. 2. 

significantly, being 2.471(2) and 2.446(l) A. In II, 
they are closer at 2.46(l) and 2.44(l) .k This dis- 
crepancy in MO-P distances has been observed 
in the structures of Mo(C0)Jz(Ph2P(CH2),PPhJ, 
n = 2 or 3, and has been rationalized as originating 
from the stronger tran~ influence of a carbonyl vs a 
halide ligand.’ Such an argument is less persuasive 
in I and II since no phosphorus is close to being 
trans to a carbonyl group. Nevertheless the Mo-P 
bonds most clearly across (at 129.6 and 136”, 
respectively) from the equatorial carbonyl [C(3)] are 
indeed longer. 

Comparison of stereochemistry with repulsion energy 
calculations 

A comparison of the experimental angular coor- 
dinates for complexes I and II together with those 
calculated for stereochemistries A (capped trigonal 
pyramid) and B (pentagonal bipyramid) is tabu- 
lated in Table 1.’ 

It can be seen that structure II approximates ster- 
eochemistry B reasonably well except for 4(G) 
where the deviation is 13”, representing the slight 
nonplanarity of the Br(2) atom. The angular coor- 
dinates for complex I show more notable 
deviations. A major twist distortion for C(2), C(3), 
C( 1) and I( 1) (ligands F, C, D and E) can been seen 
in the 8 deviations of 17,24,14 and 18, respectively. 
This is in the direction towards a capped trigonal 
prism (stereochemistry A) of the type predicted by 
Kepert for small-bite ligands. ’ Additionally. I(2) or 
ligand G is distorted away from the pentagonal 
plane by 16”. The more severe distortions in com- 
plex I compared to II and W(CO)3 
12(Ph2PCH,PPh,) may be a result of the more 
congested coordination environment of I, con- 
sistent with its very low bite (1.03) and narrow POP 
angle [99.9(2)“]. 

Variable-temperature 3 ‘P-3 1 studies 

Temperature dependence of the 31P NMR of 
complexes I, II and the related Mo(CO), 
I,(tolyl,POPtolyl~), as well as MOM 
12(Ph2PCH2PPh2), were examined. All were 
observed to be stereochemically nonrigid at ambi- 
ent temperature. 

The spectra for complex I in CHzClz are as shown 
in Fig. 3. At 3O”C, a broad singlet at about +92 
ppm and a sharp singlet at +70.6 ppm were 
observed. At -60°C the broad singlet collapsed 
into AB doublets at + 8 1 and + 112 ppm (J = 193 
Hz) while the sharp singlet remained unchanged. 
At temperatures above 30°C the sharp singlet 
increasingly broadened but coalescence was not 
observed as decomposition set in above 120°C. 
Simulation of the high-temperature spectra predicts 
an exchange barrier of about 17 kcal mol- ’ for the 
two singlets. This spectral behavior is reversible as 
long as extensive decomposition is avoided. These 
results suggest the presence of two solution species, 
IA and IB, in equilibrium with 1A:IB ratios of 
1: 0.14 at -60°C 1: 0.32 at 30°C and 1: 0.42 at 
70°C. Assignment of the solid-state pentagonal 
bipyramidal structure featuring inequivalent phos- 
phorus atoms to IA is consistent with its limiting 
AB spectrum. An estimate of its intramolecular 
rearrangement barrier yields the value 9.8 kcal 
mol- ‘. The identity of IB can only be speculated 
upon. One possibility is a second isomer (ster- 
eochemistry A, B, C or D) featuring either equi- 
valent phosphine sites or rapidly scrambling inequi- 
valent sites. Another explanation would be 
dissociation of an iodide to give a six-coordinate 
cationic complex. This, however, would be contrary 
to the nonelectrolytic behavior of the complex in 
chlorinated hydrocarbons. Furthermore, reaction 
of complex I with silver tetrafluoroborate gave a 



Seven-coordinate Mo(CO)3X,(Ar,POPAr2) complexes 1107 

I,(toly12POPtoly12) are very similar with the limit- 
ing AB doublets centered at + 8 1 and + 111 ppm 
(J = 193 Hz) and the singlet at +76 ppm. 

Complex II exhibited a featureless 3’P spectrum 
at 30°C. The slow exchange spectrum at -6O”C, 
however, revealed two AB doublets centered at 
+ 91 and + 119 ppm (J = 205 Hz). This is entirely 
consistent with its solid-state structure of a pen- 
tagonal bipyramid. Its rearrangement barrier is at 
9.9 kcal mol- ‘. A second solution isomer, if present, 
would be in much lower abundance. 

The complex Mo(C0)31z(Ph2PCH2PPh2) has 
been known for sometime. Two isomers were 
reported by Colton in both the solid state and in 
solution.’ Their structures have not been deter- 
mined but at least one is likely to be of ster- 
eochemistry B by analogy to complexes I, II and 
its tungsten analogue.’ The room-temperature 3 ‘P 
spectrum exhibited a singlet resonance at -22.5 
ppm (Fig. 4). This broadened at lower temperatures 
while a small, sharp singlet appeared at - 35.8 ppm. 
Below - 30°C the major signal collapsed into two 
sets of AB doublets one of which sharpened at 
- 70°C (- 5 and - 30 ppm, J = 122 Hz). Below 

Fig. 3. Variable temperature 3 ‘P-{ ‘H} NMR spectra of 
I. 

cationic complex featuring a 3 ‘P signal at + 120 
instead of +70.6 ppm. A third possibility of IB 
containing a monodentate diphosphoxane similar 
to that suggested for the B-isomer of MOM 
12(PPh2CH2PPhJ isolated by Colton also seems 
unlikely in light of its singlet resonance.‘*’ Even if 
rapid scrambling between the two ends is occurring, 
the observed average chemical shift of + 70.6 ppm 
would be unreasonable since the known shift of 
the uncoordinated end of Ph2POPPh2 is at + 109 

ppm. 4,1 ’ A likely structure of IB would be the poly- 
topal isomer with stereochemistry A (capped trig- 
onal prism). Observed distortions of the solid-state 
structure of complex I towards this geometry is in 
line with this hypothesis. An alternate structural 
assignment of IB as a symmetrically substituted 
pentagonal bipyramid retaining stereochemistry B 

L _ 

cannot be ruled out. Fig. 4. Variable temperature 3’P-{ ‘H} NMR spectra of 
The variable-temperature 3 ‘P spectra of Mo(CO), Mo(CO)31z(Ph2PCHzPPhJ. 
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-8O”C, the other set eventually resolved into AB 
doublets at 0 and -47 ppm (J = 68 hz). The small 
singlet at -22.5 ppm, in the meantime, has dimin- 
ished further into the baseline. Again, these spectra 
are consistent with the presence of two major sol- 
ution isomers, both with inequivalent 
phosphoruses. The barriers to intramolecular 
scrambling for the two major isomers can be esti- 
mated to be 8.4 and 9.5 kcal mol- ‘. The small 
singlet suggests presence of a minor third isomer at 
temperatures above -70°C that is also in equi- 
librium with the two major isomers. Exact struc- 
tural assignment of each of these solution species is 
not yet possible. Nevertheless, the absence of any 
resonance at around -24 ppm normally assigned 
to the uncoordinated dppm argues against a six- 
coordinate geometry featuring a monodentate 
dppm ligand. We are therefore in favor of both 
major solution isomers being seven-coordinate with 
chelating diphosphines. 

These data support the presence of significant 
amounts of a second solution isomer for all three 
iodo complexes. Interestingly, complex II, the 
bromo analogue of I, appears to exist as a single 
solution species. This along with the much less 
severe distortions of its solid-state structure from 
stereochemistry B suggest a higher preference for 
the pentagonal bipyramidal geometry by complex 
II. Finally, the different slow-exchange spectra for 
complexes I, II and Mo(C0)312(Ph2PCH2PPh2) 
further illustrate the sensitivity of seven-coordinate 
stereochemistry to relatively subtle changes in 
ligand environment. 

EXPERIMENTAL 

Standard inert-atmosphere techniques were used 
for reactions, purifications, and other manipu- 
lations. 

Synthesis of complex I 

To a stirred solution of 1 g of Mo(CO), 
(Ph2POPPh& (1.68 mmol) in 10 cm3 CH2C12 was 
added dropwise 20.7 cm3 of a solution of iodine in 
CH,C12 (20.6 mg cm-‘). Carbon monoxide evolved 
slowly and after 0.5 h the solution was concentrated 
in vacua to about 15 cm3 and 10 cm3 hexane added 
slowly. A microcrystalline orange solid deposited 
over 3 h (0.667 g, 53%). Additional product can be 
obtained by workup of the mother liquor to give a 
combined yield of 75%. Found: C, 39.1; H, 2.4. 
Calc. for C2,H2J2Mo04P2: C, 39.5; H, 2.5%. X- 
ray crystals of I were grown from C2H,Cl, solution 
of I by layering with hexane. 

Synthesis of complex II 

The same procedure was followed as for I except 
that the bromination was carried out at 0°C. A 
combined yield of 73% of orange-yellow product 
was obtained. Found : C, 47.3 ; H, 3.8. Calc. for 
C31H28Br2M004P2: C, 47.6; C, 3.6%. X-ray crys- 
tals were obtained by layering of a CH2C12 solution 
of II with n-hexane. 

X-ray structural determination of I 

Crystal data. C~~H~J~MO~~PZ - W-W1~, 
triclinic, space group Pi, a = 10.0185(6), 
b = 11.8763(10), c = 15.3419(16) 
c1 = 73.960(8)“, /_I = 79.120(7)“, y = 78.193(6;’ 
Z = 2, Dcaic. = 1.88 Mg m- 3. The diffraction inten: 
sities of an approximately 0.45 x0.3 x0.25 mm 
crystal were collected with graphite-mon- 
ochromatized MO-K radiation using the 8-28 scan 
technique with profile analysis to 20,,, = 50”. l2 A 
total of 5965 unique reflections were measured, of 
which 5169 were considered significant with Inet > 
2.5o(Z,,,). Lorentz and polarization factors were 
applied but absorption correction was not cal- 
culated (p = 2.45 mm- ‘). The cell parameters were 
obtained by least-square refinement of the setting 
angles of 40 reflections with 28 > 45”(Mo- 
K,, = 0.70932 A). 

The structure was solved by Multan and refined 
with full-matrix least squares. ’ 3 Where possible, H 
atom positions were calculated but their parameters 
were not refined. All heavy atoms were refined 
anisotropically. The solvent, tetrachloroethane, 
was located as a disordered molecule, C atoms with 
occupancy factors as 0.84 and 0.89, and Cl atoms 
as 0.84, 0.93, 0.83 and 0.83. The final residuals 
are R, 0.035 and Rw 0.036 with counting statistics 
weights. All calculations were performed on the 
NRCVAX system of programs. ’ 4 Scattering factors 
were taken from the International Tables for X-ray 
Crystallography. ’ ’ Important distances and angles 
are listed in Table 2. Atomic positions, anisotropic 
thermal parameters and structure factors are 
included in the supplementary material. 

X-ray structural determination of II 

Crystal data. C3,H28Br2M004P2, monoclinic, 
space group P2,lG a = 15.9322(19), 
b = 9.8466(13), c = 21.3601(22) A, /I = 106.58(l)“, 

Z = 4, &,I,. = 1.62 Mg m- 3. The diffraction inten- 
sities of an approximately 0.3 x 0.2 x 0.2 mm crystal 
were collected as described above for I. During data 
collection, the crystal was observed to split from 
the display of the profile. The agreement factor 
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Mo-I( 1) 
Mo-I(2) 
Mo-P( 1) 
Mo-P(2) 

Ma-C(l) 

I( l)-Mo-I(2) 
I(l)-Mo-P(1) 
I( I)--Mo-P(2) 
I(l)-Mo-C(1) 
I(l)--Mo-C(2) 
I( l)-Mo-C(3) 
I(2)-MO-P(I) 
I(2)-MO-P(~) 

I(2)-Ma-C(l) 
I(2)-Ma-C(2) 
I(2)-Mo--~(3) 
P(2)--Ma---C(l) 
P(2)-Mo-C(2) 

P(2)-Ma--C(3) 

2.8458(6) 
2.8775(6) 
2.4713(U) 
2.4462( 14) 
2.039(6) 

82.29(2) 
75.30(3) 

134.20(4) 
86.42(15) 
88.55(16) 

152.36(17) 
157.39(4) 
140.27(4) 

81.35(16) 
91.18(16) 
71.76(17) 
85.54(16) 

102.87(16) 
73.43(17) 

MO-W) 
Ma-C(3) 
P(l)-0 
P(2>-0 

C(l~-Mo--c(2) 
C(l)-Ma--C(3) 
C(2)-Mo--~(3) 
Mo-P(l)-0 
Mo-P(2)-0 

P(l)--o-P(2) 
P( l)-Mo-P(2) 

P(l)_Mo--C(l) 
P(l)-Ma-C(2) 
P(l)_Mo--C(3) 

2.047(6) 
2.020(6) 
1.668(3) 
1.638(3) 

171.49(22) 
98.63(24) 
82.75(24) 
98.15(12) 
99.99( 12) 
99.90(18) 
61.96(4) 

100.01(16) 
85.33(16) 

129.60(17) 

“Numbers in parentheses are standard deviations. 

processed between the equivalent sets was 0.13, 
which probably accounts for the high residual. A 
total of 4237 unique reflections were measured, of 
which 1588 were considered signifkant with Znet > 
2.5~(1,,~3. Lorentz and polarization factors were 
applied but not absorption correction @ = 2.99 
mm-‘). The cell parameters were obtained from 
least-squares refinement of the setting angles of 50 
reflections with 20 > 40” (MO-K,, = 0.70932 A). 

The structure was solved by Multan and refined 

with full-matrix least squares. Where possible, H 
atom positions were calculated though their par- 
ameters were not refined. Due to crystal degradation, 
all C atoms were refined isotropically, while heavier 
atoms were refined anisotropically. No attempt was 
made to locate H atoms of the methyl group. The 
final residuals are RF 0.097 and Rw 0.070 for the 
significant dam. Details of calculations are as for I. 
Important bond distances and angles are given in 
Table 3. Atomic positions, anisotropic thermal par- 

Table 3. Important bond lengths (A) and angles (“) for II“ 

Mo-Br( 1) 
Mo-Br(2) 
Mo-P( 1) 
Mo-P(2) 

Ma--C(l) 

Br( l)--Mo-Br(2) 
Br( l)-Mo-P( 1) 
Br( l)-Mo-P(2) 
Br( l)-Mo-C( 1) 
Br( l)-Mo-C(2) 
Br(l)--Mo-C(3) 
Br(2)-M-P(l) 
Br(2)-Mo-P(2) 
Br(2)-MvC( 1) 
Br(2)-Mo-C(2) 
Br(2)-M-C(3) 
P(l)--Ma-C(l) 
P(l)-Ma--c(2) 
P(l)-Ma--c(3) 

2.633(6) 
2.602(6) 
2.462( 11) 
2.444( 11) 
2.08(4) 

84.80(18) 
73.0(3) 

135.9(3) 
79.4( 12) 
93.1(13) 

151.3(15) 
157.8(3) 
139.2(3) 
86.4( 12) 
82.8(13) 
66.5(15) 
90.3( 11) 
97.2( 12) 

135.7(15) 

M0-W 
Ma--C(3) 
P(l)-0 
P(2F-C 

2.01(4) 
1.93(4) 
1.59(3) 
1.62(3) 

C(lFM0-W) 
C(l)-Me--C(3) 
C(2)-Mo--~(3) 
Mo-P(l)-0 
Mo-P(2)-0 

P(lFo-P(2) 
P( l)-Mo-P(2) 

P(Z)_Mo-C(l) 
P(2)_Mo--C(2) 
P(2t_Mo--~(3) 

167.4(19) 
97.4( 18) 
84.3( 18) 
95.4(9) 
95.2(9) 

106.3(13) 
63.0(4) 
97.2(13) 
95.3(15) 
72.7(15) 

a Numbers in parentheses are standard deviations. 
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axneters and structure factors are included in the 
supplementary material. 

Variable-temperature 3’P studies 

A JEOL FX-9OQ NMR spectrometer with deu- 
terium lock was used. Samples were studied in 
CHIClz solution in IO-nun tubes. Temperature 
measurements were made using a thermocouple cali- 
brated with a chemical shift thermometer. All 3’P 
chemical shifts are referenced to 85% phosphoric 
acid with positive downfields shifts. 

Acknowledgement-We thank the National Science 
Foundation for an instrument grant towards the purchase 
of the IT-NMR spectrometer. 
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Abstract-The title complex has been prepared and characterized by X-ray crystallography 
[trigonal, P5, a = 10884(l), c = 8.784(l) A, 2 = 1, R = 0.036 for 747 MO-% reflections]. 
The crystal structure comprises two types of columns: one of quasi tetrahedral 

[{(CH&N4}ZnCl3]- ions stacked along crystallographic three-fold axes, and a second 
kind composed of an alternate arrangement of [Zn(H20)6]2’ octahedra and chair-shaped 
hydrogen-bonded (H@)6 “spacers” centered at 3 sites, consecutive moieties being linked 
by “intermolecular” O-H . . . 0 hydrogen bonds. Neighboring columns are further inter- 
connected by lateral O-H. . . N and O-H. . . Cl hydrogen bonds to form a three-dimen- 
sional network. 

Several products have been isolated from the reac- 
tion of 1,3,5,7_tetraazaadamantane [formula 
(CH2)6N4, commonly known as hexamethylene- 
tetramine and abbreviated as HMT] with zinc(I1) 
halides in aqueous media, with or without the pre- 
sence of HCl and alcohol. In the older literature, 
compounds of stoichiometries (CH&N4 - ZnC12 - 
HCl’ and 2(CH,),N,* 3ZnC12 * 6H203 were reported. 
Subsequently, the adducts (CH2)6N4*ZnX2 (X = Cl 
or Br) were obtained from crystallization in water- 
methanol and investigated by X-ray diffraction (lat- 
tice constants only)4 and vibrational spectroscopy.5 
Recently Pickhardt and Dross reported that these 
two anhydrous complexes are isotypic, forming 
polymeric chains in the crystal lattice with tetra- 
hedral C12N2 coordination about each metal 
atom.6 In the present paper, we describe the 
preparation and X-ray crystal structure of the 

* Part VII is Ref. 1. 
t Author to whom correspondence should be addressed. 

title complex, which can be re-formulated as 
2(CH216N4* 3ZnC12. 12H20 for comparison with 
other related compounds. 

EXPERIMENTAL 

Preparation of [Zn(H2G)6][{(CH2)6N4}ZnC13]2* 
6H2O 

This compound was obtained from slow evap- 
oration of an aqueous solution of (CH&N, and 
ZnCl, in a 2 : 3 molar ratio. The crystals effloresced 
rapidly and turned milky in air, but underwent no 
apparent change if allowed to remain immersed in 
the mother liquor. 

Crystal data 

C1&8N&l6%Zn3, M = 905.38 ; prismatic, 
0.36 x 0.32 x 0.20 mm sealed in 0.5 mm Lindemann 
glass capillary ; trigonal, Pg (No. 147), 

1111 
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a = 10.884(l), c = 8.784(l) A, l’= 901.2(2) A3, 
D,,, = 1.73(l) (flotation in CCL--BrCH2CH2Br, 
crystal turning milky), D, = 1.668 g cm- 3, Z = 1, 
F(OO0) = 464.76 ; Nicolet R3m diffractometer, 
monochromatized MO-K, radiation, 1 = 0.71069 
A, p = 25.35 cm-‘. Accurate unit-cell dimensions 
were obtained by least-squares refinement of the 
setting angles of 21 slowly centered reflections in 
the range 15 < 20 c 25”, and data collection 
(2&n, = 60”, 783 unique reflections) and reduction 
followed established procedures in our laboratory. 7 
Absorption correction (mean pr = 0.20, trans- 
mission factors 0.7634.849) was applied using an 
empirical method based on a pseudo-ellipsoidal fit 
to azimuthal ($) scan data of selected strong reflec- 
tions.’ 

Structure determination 

Statistical distributions of normalized structure 
factors strongly favored the centrosymmetric space 
group P3, which was subsequently confirmed in X- 
ray analysis. The structure was solved by direct 
phase determination, and all non-hydrogen atoms 
were subjected to anisotropic refinement. The meth- 
ylene H atoms were generated geometrically, and 
three of the four independent water protons located 
from a difference Fourier map ; these were included 
in structure-factor calculations with assigned iso- 
tropic temperature factors. Convergence was 
reached at R = 0.032, wR (on ]I;,]‘) = 0.051 with 
w = [a2(F,)+0.0002~F,~2]~‘, and S = 2.654 for 63 
variables and 747 observed [IF,] > 3a(F,)] reflec- 
tions. * 

Computations were performed on a Data Gen- 
eral Nova 3/12 minicomputer with the SHELXTL 
program package.’ Analytic expressions of neutral 
atomic scattering factors were employed, and 
anomalous dispersion corrections were incor- 
porated. lo 

RESULTS AND DISCUSSION 

It is now well established that the presence of 
(CH2)6N4 as a ligand tends to promote the occur- 
rence of variable coordination geometries about 
different metal ions of the same kind in the same 
crystal lattice, 7* ’ ’ and the present complex provides 
yet another illustrative example. Figure 1 shows a 

*Final atomic positional and thermal parameters, 
bond lengths and angles, and FJF, values have been 
deposited as supplementary material with the Editor, 
from whom copies are available on request. Atomic coor- 
dinates have also been submitted to the Cambridge 
Crystallographic Data Centre. 
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CC1 

Fig. 1. Perspective view of the discrete molecular ions and 
lattice water molecule in [Zn(H,O),][{(CH,),N,} 
ZnCl,], - 6H,O. Thermal ellipsoids are drawn at the 30% 
probability level, and hydrogen bonds are represented 
as broken lines. Atom numbering and symmetry trans- 

formations match those given in Table 1. 

perspective view of the discrete [Zn(H,O),]‘+ and 
[{(CH2)6N4}ZnC13]- ’ ions, which have cry- 
stallographically-imposed !? and 3 molecular sym- 
metries, respectively, and the “lattice” water mol- 
ecule in the asymmetric unit, together with the 
system of atom numbering. Bond distances and 
angles are tabulated in Table 1. 

The [Zn(H,0),12+ octahedron is slightly but sig- 
nificantly flattened along its 3 axis, as shown by the 
O(2)-Zn-O(2)” angle of 91.1(l)” ; otherwise the 
Zn(l)-O(2) bond of 2.086(2) 8, is normal for the 
hexaaquazinc(I1) moiety, as compared to distances 
in the range 2.056(2)-2.104(2) A for the cation in 
the [Zn(H,O),](isonicotinate N-oxide) salt. ‘* On 
the other hand, the quasi tetrahedral 

[{(CH&N4}ZnC131- anion is, to our knowledge, 
the first reported example of an amino- 
trichlorozinc(I1) species. In fact, discrete tetra- 
hedral anions of the type [LZnCl,]- (L = organic 
ligand) are rare, and cases where L = acetone 
[Zn-Cl = 2.23 AlI3 and tetrahydrofuran 
[Zn-Cl = 2.240(3) A, Cl-Zn-Cl = 112.9(l)- 
115.9(l)“] I4 made their appearance only recently in 
the literature, whereas dichlorozinc(II) complexes 
of tetrahedral coordination geometry are com- 
monly encountered. It is evident that the bond 
lengths and angles around the metal atom in the 

[{(CH&S4)ZnC131- anion (Table 1) are consis- 
tent with those in the O-donor analogues. As com- 
pared to relevant dimensions reported for 
polymeric (CHJ6N4 - ZnC126 [Zn-N = 2.1 I l(8), 
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Table 1. Bond lengths (A) and angles (“) with ESDs in parentheses 
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(1) FWM%l ‘+ in Wyckoff position l(u), point system 3 

Zn(l)--0(2) 2.086(2) 
O(2)-Zn( 1 )-O(2) 91.1(l) 0(2)--Zn(l)-O(2Y 

(2) [{(CH,),N,)ZnClJ in Wyckoff position 2(d), point symmetry 3 

Zn(2)--Cl(l) 2.246(l) Zn(2)--N(1) 
Cl( l)-Zn(2)-Cl( l)b 112.6(l) Cl(l)---Zn(2)-N(1) 

Zn(2)-N(l)--C(l) 110.6(2) 

C(IbN(1) 1.488(4) C(l)-N(2) 
C(2)-N(2) 1.473(6) C(2)=---N(2) 

C(l)-N(l)_C(l)b 108.3(2) N(l)-C(l)--N(2) 
C(l)---N(2)--c(2) 107.6(3) C(1 )-N(2)--c(2) 
C(2)-N(2)--C(2) 108.5(5) N(2)_C(2)-N(2)b 

(3) Hydrogen bonding 

0(1)-H . . . N(2) 2.790(3) O(l)-H...O(l)g 
0(2)-H . . . 0( 1) 2.727(4) 0(2)-H . . . Cl( l)b 
N(2)...0(1)...0(l)g 122.8(l) N(2) . 0( 1) . . . O(2)’ 
N(2)...0(l)...0(l)h 123.8(l) 0(1)9... o(l)...o(l)* 
O(l)*... O(l)...O(Z)f 131.1(l) O( 1)9. . . O( 1) . . . O(2)’ 
O(l)‘... O(2) . . . Cl( 1)b 100.0(2) Zn( 1)-O(2). . . 0( 1) 
Zn( 1)-O(2) . . . Cl( l)b 124.8(3) Zn(2)-Cl(l)b. . . O(2) 
O(l)...N(2)--C(l) 106.3(4) O(1). . . N(2)--C(2) 
0( 1). . . N(2)-C(2) 106.2(4) 

88.9( 1) 

2.102(5) 
106.2( 1) 

1.479(S) 
1.454(6) 

llLO(3) 
108.9(4) 
112.4(5) 

2.732(5) 
3.254(5) 

92.4( 1) 
88.7(2) 
98.3(l) 

121.4(2) 
120.7(3) 
119.1(4) 

Symmetry codes: LI -x+y, -x, z; b -x+y, 1 -x, a; ’ 1 -y, 1+x-y, z; do, --x+Y, --z; 
e - 1 +y, -x+y, -‘? ;fl+x--y, 1+x, -z;gy, I-x+y, -1-z;*1+x--y,x, -1-z. 

Zn-Cl = 2.221(4) A, Cl-Zn-Cl = 119.3(2)“] in number of chloro ligands, and the fact that 
and tetrahedral [Zn(NH,),Clz]” [Zn-N = zinc(I1) forms stronger bonds to primary amines 
2.024(2), Zn-Cl = 2.273(l) 8, and Cl-Zn-Cl = than tertiary amines, with concomitant weakening 
109.2(l)“], the present data reflect the difference of the Zn-Cl bonds in the former instance. 

Fig. 2. Stereoview of the molecular packing. The origin of the unit cell lies at the lower left comer, 
with a pointing from left to right at a slant, b upwards, and c towards the reader. Hydrogen bonds 

are represented by broken lines, and atom types are differentiated by size and shading. 
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As illustrated in Fig. 2, the [{(CH2)6N4)ZnC13]- 
ions are stacked in columns along the cry- 
stallographic three-fold axes. The 3 symmetry oper- 
ation on O(1) generates a chair-like aggregate of 
six water molecules, forming a hydrogen-bonded 
(H20)6 ring which serves as a “spacer” midway 
between a pair of [Zn(H,O)$+ octahedra. Similar 
puckered (H,O), rings have been recognized as 
structural fragments in a variety of crystalline 
hydrates: well-known examples include the ice 
polymorphs, ’ 6 polyhedral clathrate hydrates, ’ 7 
(CH,)6N4.6H20,‘s and other hydrate inclusion 
compounds. ’ 9*20 Nevertheless, the occurrence of 
such a ring in a coordination compound is highly 
unusual. In the present complex, the (H20)6 rings 
and cations occupying alternate ?? sites are linked 
by “intermolecular” O-H.. . 0 hydrogen bonds, 
giving rise to a second type of columnar stack. 
In the resulting crystal structure, the two types of 
columns interconnect laterally via O-H. . . N and 
O-H.. . Cl hydrogen bonds (involving lattice and 
ligand water molecules, respectively) to form a 
three-dimensional network (Fig. 2). Geometrical 
details of the hydrogen bonding are given in Table 
1. It is seen that the bond configuration about the 
O(1) atom deviates markedly from regular tetra- 
hedral, with 0. . . 0 . . . 0 angles over a wide range 
of 88.7(2)-131.1(l)“. 

The measured dimensions of the organic ligand 
(Table I), which utilizes all four nitrogen lone pairs 
in stabilizing the crystal lattice, are in fairly good 
agreement with those of crystalline (CH&N4 
[C-N = 1.476(2) A, C-N-C = 107.2(l)“, 
N-C-N = 113.6(2)“].*’ Deviation of the present 
cage system from idealized 33rn symmetry is mani- 
fested by the significantly different C( l)-N( 1) and 
C(2)“-N(2) bond distances, and involvement in 
coordinate and hydrogen bonding leads to enlarge- 
ment of the C-N-C angles in accordance with 
VSEPR expectations. 
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Abstract-The reaction between W,X,(OR), compounds m = CH2CMe3 or OBul and 
HS2P(OEt)2 (6 equivalents) in hydrocarbon solvents, produces a molecule of formula 
W2S1[S2P(OEt)2]4 with corresponding elimination of alkane, alcohol and [(EtO),PS],. This 
tungsten compound has been characterized by IR, ‘H, 13C, and 13P NMR spectroscopy, 
electronic absorption spectroscopy and single-crystal X-ray crystallography. The molecule 
adopts a structure based on an edge-shared bioctahedron, with two bridging sulfides, two 
chelating dithiophosphate ligands and two dithiophosphate ligands bridging the metal- 
metal double bond. The W-W distance of 2.5987(11) 8, along with the acute W-S-W 
angles of 67.74(8)“, are consistent with the metal-metal double bond formulation e2rr2. This 
structure is similar to the W2S2(S2CNEt2)4 molecule prepared by Cotton et al. (Inorg. 
Chem. 1978,17,2946). 

Of all the compounds containing metal-metal mul- 
tiple bonds, the group VI (Cr, MO and W) metals 
show the most varied and fascinating coordination 
chemistry. The range of formal bond order extends 
from M-M single bonds to M-M quadruple 
bonds. ’ The chemistry of compounds containing 
M-M single, triple and quadruple bonds is quite 
extensive, but an exception is seen for M-M double 
bonds. The list of compounds containing M-M 
double bonds is comparatively short. ’ 

We have been investigating the chemistry of 
M-M triply bonded compounds of formula M2Xn 
(M = MO or W, X = ligand atom, n = 6-12).2 Of 
particular interest has been the higher metal co- 
ordination numbers of 5 and 6.s5 In this paper we 
wish to present our results concerning the reactions 
of W,X,(OR), (X = alkyl or alkoxide) with di- 
alkyldithiophosphoric acids. 

Following our discovery of a general synthesis of 
compounds with the formula M2R2(02CR’)4 

* Author to whom correspondence should be addressed. 

(M=MoorW)[eqn(1)]:6 

M2R2(OP&+4R’C02H 

s M2R2(02CR’)4+4HOPri, (1) 

we wished to extend this series of compounds to 
include bidentate ligands other than carboxylates. 
Interest in compounds of formula M2R2(02CR’)4 
arises from their unusual valence MO description 
of the M-M triple bond as z462.7 Our choice of 
dialkyldithiophosphates seemed appropriate in that 
this ligand has somewhat different steric and elec- 
tronic properties from carboxylates. 

RESULTS AND DISCUSSION 

Synthesis 

The reaction of W,Np,(Opr?, (Np = CH2CMe3) 
with (Et0)2PS2H in toluene does not produce a 
complex with the formula W2Np2[S2P(OEt)2]4, 
but does produce a rather interesting molecule 
of formula W2S2[S2P(OEt)2]4 (1). This green, 

1115 
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diamagnetic, crystalline, air-stable, hydrocarbon- 
soluble compound can be isolated in approxi- 
mately 60% crystalline yield according to eqn (2) : 

WzNp,(OP&+ > 6HS,P(OEt), 

NA4R studies 

+2NpH+4HOPri+[(EtO)2PS]2. (2) 

The phosphorus-containing by-product of eqn (2) 
was identified by 3’P NMR spectroscopy and has a 
chemical shift of 6 89.8 ppm in benzene-d,+* The 
volatile product, neopentane, was identified in the 
‘H NMR spectrum of the reaction mixture and has 
a chemical shift of 0.89 ppm in benzene-d,. 

The ’ H NMR spectrum of 1 at 25°C in benzene- 
d6 is shown in Fig. 1. It is evident that this molecule 
has two different types of dithiophosphate ligands. 
The methylene protons of the ethyl groups display 
A2MX3 patterns with the slightly different 3Jr.H 
coupling of 9.7 and ca 7.0 Hz. This gives rise to the 
doublet of quartets at 6 4.35 ppm and the apparent 
pentet at 6 3.46 ppm. 

There is some question as to how the neopentane 
was produced in eqn (2). It could be either produced 
by : (1) homolytic cleavage of the W-C bonds to 
produce Np’ radicals, which then abstracted H’ ; or 
by (2) acid protonolysis of the alkyl ligands. When 
the reaction was carried out at - 78°C a turquoise 
color could be detected before the final deep forest 
green was formed. When the reaction was moni- 
tored by ‘H NMR spectroscopy at - 78°C several 
intermediates were observed, but it was difficult to 
definitively assign any of these to W&P(OEt)&. 

The 3 ‘P-f ‘H} spectrum of 1 shows that there are 
two different types of phosphorus nuclei in a 1: 1 
ratio. These signals occur at 6 194.0 and 127.4 ppm, 
and do not show coupling to ’ 83W. The ‘H-coupled 
spectrum reveals that the signal at 6 127.4 ppm 
becomes a triplet, with 3JpH = 9.6 Hz. This indicates 
that the “P signal at 127.4 ppm and the ‘H NMR 
signal at 4.35 ppm arise from the same ligand. 

It was also found that 1 can be prepared by the 
reaction of W,(OBu’), with (Et0)2PS2H, according 
to eqn (3) : 

The 13C NMR spectra, ‘H-coupled and de- 
coupled, are shown in Fig. 2. It can be seen in the 
“C-i ‘H} spectrum that there are again two types 
of ethyl resonances. One of the methylene res- 
onances at 6 65.37 ppm shows coupling to phos- 
phorus of *JpC = 10.4 Hz, while the other resonance 
at 65.99 ppm does not show coupling. Likewise, 
the methyl resonances have a similar pattern. The 
signal at 6 16.08 ppm shows a 3JpC = 8.3 Hz, while 
the signal at 6 15.75 ppm is a singlet. 

W,(OBu’),+ 2 6HS,P(OEt), 

3 W2S2[S2P(OEt)& 
1 

We believe that the differences in the coupling 
constants of the two different ligands can be 
explained by the differences in the bite angles of the 
ligands (uide infra). 

Solid-state and molecular structure 

+ 6HOBu’+ [(EtO),PS],. (3) 

This result suggests that the neopentane produced 
in eqn (2) results from protonation of the alkyl 
ligands and that W&P(OEt)& is a likely, but not 
proven, intermediate in reactions (2) and (3). 

When 1 was heated to 60°C in a sealed NMR 
tube, an orange solution was produced. The ‘H 
NMR spectrum of this product or products is very 
complicated. The most information is gained from 
the methylene signals. There are at least four 
ABMX, patterns in this region, which suggests that 
there is no plane of symmetry in this product(s). 
Perhaps the molecule has undergone further 
oxidative addition of sulfide ligands, but the 
thermolysis reaction has not yet been followed up. 

Good-quality crystals of 1 were grown from con- 
centrated hexane solutions at -20°C. An ORTEP 
view of the molecule showing the atom numbering 
scheme used in the tables is given in Fig. 3, and a 
stereo view of the molecule is given in Fig. 4. Bond 
distances and angles are given in Tables 1 and 2, 
respectively. 

The overall geometry of 1 is quite similar to that 
of W2S2(S2CNEt2)4 (2) prepared and characterized 
by Cotton et aL9 The W-W bond distance of 1 is 
2.5987(11) A, and is slightly longer than the W-W 
bond distance of 2 at 2.530(2) A. Both of these 
molecules have two bridging sulfides. There are two 
significant indications that these molecules must 
have W-W double bonds : (1) the W-W distances 
are intermediate between W-W triple bonds, ca 
2.3 A, and W-W single bonds, ca 2.7 A; and (2) 
the W-S-W angles are very acute, being ca 68”. 

*The 3’P NMR chemical shift of (Et,PS), is 6 52.5 The bonding in d’-d” edge-shared bioctahedra 
and (Ph,PS), is 6 37.9 in toluene-d, ; PEt, is 6 -20 and of formula L4M(p-L)2ML4 was first discussed 
P(OEt), is 6 86.’ in detail by Hoffmann and coworkers” who 
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‘I 3 2 1 PPM 

Fig. 1. ’ H NMR spectrum of W2S2[SZP(OEt)& in benzene-d, at 22°C (360 MHz). 

showed that at certain metal-metal distances and 
with the ,u-L groups having filled n-orbitals, the 
intuitive ordering of the tzg-tz9 interaction u < 
lr < 6 < 6* < rLL* < c* of M-M bonding MOs 
will not hold. The problem arises most acutely for 
the 6- and 6*-levels which may be inverted. In the 
present case of a d2-d2 dimer the M-M con- 
figuration of a2z2 will remain. However, it should 
be noted that the M-M K-orbital will interact to 
some extent with the sulfur lone pairs of the dithio- 
phosphate ligands. If the latter were dominant, 
which it clearly is not, then M-M rc* occupation 
would occur. For example, the M-M distance in 
I is notably shorter than the MoMo distance in 
[(HNMe,),(Bu’S),Mo(~-S)], [2.730(l) A], which is 
a d2-d2 dinuclear compound having a central planar 
[Mob-S)J2 moiety involving the fusing of trigonal 
bipyramids along a common axiakquatorial 
edge. I ’ There the M-M MO description is probably 
a26*, and at best there is only effectively a single 
M-M bond at a distance of 2.7 A. For a comparison 
with a non-bonding distance one may note the 
Zn-W distance [2.927(l) A] in [Zn(WS,),]“-, 
which involves three fused tetrahedra : S2W(p-S)2 
Zn(p-S)2WS2.‘2 

An interesting feature of 1, not observed in 29 
is that the W2S2P unit of the bridging phosphate 
ligands is not planar, whereas the WS2P unit of the 
chelated phosphate ligands is planar. This could 
be the result of the bite angle of the tetrahedral 
phosphorus not being conducive for forming a 
planar five-membered ring. It may well be that in 

the dithiocarbamate ligand, the CS2 unit is flexible 
enough to allow for planarity in both the bridging 
and chelating ligands, and in any event for elec- 
tronic reasons there is conjugation with the amido 
lone pair which is not possible for the dithio- 
phosphate ligands. 

A final point of interest to us is that the W-S 
distances to the chelating S,P(OEt), ligands 

Table 1. Selected bond distances (A) for W,S,[S,P(OEt)& 

A B Distance 

W(l) 
W(l) 
W(1) 
W(l) 
W(l) 
W(l) 
W(l) 
S(3) 
S(5) 
S(I2) 
S(14) 
P(4) 
P(4) 
P(I3) 
P(13) 
O(6) 
O(9) 
O(I5) 
008) 

W(l)’ 
S(2) 
SW 
S(3) 
S(5) 
S(l2) 
S(14)’ 
P(4) 
P(4) 
P(I3) 
P(I3) 
O(6) 
O(9) 
O(I5) 
O(18) 
C(7) 
CUO) 
C(I6) 
C(j9) 

2.5987( 11) 
2.258(3) 
2.400(3) 
2.561(3) 
2.582(3) 
2.507(3) 
2.461(3) 
1.988(4) 
2.002(4) 
2.012(4) 
2.009(4) 
1.576(8) 
1.587(9) 
1.569(8) 
1.560(9) 
1.462(15) 
1.460( 17) 
1.455(15) 
1.453(15) 
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Fig. 3. ORTEP view of the centrosymmetric W,S&P(OEt)& molecule giving the atom-numbering 
scheme used in the tables. 

are longer than those to the bridging S,P(OEt), 
ligands. The difference, 2.57 vs 2.48 8, (aver- 
aged), is the same as noted for d’-d’ dinuclear 
compounds of formula Wz(OP8)6(0zCzR2)2’3 and 
Mo~(OP~$O~C~C~~)~, where O&&l4 is ortho- 
tetra-chlorobenzoquinone in its fully reduced 
form. l4 The reasoning for the differences in 
M-L, vs M-L,, distances, though small, could 
have a similar origin as that invoked previously. 1 3 

Electronic absorption spectra 

The electronic absorption spectra of both 1 and 
2 are compared in Fig. 5. Both molecules are dark 

green and both show several absorption features 
between 300 and 750 nm. The spectrum of 1 has 
two well-resolved maxima at 645 nm (1.55 x lo4 
cm-‘) and 443 nm (2.26 x lo4 cm- ‘) as well as a 
series of absorptions between 400 and 300 nm. The 
spectrum of 2 is quite similar to 1 except for the 
inclusion of a new absorption at low energy [693 
nm (1.44 x lo4 cm- ‘)I. This transition at low energy 
does not appear to be present in the spectrum of 1 
and thus may be due to : (1) a change in point group 
from CZh in 1 to Du in 2, or (2) a difference in the 
ligands supporting the molecules. A summary of 
the UV-visible spectral data is given in Table 3. 

If it is assumed that the M-M 6- and 6*-orbitals 

Fig. 4. Stereo view of the W2S2[S2P(OEt)J4 molecule emphasizing the nonplanar nature of the 
bridging W2S2P units. 
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Table 2. Selected bond angles (“) for W,S&P(OEt)& 

A B C Angle \ 

W(l)’ 
W(l)’ 
WY 
W(l) 
W(l) 
S(2) 
S(2) 
S(2) 
S(2) 
S(2) 
S(2) 
WY 
S(2) 
S(2) 
WY 
S(3) 
S(3) 
S(3) 
S(5) 
S(5) 
S(12) 
W(1) 
W(1) 
W(1) 
W(1) 
W(1) 
S(3) 
S(3) 
S(3) 
S(5) 
S(5) 
O(6) 
S(l2) 
S(12) 
S(12) 
S(14) 
S(14) 
O(l5) 
P(4) 
P(4) 
P(13) 
P(13) 
O(6) 
O(9) 
O(l5) 
O(l8) 

W(l) 
W(l) 
W(l) 
W(l) 
W(l) 
W(l) 
W(l) 
W(l) 
W(l) 
W(l) 
W(l) 
W(l) 
W(1) 
W(l) 
W(l) 
W(l) 
W(l) 
W(l) 
W(l) 
W(l) 
W(l) 
fv) 
S(3) 
S(5) 
S(12) 
S(14) 
P(4) 
P(4) 
P(4) 
P(4) 
P(4) 
P(4) 
P(13) 
P(13) 
P(13) 
P(13) 
P(13) 
P(13) 
O(6) 
O(9) 
O(l5) 
O(l8) 
C(7) 
C(l0) 
C(16) 
C(19) 

S(2)’ 
S(3) 
S(5) 
S(12) 
S(14) 

S(2) 
S(3) 
S(5) 
S(12) 
S(14) 

S(1)’ 
S( 14)’ 

S(12) 
S(3) 
S(5) 
S(5) 
S(12) 
S(14) 

S(12) 
S(14)’ 
S( 14)’ 

W(1)’ 
P(4) 
P(4) 
P(13) 
P(13) 
S(5) 
O(6) 
O(9) 
O(6) 
O(9) 
O(9) 
S(14) 
O(l5) 
O(l8) 
O(l5) 
O(l8) 
O(l8) 
C(7) 
C(l0) 
C(16) 
C(19) 
C(8) 
C(l1) 
C(17) 
C(20) 

53.52(7) 
142.93(7) 
139.90(7) 
96.91(7) 

100.62(8) 
112.26(8) 
84.19(10) 

160.30(10) 
98.36(10) 
99.11(11) 
58.74(11) 
92.90( 11) 
89.62(11) 

163.54(11) 
86.71(11) 
76.96(10) 
88.23(10) 
83.72(10) 
75.63(10) 
84.60( 10) 

159.90( 10) 
67.74(8) 
88.40(14) 
87.51(14) 

103.96(14) 
105.63(16) 
106.66(18) 
115.6(4) 
108.8(3) 
111.9(3) 
113.8(4) 
100.1(5) 
114.44(19) 
107.0(4) 
114.6(3) 
108.6(3) 
108.8(3) 
102.5(5) 
122.5(8) 
121.2(8) 
120.8(8) 
122.6(7) 
108.3(10) 
109.5(11) 
109.0(11) 
107.7(10) 
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Fig. 5. Electronic absorption spectra of W,S&P(OEt)& 
(-) and W,S2(S2CNEt2), (---). 

structure, we must defer further speculation about 
such an assignment. 

Concluding remarks 

Compound 1 provides another example of a com- 
pound containing a metal-metal double bond. 
Since this molecule is quite similar to the 2 
molecule,9 we have been able to compare relatively 
subtle changes in the physical properties of these 
molecules. The electronic structure though not well 
understood, almost certainly has the valence MO 
configuration of rr2rr2 for the M-M bond. 

EXPERIMENTAL 

All operations were carried out using standard 
Schlenk and Glove-box techniques with dry and 
oxygen-free solvents and atmospheres. Starting 

Table 3. Electronic absorption data for 
W,S,[S,P(OEt)& (1) and W&(S,CNEt,), (2) recorded 

in CH,Cl, 

1 a. 
Compound (nm) (x lo4 cm-‘) (M-’ c~-‘) 

1 645 1.55 1000 
443 2.26 3800 

sh 350 2.86 5700 
330 3.03 5800 
300 3.33 5700 

2 693 1.44 1600 
sh 600 1.67 1100 
sh 460 2.17 3200 
sh 394 2.54 10,000 

356 2.81 11,000 

are occupied and lie to lower energy than the M- 
M 6- and n-orbitals, because these represent sulfur- 
based orbitals, then we might look for the lowest- 
energy transition to be M-M rc + A*. However, in 
the absence of a detailed MO calculation which 
reliably establishes the ground state electronic 



A reaction converting a W-W triple bond to a double bond 1121 

materials were prepared via published pro- 
cedures. ’ 5,’ 6 Diethyldithiophosphoric acid and 
diethyldithiuramdisulfide were purchased from 
Aldrich and the acid was degassed by two freeze- 
pumpthaw cycles. 

[s, bridging S#(OEt)& 6 127.37 [s, chelate 

W’WtU. 

‘H NMR spectra were run on a Nicolet NT-360 
spectrometer at 360 MHz, and chemical shifts are 
reported in 6 ppm with the ‘H impurity of benzene- 
d6 set at 6 7.15 ppm. ’ ‘C NMR spectra were run on 
a Varian XL-300 spectrometer at 75 MHz. 
3’P NMR spectra were run on a Varian XL-100 at 
40.5 MHz. 

13C-(‘H) NMR (22°C) (benzene-d,) : 6 65.99 (s, 
CH2CH3), 6 65.37 (d, *JpH = 10.4 Hz, CH,CH,), 
6 16.08 (d, 3JpH = 8.3 Hz, CHEH3), 6 15.75 (s, 
CH,CH3). 

Melting point : 127-132°C turns red with 
decomposition. 

An alternative synthesis used W,(OBU’),‘~ in 
place of W2Np,(OPr3, with the procedure 
described above. The yield was 52% based on tung- 
sten. 

IR spectra were obtained on a Perkin-Elmer 283 
spectrophotometer as Nujol mulls, between CsI salt 
plates and referenced to polystyrene at 1601 cm-‘. 

Electronic absorption spectra were obtained on 
a Perkin-Elmer 330 spectrophotometer using 
matched l.OO- and O.lO-cm quartz cells. Spectral 
grade solvents were used without further purifi- 
cation, except for degassing. 

Elemental analysis was performed by Alfred 
Bernhardt Microanalytisches Laboratorium, 
Elbach, West Germany. 

WZS2(S2CNEt& The procedure of Cotton et 
al. 9 was used to prepare this compound. 
W(CO),(NCMe), (1.0 g, 1.7 mmol), was placed in 
a Schlenk flask and dissolved in acetone. To this 
was added 2 equivalents (1.04 g, 3.4 mmol) of 
diethyldithiuramdisulfide using a solids addition 
tube. The solution was stirred for 24 h, after which 
a green powder had precipitated from a red 
solution. The solid was collected by filtration, to 
give 0.27 g (15% yield based on tungsten). The red 
product appeared to be W(S$ZNEt& based on 
‘H NMR. 

Synthesis 

W$S&P(OEt)&. In a Schlenk flask, 0.50 g (0.67 
mmol) of W2Np,[OPr’)4 was dissolved in 10 cm3 of 
toluene. The flask was cooled to 0°C in an ice bath. 
To this was added via a syringe, 0.69 cm3 (4.1 mmol, 
6 equivalents) of diethyldithiophosphoric acid. The 
solution immediately turned from yellow to tur- 
quoise, and then after several minutes turned dark 
green. After the solution had turned green the sol- 
vent was removed in uucuo to give a green waxy 
microcrystalline solid. Hexane was added and the 
green solution was filtered. The volume of the sol- 
ution was reduced until several small crystals began 
to appear. The flask was then slowly cooled to 
-20°C. After 24 h large green cubes had formed. 
The solvent was removed via a cannula to yield 0.48 
g of the product (61% yield based on tungsten). 
This compound is air-stable in the solid state for 
indefinite periods. 

‘H NMR (22°C) (benzene-d,) : 6 4.11 (q, 
3JHH = 7.2 Hz, CII,CH3), 6 3.34 (q, 3JHH = 7.2 Hz, 
CIIZCH3), 6 1.47 (t, 3JHH = 7.2 Hz, CH2CI13), 6 
0.92 (t, 3JHH = 7.2 Hz, CHZCH3). 

Crystallography. General operating procedures 
and a listing of programs have been given. ” Crys- 
tal data for 1 are summarized in Table 4. An 
air-stable green-black crystal with dimensions 
0.20 x 0.21 x 0.21 mm was selected and affixed to 
the end of a glass fiber with silicone grease, and 
then transferred to a Picker goniostat and cooled 
to - 152°C for characterization and data collection. 

A systematic search of a limited hemisphere of 
reciprocal space located a set of diffraction maxima 
with systematic absences and symmetry consistent 
with the monoclinic space group PI&z. Subsequent 
solution and refinement confirmed this choice. 

Analysis : Found : C, 16.5 ; H, 3.3 ; N, < 0.03 ; S, 
27.4. Calc. for W2Sl,,P408C’6H4,,: C, 16.4; H, 3.4; 
N, 0.00; S, 27.3%. 

Data were collected in the usual manner and 
Lorentz-polarization and absorption corrections 
applied yielding a unique set of 2456 reflections. Of 
these, 2445 reflections had F > 3.0 o(F). The R on 
averaging was 0.020 for 644 reflections measured 
more than once. 

IR (cm-‘) : 272(mw), 310(mw), 452(w), 523(m), The structure was solved by a combination of 
539(m), 63O(ms), 647(ms), 762(ms), 778(ms), 786(s), direct methods (MULTAN78) and Fourier tech- 
948(vs), 957(vs), 97O(vs), 999(vs), lOlO( niques, and was refined by full-matrix least squares. 
1032(vs), 1099(mw), 1160(mw), 1275(vw). Many of the hydrogen positions were visible in a 

‘H NMR (22°C) (benzene-d,): 6 4.35 (dq, 
‘J HH = 7.2 Hz, 3JpH = 9.7 Hz, CHICH3), 6 3.46 (p, 

difference Fourier map phased on the non-hydro- 

3JHH = 7.2 Hz, 3JpH = 7 Hz), 6 1.12 (t, 3JHH = 7.2 
gen structure after isotropic refinement. Subsequent 
refinements with anisotropic parameters for all non- 

Hz, CH#Z&), 6 0.76, (t, 3JHH = 7.2 Hz, CH,CII,). 
3’P-{ ‘H} NMR (22°C) (benzene-d,): 6 193.96 

hydrogen atoms and, with hydrogen positional and 
thermal parameters included as variables, resulted 
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Table 4. Summary of crystal data for the W,S,[S,P(OEt),], molecule 

Empirical formula 
Color of crystal 
Space group 
Cell dimensions 

Temperature (“C) 

a (A) 
b (A) 
c (A) 
B (“) 

Z (molecules/cell) 
Volume (A’) 
Calculated density (g cm- ‘) 
Wavelength (A) 
Molecular weight 
Linear absorption coefficient (cm- ‘) 
Detector to sample distance (cm) 
Sample to source distance (cm) 
Take off angle (“) 
Average w scan width at half height (“) 
Scan speed (deg min- ‘) 
Scan width (deg + dispersion) 
Aperture size (mm) 
28 range (“) 
Total number of reflections collected 

Number of unique intensities 
Number of F > 3.00 a(F) 

R(I;) 
R,(F) 
Goodness of fit for the last cycle 
Maximum S/o for last cycle 

WS POC H z 10 ‘I 8 16 40 
Green-black 

P2,ln 

-152 
10.905(3) 
13.784(4) 
13.360(4) 
110.48( 1) 
2 
1881.08 
2.070 
0.71069 
1172.68 
69.803 
22.5 
23.5 
2.0 
0.25 
6.0 
1.8 
3.0 x 4.0 
645 
3290 
2456 
2445 
0.0455 
0.0545 
2.1136 
0.0023 

in some of the C-H bonds being observed as 
uncomfortably long and also indicated that the car- 
bon atoms of one of the ethoxy groups had gone 
non-positive definite. Attempts to locate a suitable 
disorder model for this ethoxy group were without 
success. Refinement was resumed with isotropic 
temperature factors for these two carbon atoms and 
anisotropic parameters for all other non-hydrogen 
atoms. The hydrogens were included in the suc- 
ceeding cycles of least squares as fixed contributors 
at calculated positions and with thermal parameters 
of 1 +&, that of the carbon atoms to which they 
were bound. The final-difference map was essen- 
tially featureless, with the largest peak being 
1.0 e A-’ and located 0.3 8, from the tungsten 
atom.* 

*Final atomic positional and thermal parameters, 
bond lengths and angles and F,/F, values have been 
deposited as supplementary material with the Editor, 
from whom copies are available on request. Atomic co- 
ordinates have also been submitted to the Cambridge 
Crystallographic Data Centre. 
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Abstract-Purex process compatible organic systems which selectively and reversibly extract 
Pd from synthetic mixed fission product solutions containing 3 M HN03 have been 
developed. This advance makes the development of continuous solvent extraction processes 
for its recovery more likely. The matrix solution consists of tributyl phosphate (TBP) and 
kerosene in a TBP/kerosene ratio of 0.667. The anion exchangers Aliquat 336 and Alamine 
336 both selectively extract Pd from the synthetic mixed fission product solution. The most 
effective Pd extractant appeared to be the tertiary amine Alamine 336. In a concentration 
of 0.3 M in the organic matrix solution when contacted with an equal volume of aqueous 
phase containing 0.0045 14 M Pd a distribution coefficient (Dortias) of 1.95 was observed at 
25°C. This was an order of magnitude greater than the distribution coefficient for any of 
the other species in the solution. 

Reprocessing of nuclear fuel from commercial 
power reactors when combined with the use of 
breeder reactors would increase the power available 
from nuclear fuel by a factor of 100 and would 
also permit recovery of potentially valuable fission 
products such as Pd. If Pd were recovered from 
nuclear waste it would serve as a new source of the 
metal whose producer cost is set by the Soviet 
Union and the Union of South Africa. 

This article summarizes research to define solvent 
extraction process chemistry that is compatible with 
the Purex process for reprocessing of commercial 
nuclear waste and specific for the economic recov- 
ery of useful fission products. Military nuclear 
waste could also be treated before neutralization. 

The work reported here is concerned with the 
treatment of Purex process acidic waste in order to 
remove elements for which beneficial uses have been 
or may be found. It is of course understood .that 
the recovery and purification of U and Pu would 
be an economic justification for commercial repro- 
cessing. This economy results if the U use cycle 

* Author to whom correspondence should be addressed. 

includes a breeder reactor which allows the con- 
version of 238U to 239Pu reactor fuel and therefore 
increases the U power production potential by more 
than lOO-fold over that of natural U which contains 
only 0.72% 235U. 

Using the ORIGEN-2 code (CCC-371) from the 
Oak Ridge National Laboratory and the conditions 
of operation for a PWR shown in Table 1, the 
isotopic composition of the Pd produced in the 
reactor was obtained. 

On a basis of a metric ton of initial U metal 1.380 
kg of Pd is produced. The isotropic composition as 
a function of cooling time is shown in Fig. 1. On 

Table 1. Typical commercial power reactor fuel and oper- 
ational conditions 

Fuel 
Bumup 
Exposure 
Neutron flux 

(specifk power) 
Cooling time prior 

to reprocessing 

3.2% U-235 
33,000 MWD metric ton 
880 days in reactor 
3.24~10’~cm~s-~ 

10 yr 
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Pd St8bl. 

lo8Pd Stablo 

l- 

“‘Pd Stable 

COOLING TIME (YEARS) 

0 

Fig. 1. Pd isotopic mix as a function of fuel cooling time. MTIHM = metric ton of initial heavy 
metal. Results obtained from the decay of high-level PWR-uranium waste using the ORIGEN-2 code 

and the conditions shown in Table 1. 

the basis of a single commercial reprocessing plant, 
such as the AGNS plant, operating at 5 metric tons 
per day or 1500 metric tons per year approximately 
7% of the U.S. Pd needs could be met (Moore,’ 
Shuler,’ and Davis and Van Brunt3. Of the six Pd 
isotopes produced only ‘07Pd is very slightly radio- 
active, but it could have a restricted use in industrial 
applications without creating a health hazard. 

ery has been performed by Horwitz and Delphin.6 
As opposed to previous research, this paper focuses 
on the selective solvent extraction of Pd from a 
synthetic multielement mixed fission product sol- 
ution with a Purex process compatible solution. 

Pd behavior from reprocessing flowsheets has 
been studied by Vialard and Germain.4 They con- 
clude that under certain conditions Pd will pre- 
cipitate with most reagents used for partitioning. 
However, it appears in the waste stream at the 
Savannah River Plant. The basic behavior of most 
fission products in both nitrate and chloride media 
is discussed by Orth et al.’ Recovery from waste 
streams has been performed by ion exchange. Use 
of liquid ion exchange reagents for selective recov- 

EXTRACTION OF Pd WITH 
TRIBUTYL PHOSPHATE (TBP) 

The distribution of Pd in TBP-kerosene solutions 
is important because during primary decon- 
tamination in the Purex process, U and Pu are 
separated from most of the fission products by 
extraction with an organic solution containing 30 
~01% TBP in kerosene. It is necessary to know 
whether large amounts of the Pd are extracted dur- 
ing this step or whether it remains with the other 
fission products (Lunichkina et aL7 De and Sen,* 
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Casey et a1.,9 and Gindon et aL9). Lunichkina et 
al.’ reported maximum distribution ratios of Pd of 
about 1.3 and about 0.24 for solutions of 100% 
TBP and 30% TBP in decane, respectively, when 
the aqueous phase was at low acidity (0.4-0.8 M 
HNOJ. A rapid decrease in the Dorglaq of Pd was 
observed when the molarity of HN03 exceeded 1 M. 

Contacts made between solutions of 0.001 M Pd 
in varying HN03 concentrations (0.5, 1, 2, 3, 4, 6 
and 9 M) and TBP-kerosene solutions of varying 
~01% TBP (30-70, 5&50, 70-80, 8&10 and 100% 
TBP) formed a fine black precipitate at the interface 
except for the 6 and 9 M HN03 solutions. The 
percent of Pd extracted increased with increasing 
TBP content, and it decreased with increasing 
HN03 concentration, although at 1.0 M there 
appeared to be a slight increase in percent removed 
over that at 0.5 M. This is in agreement with the 
maximum observed by Lunichkina et al.’ at HNOs 
concentrations between 0.4 and 0.8 M. After set- 
tling for several days, much of the precipitate 
returned to the solution. Lunichkina et al.’ also 
reported the formation of a solid phase containing 
Pd in certain systems. They attributed this to the 
reduction of Pd(II)‘to the metallic state due to the 
formation of TBP degradation products. For exam- 
ple : TBP is subject to hydrolysis (Alcock et al.,’ ’ 
and Siddall”) ; the reaction of water with TBP gives 
DBP (di-n-butyl phosphate) and butyl alcohol ; 
HN03 also reacts directly to give DBP and butyl 
nitrate ; and the formation of DBP is greatly 
increased if the solvent is held for protracted periods 
at temperatures above 50°C. DBP can be effectively 
removed by washing with almost any basic solution. 

EXPERIMENTAL 

As described in Shuler et all3 a synthetic mixed 
fission product solution was developed based on 1.4 
M uranium. The mixture is given in Table 2. The 
experimental procedure for multielement analysis 
is provided in Shuler et al. ’ 3 Utilizing an ICP-5000, 
inductively coupled plasma, all elements with the 
exception of Ru and Cs were analyzed. Flame 
atomic emmission using an Atomic Absorption 
spectrophotometer was used for the Ru and Cs 
analysis. Care was taken to optimize the operation 
conditions and the wavelengths of analysis to 
minimize interference. The conditions of analysis 
are given elsewhere (Shuler* and Shuler et a1.13). 

Alamine 336 and Aliquat 336 were evaluated as 
organic anion exchangers in this work. Their struc- 
tures are shown in Fig. 2. 

In order to have compatibility with the Purex 
process it was necessary to convert the Aliquat 336 
chloride salt to the nitrate form. This was done 

Table 2. Synthetic fission product solution used in these 
studies excluding acid 

Element’ 
Molarity 

basis : 1.4 M U 

Te 0.001302 
Ru 0.007448 
Pd 0.004514 
Rh 0.001582 
Zr 0.013097 
Y 0.001670 
La 0.003051 
Nd 0.009683 
Ce 0.005851 
Pr 0.002760 
Sr 0.003048 
Sm 0.002008 
Ba 0.003759 
Rb 0.001424 
cs 0.006038 

“Initially 3 M HNOX. 

by first preparing solutions containing the desired 
concentration of the chloride salt in TBP and kero- 
sene and then equilibrating this with an equal vol- 
ume of 3 M HN03 in a separatory funnel. The 
mixture was shaken for 30 min on a wrist action 
shaker and then allowed to separate. The aqueous 
layer was decanted and the procedure was then 
repeated two more times with fresh 3 M HN03. 

I I 

R R 

\/ 
N 

/\ 1 
t 

NO; 

Aliquat 336 (Nitrate) 

R 

\ 
N-R 

/ 
R 

Alamine 336 

Fig. 2. Structures of organic anion exchangers. 
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After initial evaluation of the quarternary- and be highly selective for Pd over the other 
tertiary-amine extractability with single-element products. 
solutions, amine extractability with the synthetic 
mixed fission product solution was evaluated. The 
behavior of the quarternary- and tertiary-amine BACK EXTRACTION STUDIES 

fission 

salts used in this work is thought to follow the 
mechanisms suggested by Koch. I4 Figure 3 shows 
the effect of temperature on the Pd distribution at 
the molarity conditions that provided the highest 
distribution coefficients with the mixed fission prod- 
uct solution. TBP concentration appeared to have 
little effect on the distribution of the Pd.* The high 
TBP/kerosene ratio of 0.667 was chosen to insure 
that there was no third-phase formation which had 
been observed at low TBP/kerosene ratios.’ 

It was found that the Pd could be recovered from 
the Alamine solution by back extraction with 8 M 
HN03 in two equal volume contacts. Eighty percent 
recovery was obtained with three equal volume con- 
tacts with a 3 M HN03 solution followed by one 
contact with a 2 : 1 aq : org volumetric ratio. Ninety- 
six percent recovery could be obtained from the 
Aliquat 336 solution. Under these processing con- 
ditions only two phase systems were observed. 

The multielement mixed fission product solution 
distributions are reported in Tables 3 and 4. The RECOMMENDED PROCESS CHEMISTRY 
0.1 M Aliquat 336 (nitrate) solution is selective for FOR Pd EXTRACTION 
Pd over all other components found in the solution. 
Table 4 shows the behavior of the tertiary amine The experimental results indicated that from a 
Alamine 336 at 0.3 M. This solution appears to synthetic mixed fission product solution, an organic 

6 

4 

1 

I I I 
INITIAL AQUEOUS PHASE 

0.004514M Pd(N0312 

w B.OM HNOs 

.-0.3M ALAMINE 395 

n -O.lM ALIOUAT 335 

(NITRATE) 

TEMPERATURE, ‘C 

Fig. 3. Pd distribution coefficients as a function of temperature using an extracting solution containing 
either 0.3 M Alamine 336 or 0.1 M Aliquat 336 (nitrate) with a TBP/kerosene volumetric ratio of 

0.667. 
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Table 3. Distribution coefficients of fission products Table 4. Distribution coefficients of fission products 
between aqueous nitric acid” and 0.1 M Aliquat 366’ between aqueous nitric acid” and 0.3 M Alamine 336 in 
(nitrate) in TBP and kerosene solutions: tem- an organic matrix with a TBP/kerosene volumetric ratio 

perature = 25°C of 0.667 : temperature = 25°C 

Element’ 

Te 
Ru 
Pd 
Rh 
Zr 
Y 
La 
Nd 
cs 
Pr 
Sr 
Sm 
Ba 
Rb 
cs 

Distribution Distribution 
coefficient coefficient 

(org/aq)j (orglaq) 

0.02 0.01 
0.14 0.18 
0.61 0.61 
0.01 0.02 
0.15 0.22 
0.07 0.07 
0.09 0.08 
0.11 0.10 
0.11 0.11 
0.12 0.11 
0.12 0.03 
0.10 0.12 
0.01 0.02 
0.04 0.03 
0.08 0.03 

Elementb 

Te 
Ru 
Pd 
Rh 
Zr 
Y 
La 
Nd 
Ce 
Pr 
Sr 
Sm 
Ba 
Rb 
cs 

Distribution 
coefficient 

(org/aq) 

0.00 
0.01 
1.95 
0.00 
0.02 
0.00 
0.03 
0.11 
0.06 
0.07 
0.00 
0.04 
0.00 
0.00 
0.00 

0 Initially 3 M HNO,. 
b Nitrate salt formed by equilibrating with 3 M HNO 3. 
‘See Table 2 for initial molarity. 
dTBP/kerosene ratio = 0.538. 
‘TBP/kerosene ratio = 0.667. 

phase consisting of 0.3 M Alarnine 336 in a 33 ~01% 
TBP-66 ~01% kerosene matrix would extract Pd 

with a Dorslaq of 1.95. The Pd can be recovered from 
the solvent by back extraction with aqueous nitric 
acid. 

CONCLUSION 

This work has resulted in a Purex compatible 
organic solution that is highly selective for Pd recov- 
ery from mixed fission product solutions. Two 
phase systems without precipates were observed 
with the recommended process chemistry. 

It appears that Pd can be selectively and rever- 
sibly extracted from commercial nuclear fuel if 
reprocessing is ever considered. This would involve 
treating the high-activity nuclear acidic waste after 
uranium and plutonium removal and prior to neu- 
tralization. 

Acknowledgement-This research was sponsored by the 
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“Initially 3 M HN03. 
‘See Table 2 for initial molarity. 
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PREPARATION AND STRUCTURAL CHARACTERIZATION 
OF OS@) AND Ru(II) COMPLEXES, MClz(vdpp), [M = OS OR Ru, 

vdpp = l,l-BIS@IPHENYLPHOSPHINO)ETHENE] 

F. A. COTTON,” M. P. DIEBOLD and M. MATUSZ 

Department of Chemistry and Laboratory for Molecular Structure and Bonding, 
Texas A&M University, College Station, TX 77843, U.S.A. 

(Received 15 July 1986; accepted 15 August 1986) 

Abstract-A reaCtiOn between Os2(02CCH&,Cl2 and vdpp [vdpp = l,l-bis(diphenyl- 
phosphino)ethene] was investigated. When the reactants, in the presence of LiCl, were 
heated in toluene 0sC12(vdpp)2, 1, was formed. In a similar reaction Ru~(O~CCH~)~CI 
with vdpp afforded RuCl,(vdpp),, 2. The molecular structures of 1 and 2 were elucidated 
using X-ray crystallography. Single crystals of 1 and 2 grown from dichloromethane- 
hexane crystallize in the space group P2,/c with these cell dimensions : a = 11.046(2) A, 
b = 18.168(3) A, c = 12.678(3) A, B = 110.24(2)” and V= 2387(2) ,&’ for 1 and 
a = 11.055(l) & b = 18.199(3) A, c = 12.693(2) A, /? = 110.16(l)“, V= 2392(l) A3 for 2. 
The molecules of 1 and 2 are isostructural. Metal atoms reside on inversion centers relating 
the two halves of the molecules. The complexes are six-coordinate with two four-membered 
chelate rings and trans chlorine atoms. For RuC12(vdpp), the P-M-P angle in the chelate 
ring is 73.13(2)0 and the P-C-P angle in the chelate ring is 98.6(l)“. These values are 72.74(3)’ 
and 97.9(2)“, respectively, for OsCl,(vdpp),. There is a disordered dichloromethane solvent 
molecule present in the lattice and there are no unusual intermolecular contacts. 

In our continuing effort to investigate the chemistry 
of multiple bonds between osmium and ruthenium 
atomsle3 we turned our attention to exploring the 
possibility of forming multiply bridged dimers with 
diphosphine ligands acting as the bridges. Initial 
experiments with dppe and dppmh5 indicated that 
only monomers were formed under a variety 
of conditions. We decided to employ vdpp 
[vdpp = l,l-bis(diphenylphosphino)ethene] as a 
bridging ligand in the hope that the phosphine 
would favor a bridging mode of coordination 
because of the presumed strain a four-membered 
chelate ring would impose on the sp2 carbon atom. 

Our hope was not fulfilled and instead of di- 
nuclear M,X,(LL), type species we obtained the 
quasi-octahedral MX2(LL)2 (M = OS or Ru) 
complexes. These belong to a familiar class of M(II) 
compounds, some of which has been previously 
structurally characterized. 6 Rather than inventing 
any fictitious or ex post facto justification for the 
synthesis of 1 and 2, we candidly report it as a 

*Author to whom correspondence should be addressed. 

failure to synthesize the desired dimers, albeit still 
a worthwhile chemical finding. 

EXPERIMENTAL 

All reactions were carried out in an inert atmos- 
phere using standard Schlenk techniques. 0s2(02 
CCH&Cl2 and Ru~(O~CCH~)~C~ were prepared 
according to the literature procedures.4*y Vdpp was 
prepared as described previously.’ All solvents were 
freshly distilled from appropriate drying agents. 

Preparation ofOsC12(vdpp),, 1 

A round-bottomed flask was charged with 
0.60 g (14 mmol) anhydrous LiCl and dried at 1 lO- 
115°C for 2 h. The flask was removed from the oven 
and placed under vacuum for 15-20 min while it 
cooled. 0s2(02CCH3)4C12 (0.10 g, 0.145 mmol), 
vdpp (0.40 g, 1 .O mmol) and toluene (10 cm’) were 
added to the flask. The reaction mixture was 
refluxed with stirring for 2 days. It was cooled and 
filtered. The solid residue was extracted with di- 
chloromethane and filtered to give a red colored 
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solution. The volume of the solution was reduced 
to ca 10 cm3 and hexane was layered on top of it. 
After several days a crop of dark red crystals was 
collected. Yield : ca 80 mg (52%). 

Preparation of RuCl,(vdpp) 2, 2 

Two isomers, cis and tram, are possible for these 
types of compounds and it is interesting that only 
the tram isomer was formed in the case of osmium. 
In the preparation of RuCl,(vdpp),, there was also 
a small amount of an orange crystalline material, 
which might be the cis isomer. 

A synthetic procedure analogous to that 
described above was used. The reaction was carried 
out in 30 cm3 of toluene. From the filtrate a small 
crop of needle-shaped orange crystals was collected. 
From the dichloromethane solution a crop of block- 
shaped dark red crystals was collected. Yield, ca 60 
mg (30%). 

X-ray crystallography 

Single crystals of 1 and 2 were mounted on the 
tip of a glass fiber. Cell constants were refined on a 
set of 25 high angle reflections and axial lengths 
were confirmed by partial rotation photographs. 
In the case of the osmium complex, 1, empirical 
absorption corrections based on azimuthal scans 
near x = 90” were applied. Data were corrected 
for Lorentz and polarization factors and processed 
according to procedures routine to this laboratory. 9 
Heavy atom positions in 1 were determined from a 
Patterson map, and the solution of 2 was initiated 
by using the coordinates of heavy atoms from the 
structure of 1. In each case remaining atoms (includ- 
ing hydrogen atoms on the phosphine ligand) were 
found by an alternating series of least-squares 
refinements and difference Fourier maps. Hydrogen 
atoms were included in the last refinement cycles 
and were allowed to refine freely. All atoms except 
hydrogen atoms were refined with anisotropic dis- 
placement parameters. All pertinent crystal- 
lographic data are presented in Table l.* 

Lithium chloride was included in these syntheses 
because of our recent success in synthesizing 
Osz(fhp),Cl (fhp = fluorohydroxypyridinato) in 
high yields when LiCl is present. I2 The formation 
of 1 is accompanied by the reduction of Os(III,III) 
to Os(I1) and the formation of 2 is accompanied 
by the reduction of Ru(III,II) to Ru(I1). Excess 
phosphine is the most likely reducing agent. One 
could suggest a more rational method of preparing 
1 and 2 but we have made no attempt to explore 
alternative syntheses or to refine our present pro- 
cedure. 

As expected for Os(I1) and Ru(I1) complexes in 
octahedral environments, complexes 1 and 2 are 
diamagnetic, showing ‘H NMR spectra in CDC13 
solution that consist of a multiplet centered at 7.24 
ppm (C&Z,) and a triplet at 5.93 ppm (CH,) for 1 
and 6.17 ppm for 2 (J = JHp+JHp’ = 9 Hz for OS 
and 12 Hz for Ru). Both complexes crystallize in 
the monoclinic space group P2,/c. In both cases a 
disordered molecule of dichloromethane is present 
in the lattice and located near an inversion center. 
There are two orientations of the CHzClz molecule 
(related by the inversion center) and one orientation 
was chosen and assigned 0.5 occupancy. The 
positional parameters as well as isotropic-equi- 
valent displacement parameters are given in the 

RESULTS AND DISCUSSION 

The reasons for conducting the reactions that 
lead to the formation of OsCl,(vdpp), and 
RuC12(vdpp), were stated above. Both complexes 
belong to the well-known group of MX2(LL)2 com- 
pounds were LL is a chelating diphosphine (see Ref. 
10 for reviews of Ru complexes and Ref. 11 for 
reviews of 0s complexes). 

*Atomic positional and thermal parameters, full lists 
of bond lengths and angles and Fo/Fc values have been 
deposited as supplementary material with the Editor, 
from whom copies are available on request. Atomic coor- 
dinates have also been deposited with the Cambridge 
Crystallographic Data Centre. 

Fig. 1. An ORTEP view of OsC12(vdpp)2 at 50% prob- 
ability level. Phenyl carbons were assigned arbitrarily 

small size for the sake of clarity. 
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Table 1. Crystal data for OsCl,(vdpp),*CH,Cl,, 1 and RuCl,(vdpp),*CH2C12, 2 
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Formula 
Formula weight 
Space group 
Systematic absences 

a (A) 
b (A) 
c (A) 
a r) 
B (“) 
Y (“) 
v (A’) 
Z 

&, (g cm- ‘) 
Crystal size (mm) 

p(Mo-K,) (cm- ‘) 
Data collection instrument 
Radiation (monochromated in 

incident beam) 
Orientation reflections 

[number, range (20)] 
Temperature (“C) 
Scan method 
Data collection range [20 (“)I 
Number of unique data, total 

with < > 3cr(e) 
Number of parameters refined 
Transmission factors (max, min) 
R* 

RWt 
Quality-of-fit indicatorz 
Largest shift/esd, final cycle 
Largest peak (e A- ‘) 

OsW’4C53H4, RuW’&,&, 

1138.87 1049.77 

P2,lc P2,lc 
OM),k=2n+l OkO,k=2n+l 
hOZ,I=2n+l hOl,I=2n+l 
11.046(2) 11.055(l) 
18.168(3) 18.199(3) 
12.678(3) 12.693(2) 
90.0 90.0 
110.24(2) 110.16(l) 
90.0 90.0 
2387(2) 2392( 1) 
2 2 
1.584 1.457 
0.5 x 0.4 x 0.3 0.5 x 0.4 x 0.2 
30.687 6.536 
CAD-4 CAD-4 

MO-K, (1, = 0.71073 A) 

25,18 < 20 < 38 25,21 < 20 < 40 
23 23 
*2e W2e 
4 < 28 < 50 5 < 28 < 45 

4187,3349 2898,2566 
368 368 
0.9996, 0.5915 
0.0237 0.0292 
0.0339 0.0416 
1.112 1.391 
0.65 0.15 
0.92 0.63 

t R, = [C w(lF,I -IFJ)*/Z wlFo12]“*; w = l/a’(lFOl). 

$ Quality-of-fit = P wWol - I~cl)2/Wobs - ~paramctcrS)l ‘I*. 

supplementary material. In Table 2 selected bond 
distances and angles of both compounds are pre- 
sented. A complete listing of bond distances and 
angles as well as general displacement parameters 
and calculated and observed structure factors is 
available as supplementary material. An ORTEP 
drawing of 0sC12(vdpp),, 1, is presented in Fig. 1. 

Our original hope that the sp2 bridging carbon 
would not permit the formation of a four-mem- 
bered chelate ring was not realized. The P-C-P 
angles are 97.9(2)0 and 98.6( 1)” for 1 and 2, respect- 
ively. These angles are larger than those found 
in the dppm complexes6 (e.g. the P-C-P angle in 
trans-RuCl,(dppm), is 93.4(4)’ and that in cis- 
0sC12(dppm)2 is 94.4”). which would be expected 

when going from sp3 to sp2 carbon. It is uncertain 
whether this is related to increased strain of the 
four-membered ring since the corresponding angles 
in the free phosphine are not known. The Cl-M-P 
angles do not deviate significantly from 90”. Metal- 
chlorine distances range from 2.42-2.43 %, and 
metal-phosphorus distances range from 2.33-2.34 
%, in both complexes. All other distances and angles 
are within expected ranges and require no further 
comment. 

This study demonstrates that the formation of 
four-membered chelate rings is common, especially 
with the later transition metals. We are also explor- 
ing the significance of using LiCl in substituting 
carboxylate ligands with a variety of other ligands. 
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Table 2. Selected bond distances (A) and bond angles (“) Science Foundation Predoctoral Fellow and also holds a 
for OsClZ(vdpp)2, 1 and RuCl,(vdpp),, 2 Texaco-IUCCP Fellowship from this department. 

1 2 

Bond distances 

M(lECl(1) 
M(l)_P(l) 
M(l)-P(2) 
P(lK(1) 
P(2)-c(l) 
C(lK(2) 

2.431(l) 
2.343( 1) 
2.330(l) 
1.831(4) 
1.845(3) 
1.314(5) 

Bond anales 

2.419(l) 
2.344(l) 
2.331(l) 
1.834(3) 
1.840(3) 
1.316(4) 

91.65(3) 91.99(3) 
92.81(3) 93.11(3) 
72.74(3) 73.13(2) 
94.0( 1) 93.30(9) 
94.0(l) 93.55(9) 
97.9(2) 98.6( 1) 

13 1.8(3) 131.4(3) 
129.6(3) 129.4(3) 

5. 

6. 

7. 

8. 

9. 

10. 

11. 
Acknowledgements-We are grateful to the U.S. National 
Science Foundation for support. M.P.D. is a National 12. 

REFERENCES 

F. A. Cotton, K. R. Dunbar and M. Matusz, Poly- 
hedron, in press. 
F. A. Cotton, K. R. Dunbar and M. Matusz, Znorg. 
Chem. 1986,25, 1585. 
F. A. Cotton, K. R. Dunbar and M. Matusz, Znorg. 
Chem. 1986,25,1589. 
T. Behling, G. Wilkinson, T. A. Stephenson, D. A. 
Tocher and M. D. Walkinshaw, J. Chem. Sot., Dal- 
ton Trans. 1983, 2109. 
F. A. Cotton and A. R. Chakravarty, unpublished 
results. 
A. R. Chakravarty, F. A. Cotton and W. Schwotzer, 
Znorg. Chim. Acta 1984,&i, 179. 
T. A. Stephenson and G. Wilkinson, J. Znorg. Nucl. 
Chem. 1966,28,2285. 
I. J. Colquhoun and W. McFarlane, J. Chem. Sot., 
Dalton Trans. 1982, 1915. 
Calculations were done on a departmental VAX 1 l- 
780 with a SDP package software. 
Gmelin Handbook der Anorganischen Chemie, 
Ruthenium, p. 435 (1970). 
Gmelin Handbook of Inorganic Chemistry, Osmium, 
p. 320, supplement, Vol. 1 (1980). 
F. A. Cotton and M. Matusz, unpublished results. 



Polyhedron Vol. 6, No. 5, pp. 1135-l 142, 1987 
Printed in Great Britain 

0277-5387187 S3.00+.00 
0 1987 Pergamon Journals Ltd 

REACTIONS BETWEEN W&(CO), AND PHOSPHINES 
UNDER FORCING CONDITIONS: ATTEMPTED 

DECARBONYLATION TO TUNGSTEN(D) DIMERS WITH 
QUADRUPLE MET&METAL BOND-X-RAY 
MOLECULAR STRUCTURE OF WI,(CO)(dppm), 

F. ALBERT COTTON,* LARRY R. FALVELLO and RINALDO POLI 

Department of Chemistry and Laboratory for Molecular Structure and Bonding, 
Texas A&M University, College Station, TX 77843, U.S.A. 

(Received 18 July 1986 ; accepted 24 October 1986) 

Abstract-The reactions of W214(CO)8 with bis(diphenylphosphino)methane (dppm) and 
PMe, have been studied under forcing conditions. From the dppm reaction a monocarbonyl 
compound has been isolated, which crystallizes as 3W12(CO)(dppm)2 x 2 toluene. Crystal 
data: space group C2/c, a = 31.141(S), b = 25.447(7), c = 20.135(6) A, /? = 104.89(4)“, 
I/ = 15420(20) A3, Z = 4, R = 0.0538 for 4367 data with F,’ > 3o(Fz). The PMe, reaction 
afforded W12(C0)2(PMe3)3 as the major product. No derivatives containing a metal-metal 
quadruple bond were detected in solution. 

Recent investigations carried out in this Lab- 
oratory I-4 led to the discovery of a new reaction, 
namely thermal decarbonylation of Mo214(CO)B in 
the presence of phosphines, which is at the same 
time a new reactivity path for compounds of the 
Mo~X~(CO)~ type and a new synthetic method for 
Mo2X4L4 or MO,X4(L-L)2 compounds with a 
metal-metal bond. 

In an attempt to extend this method to the analo- 
gous tungsten complexes, the thermal reaction of 
WJ4(CO)85 with selected phosphines was carried 
out. PMe3 and bis(diphenylphosphino)methane 
(dppm), i.e. the phosphines which gave the best 
results with the molybdenum system,‘*’ were 
chosen. Quadruply bonded tungsten dimers could 
not be obtained and the isolated products were car- 
bony1 complexes related to intermediates of the 
molybdenum reactions. These products and the 
mechanism of their formation are discussed here. 

EXPERIMENTAL 

All operations were carried out by standard 
Schlenck tube techniques under an atmosphere of 

*Author to whom correspondence should be addressed. 

purified argon. Solvents were dehydrated by con- 
ventional methods and distilled under dinitrogen. 
Instruments used were: IR, Perkin-Elmer mod 
783 ; UV-visible, Cary 17. Solution IR spectra were 
recorded on expanded abscissa and calibrated with 
both CO,,, and H,O,,. Elemental analyses were by 
Galbraith Laboratories Inc., Knoxville, Tennessee. 

W214(CO)85 and PMe36 were prepared by known 
procedures. Dppm was purchased from Strem 
Chemicals and used without further purification. 

Reaction of W214(CO)* with dppm 

W214(CO)8 (0.52 g, 0.47 mmol) and dppm (0.40 
g, 1.04 mmol) were dissolved in 50 cm3 of toluene 
to produce, after gas evolution, an orange solution 
with IR bands at 2035m, 1962s, 1938m, 1908m and 
1856~ cm- ‘. The solution was then refluxed and the 
reaction monitored by IR in the carbonyl stretching 
region. After ca 24 h all of the bands had practically 
disappeared and a new, weak band at ca 1775 cm- ’ 
had grown. The mixture was filtered while hot and 
slowly cooled to room temperature. The red crystals 
that formed (compound 1, ca 72 mg) were decanted, 
washed with n-hexane and dried in vacua. Found : 
c, 50.4; H, 3.8. CalC. for C,67Hi&O3P12W3: c, 
51.6; H, 3.8%. IR (Nujol mull) (cm-‘): 1765s, 
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159Ow, 1575w, 1435m, 1355w, 1315w, 116Ow, 1085m, 
103Ow, 1005w, 975w, 845w, 79Om, 745s 735s, 72Om, 
690s 615w, 595w, 520m, 505m, 480m, 45Ow, 420m ; 
(CH2C12 solution) (cm-‘): 1778. Subsequent work- 
up of the mother solution did not lead to the iso- 
lation of any pure crystalline material. UV-visible 
spectroscopy on this solution did not show any 
band in the 60&900-nm region. 

Reaction ofW,I,(CO), with PMe, 

W,I,(CO), (0.75 g, 0.69 mmol) was treated in 20 
cm3 of toluene with 0.30 cm3 of PMe, (3.0 mmol). A 
yellow solution and a flocculent yellow precipitate 
were obtained after gas evolution. The solution had 
IR bands at 2071w, 2046w, 2014s 1936s, 1907s and 
1888~s cm-‘. The mixture was then warmed to 
reflux and at the same time irradiated with a UV- 
mercury lamp. The solid gradually dissolved and 
the color changed to red within 12 h. This solution 
had IR bands at 2017w, 1926vs, ca 1900~ (sh), 
1827~s and 1731m cm- ‘. Color and IR spectrum 
did not change upon further treatment for an 
additional 24 h. UV-visible spectroscopy did not 
show any band in the 60&900-nm region. After 
evaporation to dryness, the residue was washed sev- 
eral times with hot n-hexane to give red solutions 
whose prominent IR band was at 1730 cm-‘, and 
to leave a yellow microcrystalline material. This was 
recrystallized by dissolution in toluene and slow 
diffusion of n-hexane to give large orange crystals 
(compound 2, yield 0.33 g). Found : C, 18.7 ; H, 3.8. 
Calc. for C1,H2J202P3W: C, 18.3; H, 3.8%. IR 
(Nujol mull) (cm- ‘) : 1915s 1820~s 1430m, 1425m, 
1415w, 1305m, 13OOw, 1285m, 1275ms, 950s 87Ow, 
86Ow, 730m, 67Ow, 585w, 57Ow, 515w, 49Ow, 
445~; (toluene solution) (cm- ‘) : 1925s 1830s 
(asymmetric). 

X-ray crystallography for compound 1 

Data collection and reduction were carried out 
by routine procedures. A semi-empirical absorption 
correction was applied according to the method 
described by North et al.’ The structure solution 
and the early stages of refinement were performed 
with the Enraf-Nonius SDP software. On the basis 
of systematic absences, the space group could be 
either Cc or C2/c. Direct methods on the non- 
centrosymmetric space group showed three inde- 
pendent and equivalent arrangements of heavy 
atoms, which were initially assigned the WI, for- 
mulation. The positional parameters were in agree- 
ment with an extra symmetry element, this being 

a CZ-axis passing through a W and an I atom of one 
of the three WI3 groupings. Refinement was thus 
attempted in the C2/c space group, which led to 
correct development of the structure. All iodine 
atoms which were not in a special position were first 
refined at full occupancy but I(2), I(3) and I(4) 
refined with unusually high thermal parameters. 
Chemical information and elemental analyses sug- 
gested that this compound might be a di-iodide 
derivative of tungsten ; we therefore considered the 
possibility of having, in each independent molecule, 
one iodide atom disordered over two mutually tram 
positions. Assignment of a 0.5 occupancy factor to 
the above mentioned iodine atoms led to correct 
refinement. Subsequent alternate difference Fourier 
maps and least-squares full-matrix refinements 
showed the positions of all the atoms of the dppm 
ligands and the carbonyl carbon atoms. The latter 
ones were retined at half occupancy. The R factor was 
0.070. The carbonyl oxygen atoms were not located 
on the difference Fourier map. Since they were 
expected to be at about the same position as the 
iodine atoms, they were introduced in the atom list 
starting with the same positions as those of the 
iodine atoms. Subsequent refinement was per- 
formed with the SHELX-76 package of programs. 
The phenyl rings were constrained to be perfect 
hexagons (C-C = 1.395 A) and the C-O dis- 
tances were restrained to a value of 1.14(2) A, 
which is the distance found for the same bond 
in MoI,(CO)(dmpm)z[dmpm = bis(dimethyl- 
phosphino)methane], having a geometry similar to 
that of the present compound. 3 Isotropic refinement 
converged to R = 0.068. All the atoms were then 
allowed to behave anisotropically and refined. The 
carbonyl carbon and oxygen atoms did not refine 
well, most probably because of high correlation 
with the iodine atoms, and they were therefore left 
isotropic. At this point, the difference Fourier map 
showed peaks ascribable to a toluene molecule in a 
general position of the lattice, with the methyl 
groups disordered over two positions at bonding 
distance to two ortho carbons of the ring. Inde- 
pendent refinement of all parameters led to insta- 
bility. To avoid this, the toluene ring was con- 
strained to be a perfect hexagon (C-C = 1.395 A), 
the methyl groups restrained at 1.47( 10) A from the 
corresponding ring atoms and with a constraint on 
their occupancies such that the sum of these be 
equal to 1. Finally the isotropic thermal parameters 
of all the carbon atoms of the toluene molecule were 
constrained to the same value, which was refined. 
Final refinement converged to R = 0.0538 
(R, = 0.0670). Significant crystal data are reported 
in Table 1, while selected bond distances and angles 
are reported in Table 2. 
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Table 1. Crystal data for 3WI,(CO)(dppm), x 2 toluene 
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Formula 
Formula weight 
Space group 
Systematic absences 

a (A) 
b (A) 
c (A) 
a (“) 
B (“) 
Y (“) 
v (A’) 
Z 

&c (g cn- ‘) 
Crystal size (mm) 
~(Mo-K,) (cm- ‘) 
Data collection instrument 
Radiation (monochromated in 

incident beam) 
Orientation reflections, 

number, range (20) 
Temperature (“C) 
Scan method 
Data collection range [26 (“)I 
Number of unique data, total 

with F,’ > 3a(F,2) 
Number of parameters refined 
Transmission factors (max, min) 

EO 
Quality-of-fit indicator’ 
Largest shift/esd, final cycle 
Largest peak (e A- ‘) 

- 

“R = ~IlFol-lFcll/~lFol. 
b R, = [CW(~F,~-~F,~)~/CW(F,~‘]“*; w = l/a*(]F,]). 

‘Quahty-of-fit = PwWol - IFel>*/Wobs- &aramctcA1’2. 

CI&,&~~PI~W~ 
3887.7 
c2/c 
hOZ: I# 2n; hkl: h+k # 2r 
31.141(18) 
25.447(7) 
20.135(6) 
90 
104.89(4) 
90 
15420(20) 
4 
1.675 
0.1 x0.2x0.4 
36.437 
CAD-4 

MO-& (2, = 0.71073 A) 

25, 18-25 
20 

L5 

4367 
679 
99.94, 91.80 
0.0538 
0.0670 
1.383 
0.255 
0.764 

RESULTS AND DISCUSSION 

The reaction of W,I,(CO), with phosphines and 
diphosphines had already been the subject of several 
studies.5*8’g Dppm was one of the ligands 
employed : * its reaction was shown to lead to the 
formation of WI,(CO),(dppm) and W12(CO)2 
(dppm), with 2 and 4 equivalents, respectively, 
per tungsten dimer at room temperature, and a 
reflux treatment of the dicarbonyl derivative in 
CHC13 gave rise to the formation of truns- and 
cis-[WI(C0)2(dppm),]I.g 

We used, for our reaction, a solvent (toluene) 
with a higher boiling point and less polarity than 
that used by Colton and Rix.’ In agreement with 
their findings, we obtained a mixture of WI* 

(CO),(dppm) (bands at 2035m, 1962s and 1908m 
cm-‘; cf. with 2030m, 196Os, 1935m and 1910m 
cn- ’ in acetoneg) and small amounts of WI2 
(CO)z(dppm)z (bands at 1938m and 1856~ cm- ’ ; 
cf. with 1940s and 1855s in CH2C12 or CHClS8) 
at room temperature ; the appearance of the dicar- 
bony1 derivative is presumably due to the small 
excess of the diphosphine over the 1 : 2 stoi- 
chiometry. When, however, the solution was 
refluxed, we obtained neutral compounds. WI2 
(CO)(dppm)z (l), not previously reported, was 
obtained in low yields ; other toluene-soluble, non- 
carbonyl-containing materials were also present but 
we were not able to isolate them in crystalline form. 
The lack of a visible absorption band in the 600- 
900-nm region, however, rules out the possibility 
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that the quadruply bonded dimer WJ4(dppm)2 was 
present.*” 

Although not certain, it would seem that, upon 
reflux, WIz(CO)3(dppm) gives rise to the unidenti- 
fied non-carbonyl materials, presumably containing 
a dppm/W ratio of 1, while WI,(CO)z(dppm), 
produces compound 1. A few complexes with a 
stoichiometry similar to that of WIz(CO)z(dppm)z 
have been structurally characterized {e.g. MoCl, 

(CO)z(dpam)z,ll MoBrz(CO)z(dpam)z, * 2 [dpam = 
bis(diphenylarsino)methane], MoC~,(CO)~ 
(dppm)2” and MoIz(CO)z(dppm)213} and found 
to be seven-coordinate with one chelating and 
one monodentate phosphine. By assuming that 
WIz(CO)z(dppm)z also has such a structure, 
the formation of 1 can easily take place by chela- 
tion of the second diphosphine via preliminary 
dissociation of a CO ligand (see Scheme 1). In the 
thermal treatment carried out by Colton and R~x,~ 
on the other hand, the substitution of one iodide 
ligand occurs, presumably because of the higher 
polarity of the solvent. 

The crystal structure of compound 1 exhibits two 
independent molecules of WI,(CO)(dppm),, one in 
a general position and one located on a C,-axis, 
which passes through W(2) and I(5). One molecule 
of toluene is also present in the asymmetric unit, so 
that the composition of the crystalline material is 
3WIz(CO)(dppm)z x 2 toluene. Figure 1 shows a 
view of the molecule which is on the general 
position. Both independent molecules show the 
same geometry around tungsten, which is fairly 
close to that of an ideal pentagonal bipyramid, and 
have identical structural parameters within the 
experimental error. One iodide ion and the two 
diphosphine ligands are in the equatorial plane, and 
the second iodide ion and the carbonyl ligand are 
in the axial positions. The symmetry imposes a 
50 : 50 disorder of the axial iodide and carbonyl 
ligands in the molecule lying on the Cz-axis. In the 
other molecule, although this is not required by 
symmetry, the same ligands were also found to be 
50 : 50 disordered among the two axial positions. 
Figure 1 shows only one of the two orientations, 
for clarity. This result can be easily explained by 
considering the presence of eight bulky phenyl 
groups which completely surround the I-W-CO 
core of the molecule. The packing of the molecules 

* W,Cl,(PMeJ, has the 6 + 6* absorption at 657 nm, 
ca 80 nm red-shifted with respect to the same band of 
Mo2C14(PMe3),.” Since Mo,I,(dppm), has the 6 + 6* 
maximum at 707 run,’ the hypothetical W214(dppm)2 
compound is expected to have the same band at a higher 
wavelength, around 800 nm. 

Scheme 1. 

in the crystal is expected to be dominated by the 
van der Waals’ interactions of the phenyl groups. 
The random disorder of the two possible orien- 
tations shows that the arrangement of the axial 
I-W-CO system does not appreciably influence 
the energy of the crystal. 

The molecular structure is the same as that 
found3 for MoI,(CO)(dmpm),. The “bite” angles 
of the diphosphines in 1 are a little smaller [63.6(2), 
63.9(2) and 63.7(2)“, compared with 65.7(2) and 
66.1(2)’ for MoIz(CO)(dmpm)23], perhaps because 
of steric repulsion between the phenyl groups. The 
W-I distance, as expected, I4 is larger for the axial 
bonds [2.980(7), 2.984(5) and 2.985(6) A] than for 
the equatorial ones [2.876(2) and 2.876(3) A]. The 
W-P bond lengths are all close to 2.55 A, which is 
ca 0.05 A longer than those of the corresponding 
Mo-dmpm complex. 3 

It is interesting to compare the reactivity of 
W214(CO)8 towards dppm with that of the cor- 
responding molybdenum system. The reaction of 
MoJ,(CO), with dppm (1: 2 molar ratio) under 
forcing conditions afforded MoUdppm), 
(MoiMo) in high yields.’ No similar compound 
appears to be formed from W214(CO),. Also, 
MoIz(CO)z(dppm), was found to decompose in 
refluxing toluene and no formation of MoI,(CO) 
(dppm),, analogous to 1, could be observed.3s’3 
Instead, such a decomposition reaction seemed to 
produce MoJ4(dppm)2 upon loss of diphosphine 
and CO. In the tungsten reaction, on the other 
hand, compound 1 was produced, which seemed to 
be rather stable in such conditions. It might be that 
the presumably higher energies of the W-P, W-I 
and W-CO bonds with respect to those of the 
MO-P, Mo-I and Mo-CO bonds are capable of 
thermodynamically or kinetically stabilizing a highly 
crowded structure such as that of compound 1. The 
same may not be true in the molybdenum system. 
It is worth noting in this respect that when the more 
basic and less sterically demanding dmpm ligand 
was employed, MoI,(CO)(dmpm), was obtained, 
and this was found to be fairly stable in refluxing 
toluene. 3 

The room-temperature reaction of W214(CO)* 
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Fig. 1. ORTEP view of the molecule of compound 1 which lies in a general position. Atoms I(3), 
C(4) and O(4) have been omitted for the sake of clarity. For the same reason, the phenyl carbon 

atoms have been drawn with arbitrary radii. 

with PMe, produced a solution containing several 
products, as judged from the complexity of the IR 
spectrum. Some of the bands could presumably be 
assigned to W12(CO)~(PMe& [the room-tem- 
perature interaction of W214(CO)8 with PPh3 was 
reported5 to afford the tricarbonyl derivative, 
W12(C0)3(PPh3)2]. After prolonged reflux with 
simultaneous UV irradiation, W12(C0)2(PMe3)3 
(2) was the major product, isolated in ca 33% yield 
with respect to tungsten (49.5% with respect to 
PMe,). The fate of the rest of the tungsten is 
unknown, although small amounts of a more sol- 
uble material, having an IR band at 173 1 cn- ‘, were 
detected by IR spectroscopy ; the position of the 
IR band suggests that this compound may be a 
monocarbonyl derivative of tungsten(I1). Again, 
visible absorption bands in the 600-900-nm region 
were not detected in the final solution, which means 
that tungsten(I1) dimers with a quadruple bond 
between the metals did not form. This is again in 
contrast with the results of the same reaction on 
molybdenum systems. is4 

The formation of tungsten-tungsten quadruple 
bonds by decarbonylation of tungsten(I1) carbonyl 
derivatives proves then to be a difficult, if not 
impossible, reaction, contrary to what was found 
for the analogous molybdenum systems. One factor 

contributing to this might be the higher stability of 
the tungsten(I1) carbonyls with respect to those of 
molybdenum(II), as suggested by higher W-CO 
bond energies, at least for M(0) derivatives. I5 Also, 
the molybdenum-molybdenum quadruple bond is 
generally less reactive than the same bond between 
tungsten(I1) ions, and thus more likely to remain 
intact once formed. Both these factors should cause 
the decarbonylation of tungsten(I1) carbonyls to be 
more difficult and, in turn, the reaction of W2X4L4 
(WLW) systems with CO to be easier. A few reac- 
tions of WZC14(PR3)4 systems with CO have actu- 
ally been studied and reported to be more facile 
than those of the corresponding molybdenum(I1) 
dimers. ” 
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Abstract-The complexes M(OR),(thf), (M = Yb or Eu, R = 2,6-B&4-MeC6H2; 
M = Yb, R = 2,4,6-Bu\C6H2 or 2,6-Bu\C6H3 ; thf = tetrahydrofuran) and M(NR2)2(thf)4 
(M = Yb or Eu, R2N = carbazol-9-yl; M = Yb, R2N = 2-phenylindol-1-yl) have been 
prepared by reactions of (C6E5)2M (M = Yb or Eu) with substituted phenols, carbazole, 
or 2-phenylindole. 

Lanthanide(II1) aryloxides, alkoxides and dior- 
ganoamide complexes are well established,le7 but 
much less is known of the lanthanide(I1) derivatives. 
Complexes of bis~is(trimethylsilyl)amido]-euro- 
pium(I1) and -ytterbium(II)G’o and anionic deriva- 
tives Na{Mlbl(SiMe,),],}(M = Yb or Eu)” have 
been characterized crystallographically, whilst 
YblN(SiMe,)2]; has been generated elec- 
trochemically. 5 Recently M[N(SiMe,),12(dme) 
(M = Yb, Eu, or Sm ; dme = 1,2-dimethoxyethane) 
have been prepared by redox transmetallation from 
HglN(SiMe,),], and the ytterbium complex con- 
verted into (ButO)2Yb by alcoholysis. ’ ’ Divalent 
ethoxides of ytterbium and samarium have been 
prepared by metathesis from the diiodides. l2 

We now report facile syntheses of some bis- 
(aryloxy)- and bis(diorganoamido)-ytterbium(I1) 
and -europium(II) compounds by acidolysis of 
the corresponding bis(pentafluorophenyl)lan- 
thanides13*14 with bulky phenols and secondary 
amines [reactions (1) and (2)]. The preparations 
were carried out in purified tetrahydrofuran (thf) 

* Author to whom correspondence should be addressed. 

under purified nitrogen. 

(C6E5)2M+2ROH- thf M(OR)2+2C6E5H (1) 

(M = Yb or Eu, R = 2,6-Bu$l-MeC6H2 ; 

M = Yb, R = 2,4,6-Bu\C6H2 or 2,6-Bt&C,H,) 

(&E&M +2R,NH thf -M(NRz)z+~C~ESH (2) 

(M = Yb or Eu, R2N = carbazol-9-yl; 

M = Yb, R2N = 2-phenylindol-1-yl) 

Solutions of the organolanthanide reactants were 
obtained by redox transmetallation between 
(C$&Hg and the lanthanide metal’3*‘4 and were 
filtered before addition of stoichiometric amounts 
of the phenols or amines as solids or solutions in 
tetrahydrofuran. Rapid reaction generally occurred 
but the reaction mixtures were stirred for 16-24 h 
at room temperature. Some complexes, Yb(OR)2 
(R = 2,6-Bu\-4-MeC6H2, 2,4,6-Bu\C6H2 or 2,6- 
Bu:CsH,) and bis(Zphenylindol-l-yl)ytter- 
bium(II), were also prepared by reaction between 
bis(pentafluorophenyl)mercury, the phenol or 2- 
phenylindole (R,NH), and an excess of ytterbium 
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metal in tetrahydrofuran at room temperature. 

(C6F&Hg+2ROH(or2R,NH)+Yb 

Yb(OR)* [or Yb(NRJ,] +2C$,H+HgJ. (3) 

The initial step is presumably the redox trans- 
metallation synthesis of (C6FS)zYb, and it has been 
shown that ytterbium does not react with 2-phen- 
ylindole or 2,6-di-t-butyl-4-methylphenol in the 
absence of (&F&Hg. 

The products precipitated from solution in the 
case of the sparingly soluble bis(carbazol-9-yl)lan- 
thanides. In other cases, the compounds were iso- 
lated by evaporation to dryness [after filtration 
where reaction (3) was used] or by evaporation to 
low volume, addition of hexane and crystal- 
lization. All were obtained as highly air-sensitive 
yellow solids and had the analytical compositions, 
M(OR),(thf), and M(NR&(thf),. The infrared 
spectra .of the complexes showed no absorption 
above 3 100 cm- ’ establishing loss of the OH and 
NH protons in reactions (l)-(3). Intense absorption 
at 1035-1020 cm-’ and 880-860 cm-’ in the spec- 
trum of each complex is attributable to ring stretch- 
ing modes of tetrahydrofuran, shifted from the 
free ligand values, 1070 and 9 12 cm- ‘, as expected 
on coordination. Is The UV/Vis/near IR spectra 
(30&l 500 nm) of the bis(carbazol-9-yl)lanthanides 
in 1,Zdimethoxyethane show intense bands (E 
2000-9000) at 30@400 nm attributable to 5d t 4f 
transitions and L c M charge transfer.‘“” There 
was no absorption near 1000 run for the ytterbium 
complex, hence the presence of ytterbium(II1) can 
be eliminated. Brief exposure to air generated 
absoiption of free carbazole and ytterbium(II1). 
The UV/Vis/near IR spectra of M(OR),(thf), 
(M=Yb or Eu; R = 2,6-Bu\-4-Me&H,) in 
tetrahydrofuran also show intense absorption at 
30&400 nm. Unusually, complexes of lan- 
thanide(II1) ions with bulky aryloxide ligands are 
soluble in petroleum ether,6 but the present bis- 
(aryloxy)lanthanide(II) complexes are insoluble. 
Whilst this may indicate associated structures by 
contrast with the monomeric lanthanide(II1) 
aryloxides,6 it may simply be a reflection of greater 
ionic character for lanthanide(I1) derivatives ; see 
e.g. the hydrides. lg 

Reactions (l)-(3) further indicate the synthetic 
value of bis(pentafluorophenyl)lanthanide(II) 
reagents, which have previously been used in C-acid 
displacements with phenylacetylene” and cyclo- 
pentadiene * ’ to give the corresponding diorgano- 
lanthanides, as well as in organic synthesis.22*23 The 
present reactions reflect greater acidity for phe- 
nols24 and carbazole2’ than pentafluorobenzene.26 
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Abstract-The ‘H and i5N NMR spectra of the Roussin ester Fe,(SBu-&(NO), show 
that in solution it exists as a mixture of two isomeric forms (I and II), of CZh- and C2”- 
symmetry, respectively. Unlike other similar esters, Fe,(SR),(NO),, the isomers are present 
in non-equal proportions: the equilibrium constant K = [II]/[Il is unchanged in the 
temperature range 220-298 K, indicating that entropy factors are primarily responsible for 
the unequal abundance of I and II. 

The X-ray structure analysis of the ethyl ester of 
Roussin’s red salt, Fe2(SEt)2(NO),, showed’ the 
molecule to be centrosymmetric, having approxim- 
ate Cz,, molecular symmetry. However, in solution 
a series of esters Fe,(SR),(NO), (R = Me, Et, n- 
Pr, CH2Ph2 or Ph3) were shown by ‘H NMR 
spectroscopy to exist in solution as an equimolar 
mixture of two isomeric forms, and activation 
parameters were measured* for their inter- 
conversion for R = Me, Et, n-Pr, i-Pr and CH2Ph. 
In the cases of R = Me and i-Pr, the identities of 
the isomers as having C2,,- and C2,-symmetry I and 
II, respectively, were rigorously established4 using 
15N NMR spectroscopy on 99% ‘5N-enriched 
samples. 

s k 
ON\,....-; . .._ Fe/NO 

ON’ +, ‘NO 

I II 

However in the case of R = t-Bu, we did not in our 
earlier work* observe any splitting of the single 
even at 223 K, and the question of the solution 
structure of Fe,(SBu-t),(NO), could not be re- 
solved. Here we present results from ‘H and 15N 
NMR spectroscopy which establish the solution 
structure of Fe2(SBu-t)2(NO)4. 

*Author to whom correspondence. should be addressed. 

The “N NMR spectrum of Fe2(SBu-t)2(15NO)4 
consists of a singlet, and a pair of doublets which 
comprise an AX spin system (Table 1). As previ- 
0us1y,~ the singlet is assigned to the C2,, isomer (I) 
in which all the nitrosyl ligands are identical: the 
AX spectrum is assigned to the C2” isomer (II), in 
which two nitrosyl ligands bound to each iron are 
in different environments: no long range 
45(1 5NFeSFe1 5N) was resolved, consistent with 
earlier observations4 on Fe,(SMe),(’ 5N0)4 and 
Fe2(SPr-i),(’ 5NO)4. 

For Fe,(SMe)*(’ 5NO)4 and Fe2(SPr-i),(’ 5N0)4, 
the integrated intensities showed4 that the CZk and 
CzV isomers exist in equal abundance at 298 K, as 
deduced’ earlier from the ‘H spectra. In the 15N 
spectrum of Fe,(SBu-t),(’ 5N0)4, however, the in- 
tensities show that the CZh isomer (I) is very much 
the minor isomer, present in 26 + 1% abundance 
at both 298 and 220K. The constancy of the 
equilibrium constant K = [II/I] over this tempera- 
ture range implies that for the isomerization I + II 
AH* is effectively zero: a K value of 2.85 + 0.15 
gives ASe for isomerization as 8.7 f 0.4 J K- ’ 
mol-‘. The entropy differences which give rise to 
the unequal abundance of I and II presumably 
arises from a differential solvation of the two 
isomers: specific solvation of Roussin esters 
Fe,(SR),(NO), has been invoked’ previously to 
rationalize ASIS observations. If this is so, then the 
two isomers should exhibit equal abundances in 
the vapour phase. 

In the ‘H spectrum of Fe2(SBu-t)2(‘4NO)4 in 
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Table 1. 15N NMR data for Fe2(SR),(t5NO), 

CzL isomer CzV isomer 

Compound 
6 

(ppm) 

6 

(ppm) (HZ) 

Fe,(SMe),(“NO),” 
Fe?(SPr-i),(’ 5NO)C 
Fez(SBu-t),(’ 5N0)4 

298 30.5(s) 23.1(d), 36.2(d) 2.8 
298 30.2(s) 26.7(d), 35.7(d) 2.6 
298 38.8(s) 31.1(d), 37.1(d) 3.0 
220 36.6(s) 28.8(d), 35.6(d) 3.1 

’ Data from Ref. 4. 

CDC13 solution, there is a single resonance at 
6 = 1.43 ppm, which shows no perceptible broaden- 
ing until the freezing point of the solvent is 
approached. Hence in this solvent the protons in 
the two isomers are fortuitously isochronous. In 
toluene-d, solution, the ASIS phenomenon shifts 
the sharp (v,,~ = 0.5 Hz) room-temperature reson- 
ance to 6 = 1.22ppm. However, on cooling, the 
spectrum was resolved into two peaks separated at 
80 MHz by 1.2 Hz at 260K and 1.7 Hz at 240 K. 
Because of the small peak separation, accurate 
integration was not possible, but an approximate 
estimate of the peak areas was consistent with the 
value of K deduced from the i5N spectrum. The 
coalescence temperature was determined as 289 K. 

EXPERIMENTAL 

Samples of Fe,(SBu-t)2(‘4N0)4 and FeJSBu- 
t)2(15N0)4 were prepared from FeJSBu-t),(CO), 
by use of 14N0 gas in CHCl, solution and 
Na[‘5N02] in DMF solution, according to pub- 
lished procedures.2*4 Fe2(SBu-r)2(‘4N0)4 was 
identified and characterized by mass spectrometry, 
‘H and r3C NMR spectroscopy, and IR spectro- 
scopy: v(i4NO), 1770, 1743 cm-‘. Fe,(SBu-& 

(‘5N0)4 was characterized by 15N NMR and IR- 
spectroscopy:~(‘~NO), 1739,1712cm-‘. 15NNMR 
spectra were recorded relative to external 
CH315N02 in the FT mode on the Briiker WH- 
360 spectrometer of the Science and Engineering 
Research Council regional NMR service at the 
University of Edinburgh, using spectral conditions 
and parameters as previously described.4 
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Abstract-A novel polyhedron has been discovered in the coordination geometry of the 
CuBr, complex of 1,6-bis(benzimidazol-2-yl)-2,5-dioxahexane. A rhombus or lozenge- 
shaped base (BrNBrN) shares its edges with four BrNO triangles and its Br vertices with 
two BrOO triangles, all six triangles lying on one side of the base. The polyhedron may 
be derived from an octahedron (with a trans-Br,, cis-02, cis-N, arrangement of vertices) 
by breaking the N . . . N edge and bringing the N atoms into coplanarity with the Br atoms. 

We have previously reported the preparation of 
some polydentate and macrocyclic ligands incor- 
porating benzimidazole, and of complexes of these 
with transition-metal ions.’ The determination of 
one of these complexes, formed from CuBr2 and 
the ligand 1,6-bis(benzimidazol-2-yl)-2,5-dioxa- 
hexane (1) has revealed a novel coordination poly- 
hedron for the Cu atom. 

EXPERIMENTAL 

The preparation of the complex has already been 
described.’ It was recrystallized from a methanol- 
chloroform mixture. 

Crystallography 

ClsHlsBr2CuN402, M, = 545.7, orthorhombic, 
Pccn, a = 8.940(l), b = 10.634(l), c = 20.455(2)& 
V = 1944.6 @, Z = 4, D, = 1.864gcm-3, 
F(OO0) = 1076, p = 5.22 mm-’ for MO-K, radiation 

*Author to whom correspondence should be addressed. 

(A = 0.71073 A). Of 2828 reflections measured with 
a Stoe-Siemens AED diffractometer at 295K 

(2%l*, = 500), and corrected for absorption 
by semi-empirical methods, 1725 were unique 
(Ri”t = 0.034), and 1068 with F > 40(F) were used 
for structure determination by automatic direct 
methods.2 Blocked-cascade refinement to minimize 
CwA2 [A = IF,1 - IF& w-l = a’(F)] with aniso- 
tropic thermal parameters for non-H atoms, con- 
strained H atoms [C-H = 0.96& aromatic H on 
external ring angle bisectors, H-C-H = 109.5” 
for aliphatic H, U(H) = 1.2U,,(C)] and an 
isotropic extinction correction [Ff = F, 
/( 1 + xFz/sin 26)‘14, x = 6.4(6) x lo-‘] gave 
R = 0.066, R’ = (ZwA2/EwF~)‘12 = 0.043, a satis- 
factory analysis of variance, and no significant 
features in a final difference synthesis. 

RESULTS AND DISCUSSION 

The molecular structure is shown in Fig. 1, and 
the bond lengths and angles for the coordination 
of Cu are given in Table 1. A crystallographic C2- 
axis passes through the Cu atom, bisecting the 
C(12)-C(12’) bond. The Cu atom is coordinated 
by the oxygen and two nitrogen atoms of ligand 1 
and by two bromine atoms. The six-vertex polyhed- 
ron thus formed has a geometry never documented 
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Table 1. Selected bond lengths (A) and angles (“) 

Cu-Br 2.465( 1) Cu-N( 1) 1.987(7) 
cu-O( 11) 2.743(6) 
Br-Cu-N( 1) 90.7(2) Br--Cu-0( 11) 90.8( 1) 
N(l)-Cu-0(11) 67.2(3) Br-Cu-Br’ 168.2(l) 
N( l)-Cu-Br’ 88.2(2) 0( 1 lt_Cu-Br’ 99.6(l) 
N( l+Cu-N( 1’) 168.9(5) O(ll)-Cu-N(l’) 123.8(3) 
0(11)--cu-0(11’) 57.6(3) 

“The prime denotes an atom generated by the two-fold rotation axis 
passing through Cu (symmetry operator 3 - x, -) - y, z). 

Fig. 1. Molecular structure with the numbering scheme. 

N 

(a) lb) 
Fig. 2. Coordination polyhedron: (a) view direction as 

in Fig. 1; (b) seen along the C,-axis. 

previously, and outri even in Cu(I1) chemistry 
(Fig. 2). The Cu atom is bonded strongly to two N 
and two Br atoms which form a basal plane with 
essentially a rhombus or lozenge shape (Br and N 
atoms deviate by only + 0.03 A from their mean 
plane; N . . . Br edges are 3.12 and 3.18 A long, the 
axes of the rhombus are a shorter N . . . N of 3.96 a 
and a longer Br . . . Br of 4.90 8). The Cu atom lies 
0.22A above this basal plane, displaced towards 
the two 0 atoms, to which it is more weakly 
bonded. The 0,. . 0 line is approximately parallel 
to the N . . . N line, forming six triangular faces, all 
above the basal rhombus: four BrNO triangles 

Fig. 3. Space-filling representation; view direction along 
the Cz-axis [opposite direction to Fig. 2(b)]. 

share one BrN edge each with the rhombus, while 
the two BrOO triangles, with a common 0.. .O 
edge, share only their Br vertices with the rhombus 
(Fig. 2). The 0.. . N edges are 2.69 A long, 0.. . 0 
is 2.64 A, and the Br . . . 0 edges group as two at 
3.71 A and two slightly longer at 3.98 A. 

The relationship between the observed polyhed- 
ron (with six vertices, 11 edges and seven faces) and 
an octahedron (six vertices, 12 edges and eight 
faces) may be seen by reference to Figs 1 and 2(a). 
If both N atoms are displaced downwards from the 
basal plane (away from the 0 atoms), the N- 
Cu-N angle and N... N distance decrease; with 
sufficient displacement, a N.. .N edge may be 
considered to form and the rhombus is converted 
to two NBrN triangular faces of an actahedron. 

The long Cu-0 distance, forced by the ligand 
architecture, is reminiscent of the even longer Cu- 
0 bond (3.08 and 3.14 A in two independent mole- 
cules) notable in the most recent (1.8 A resolution) 
determination of an azurin structure,3 in which a 
peptide oxygen (of GLY45) is held in a peptide loop 
over a planar arrangement of imidazole nitrogens 
(HIS46 and HIS117) and cysteinyl sulphur 
(CYS112) around copper, the trigonal bipyramid 
in this case being completed by a long Cu-S 
(MET121) of 3.13 a truns to Cu-0. 

In the present structure, the coordination geome- 
try is such as to leave one side of the Cu atom 
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essentially unligated. This vacant side is, however, 
protected by the bulky benzimidazole groups pro- 
truding on the same side as is shown by the space- 

1 
. 

filling representation in Fig. 3. 
Future extensions of this work will be concerned 

2. 

with exploiting the pocket formed on one side of 
the lozenge-shaped basal coordination plane (which 
may be compared with the lacunar complexes of 3. 

Busch et u[.~), with a view to new host-guest 
formulations. 4. 
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Abstract-The reactions of pentaammine(o-fluorobenzoato)-, pentaammine(o-bromo- 
benzoato)- and pentaammine(o-nitrobenzoato)chromium(III) cations in 0.01 M perchloric 
acid solution and water have been studied at 21°C. It was found that the reaction in acid was 
the release of ammonia but in water it was aquation to the pentaammineaquachromium(II1) 
cation. The aquation rates in water decrease in the order o-fluorobenzoate, o-bromobenzoate 
and o-nitrobenzoate complexes, suggesting an associative mechanism. 

The mechanism of the aquation of some penta- 
ammine- and pentaaqua complexes of chromi- 
um(II1) has been suggested to be I,, based upon 
studies of pressure effects.‘.’ Since one of the 
chemical methods to distinguish between dissoci- 
ative and associative mechanisms is by changing 
the size of the leaving group,3 we have undertaken 
a study of the aquation of some pentaammine 
(o-substituted benzoato)chromium(III) cations in 
order to see whether any difference in the aquation 
rates could be 
tuents. 

detected with different size substi- 

EXPERIMENTAL 

Pentaammine(o-fluorobenzoato)chromium(III), 
pentaammine(o-bromobenzoato)chromium(III) 
and pentaammine (o-nitrobenzoato)chromium(III) 
perchlorates were prepared by a method similar to 
that’ used by Jackman et al4 and Chang et aL5 In 
a typical preparation, 10 mmol of an acid in 10 cm3 
of dimethylformamide (dmf) and 5 mmol of dicyclo- 
hexylcarbodiimide in 5 cm3 of dmf were stirred 
for 30 min, after which the white precipitate of 
dicyclohexylurea was filtered off. To the filtrate was 
added l.Ommol of pentaammineaqua- 
chromium(II1) perchlorate in 10cm3 of dmf, pre- 

*Author to whom correspondence should be addressed. 

treated with 5 mmol of N,N-dimethylbenzylamine. 
The solution was stirred for 20 min at room 
temperature, then 50cm3 of absolute ethanol and 
300cm3 of diethyl ether were added to the mixture 
to produce a red oil. The solvent was decanted, and 
the oil was dissolved in 20cm3 of a 1: 1 ethanol- 
acetone mixture. Again 200cm3 of diethyl ether 
was added to this mixture, and a solid compound 
precipitated upon vigorous stirring. The percentage 
yield was about 20%. Found: C, 18.6; H,4.4; 
N, 13.4. Calc. for CrC,H,O,(NH,),: C, 18.6; H,4.2; 
N, 14.8%. Found: C, 16.3; H,4.0; N, 12.5. Calc. 
for CrC,H,02Br(NH3),: C, 15.7; H, 3.5; N, 13.0%. 
Found: C, 18.2; H,3.9; N, 15.6. Calc. for CrC,H,- 
NO,(NH,),: C, 16.7; H, 3.8; N, 16.7%. 

All visible absorption spectra were measured 
using a Cary 14 recording spectrophotometer. The 
rate of aquation was followed by observing the 
decrease in the absorbance of aqueous solutions of 
the complexes at 490nm. The rate of release of 
NH3 in 0.01 M HC104 was followed by the analysis 
of NH,, eluted from Dowex AGSOW-X8 columns, 
with Nessler’s reagent. 

RESULTS AND DISCUSSION 

It was observed that the pentaammine(o-substi- 
tuted benzoato)chromium(III) cations reacted in 
0.01 M HC104 by the release of NH,. Actually, the 
odor of NH3 could be detected from the solid 
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Table 1. Rate constants for the hydrolysis of [Cr(X- 
C,H,COO)(NH,),]2+ . ’ ’ ’ catrons m perchlonc acid (kNHI) 

and water (k,,) at 21°C 

X ;“-“I; (“9, 

F 1.87 x 10-5 8.32 x 1O-4 
Br 1.89 x 10-5 4.10 x 10-4 

NO2 2.50 x 1O-5 1.35 x 10-4 

compounds, upon storage, even in the dark. This 
loss of NH, in the solid state resulted in the fairly 
poor elemental analyses. Other Cr(II1) complexes 
undergoing Cr-N bond rupture in solution have 
been reported. [Cr(ox)(en)z] + hydrolyzed in acidic 
solution to give [Cr(ox)(HzO)(en)(enH)]2’,6 and 
a-[Cr(ox)(trien)] + hydrolyzes to give [Cr(ox)(H20)- 
(trienH)12+.’ House* has found that [0(0x) 
(NH&] + aquates in dilute HC104 to give [Cr(ox) 

PWXNH~M +, and Linck’ has found that some 
bis( 1,2-ethanediamine)chromium(III) complexes 
also undergo Cr-N bond rupture in acidic solu 
tions. The rate constants of the NH, release 
(I&& for the three complexes studied were about 
the same at 21°C (see Table 1); therefore it seemed 
that a common intermediate was involved in the 
Cr-N bond rupture process. Several mechanisms 
for the bond rupture have been proposed,“-” but 
our data are insufficient to favor any mechanism. 

The visible absorption spectra of the three com- 
plexes in water all resemble the spectrum of 
the acetatopentamminechromium(II1) cation” 
with maxima at 488 + 2 and 366 f 1 nm, and a 
minimum at 423 + 1 nm. A repeated scan of the 
spectra showed isosbestic points, and the spectra 
of all three complexes changed to one that 
resembled the spectrum of [Cr(H20)(NH3)J3+; 
therefore in aqueous solutions these complexes 
aquate to the pentaammineaquachromium(II1) 
cation. The observed isosbestic points [listed as 
wavelength (nm) and molar absorptivity (in 
parentheses) (dm3 mol-’ cm- ‘)I are as follows: o- 
fluorobenzoate complex, 555 (19), 442 (25), 399 (22); 
o-bromobenzoate complex, 556 (20), 434 (26), 
329 (22); o-nitrobenzoate complex, 555 (18), 452 (34). 
Plots of ln(A, - A,) vs time gave good straight 
lines from which the rate constants of aquation (k,,) 
at 21°C were evaluated (see Table 1). 

The rate constants of aquation in water showed 
a decreasing trend from the o-fluorobenzoate com- 
plex to the o-bromobenzoate complex to the o- 
nitrobenzoate complex. Since the acid dissociation 
constants of the three o-substituted benzoic acids 
are of the same order of magnitude, the difference 
in the aquation rates must not be caused by the 

base strength of the benzoates. Also, the aquation 
occurs in water but not in acid so that the base 
strength of the benzoate anions probably had little 
effect on the reaction rates. The inductive effects of 
the three substituents are in the increasing order 
F- to Br- to NO; as the Taft substituent constants 
are 0.17,0.29 and 0.83, respectively, evaluated from 
the reaction rates of substituted naphthoic acids 
and naphtholates.r3 This order of the inductive 
effect predicts that the o-nitrobenzoate complex 
should react the fastest and the o-fluorobenzoate 
complex the slowest, but the observed rates are just 
the reverse. However, the steric effect of these 
substituents are in the increasing order NO; to 
Br- to F- as the steric substituent constants are 
-0.75, 0.00 and +0.49, respectively.14 This order 
of the steric effect predicts that the o-fluorobenzoate 
complex should react the fastest and the o-nitro- 
benzoate complex the slowest, and this is the order 
found in our study. Thus we have found that a 
larger leaving group reacted slower than a smaller 
leaving group in these pentaammine(carboxylato)- 
chromium(II1) complexes, and an associative mech- 
anism is indicated. 

Several complexes of type cis-[Cr(A),(en)2]+ 
(A- = propionate, isobutyrate or pivalate) have 
been prepared,’ ’ and preliminary studies have 
indicated that the complexes with a large leaving 
group (pivalate or 2,2-dimethylpropionate) aquate 
slower than that with a small leaving group (pro- 
pionate). Details of this study will be reported later. 

4. 

5. 

6. 

7. 
8. 
9. 

10. 

11. 
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Abstract-The crystal structure of the title compound is reported, and the geometry and 
symmetry of the three-fold bridging by the arylthiolate ligand with two-fold symmetry is 
assessed. Pt--S bond lengths are differentiated by only 0.04 A. Crystal data: C,,H,,Pt,S,, 
M = 1897.4, tetragonal, 
U = 8131.11 A3, 2 = 8. 

space group P43212, a = 14.187(l), c = 40.399(6)& 

In the substantial number of metal thiolate com- 
plexes now characterized structurally’ some abnor- 
mal geometries have appeared around triply-bridg- 
ing thiolate ligands. For instance, in the crowded 
molecule Ag6(SCsH,Cl),(PPh3), (1),2 two of the S 
atoms have two S-Ag bonds and the S-C bond 
virtually coplanar, with the third S-Ag bond 
inclined at an angle of 67 or 63”. A similar stereo- 
chemistry occurs in (p3-SPh),@-SPh),(CuPPh,), 
(2).3 In 1 even further deviation from the expected 
tetrahedral stereochemistry for M,@,-SR) occurs 
with some S atoms lying outside their Ag,C coordin- 
ation polyhedra. In some cases the thiolate S atom 
primarily bridges two metal atoms, pyramidally, 
with a longer secondary connection to another 
metal atom. ’ 

This abnormal non-three-fold geometry at triply- 
bridging thiolate is observed for aryl substituents, 
which confer non-three-fold (mirror) symmetry on 
the ligand. The question arises as to whether 
electronic (or steric) factors in the arylthiolate 
ligands could be responsible for dissymmetric triple 
bridging. Arguments have been presented for 
the occurrence of M-SAr a-bonding in 
(ArS)2(PriO)MoMo(OPri)(SAr)2~ which could 
cause such dissymmetry. 

The b3-SR),(PtMe,), series of high-symmetry 

*Author to whom correspondence should be addressed. 

cubanesS provide a good test of these questions, 
and therefore we have determined the molecular 
structure of the compound with R = Ph (3). The 
structure of the member with R = Me, (4), in 
which the substituent need not break the molecular 
symmetry, has been reported.5 

RESULTS AND DISCUSSION 

The molecular structure of 3 is shown in Fig. 1, 
and dimensions are provided in Table 1. The 
molecular symmetry is close to Sq, the highest 
possible, with the virtual S4 axis bisecting the Ptl- 
-Pt4 and Pt2--Pt3 vectors. Dimensions averaged 
under this symmetry (standard deviation of the 
sample in parentheses) are: Pt-S 2.51(2) A, Pt-- 
Pt 3.83(l) A, S--S 3.20(2) A, Pt-C 2.09(2) A, S- 
Pt-S 79.4(6)“, C-Pt-C 88(2)“, S-Pt-C(cis) 
96(3)0; the value of S-Pt-S is indistinguishable 
from that of 4, but the values of Pt-S and Pt-- 
Pt are ca 0.03 A larger. 

Close examination of the molecular structure 
reveals minor but significant metrical features asso- 
ciated with the orientations of the phenyl rings. 
The plane of each phenyl ring can be twisted at 
most by 30” from a Pt-S bond, when viewed along 
the C-S bond as shown in Fig. 2: that is the 
smallest Pt-S-C-C torsional angle (4) must lie 
in the range O-30”. It can be seen from Table 1 
that these angles range from 3 to 15”, indicating a 
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Fig. 1. Molecule of (p,-SPh).,(PtMe,), (3) showing the atom labelling and thermal ellipsoids at 10% 
probability. 

Table 1. Selected interatomic distances (di) and angles (“) for (pJ-SPh),(PtMe,), 

Sl--Pt2 
Sl--Pt3 
Sl--Pt4 
S2-Pt 1 
S2--Pt2 
S2--Pt4 
S3--Pt 1 
S3--Pt2 
S3--Pt3 
S4-Pt 1 
S4--Pt3 
S4---Pt4 
Ptl--pt2 
Ptl--pt3 
Ptl--pt4 
Pt2--Pt3 
pt2- -pt4 
pt3- -pt4 
Sl--s2 
Sl--s3 
Sl--s4 
S2- -S3 
S2- -S4 
s3- -s4 

2.480(S) 
2.519(S) 
2.509(5) 
2.487(S) 
2.512(4) 
2.537(5) 
2.503( 5) 
2.537(5) 
2.483(5) 
2.533(5) 
2.512(5) 
2.462(5) 
3.817 
3.822 
3.843 
3.841 
3.832 
3.830 
3.209 
3.190 

3.182 
3.228 
3.188 
3.214 

pt2-Sl-Pt3 
pt2-Sl--Pt4 
Pt3-sl-Pt4 
Pt l-s2--Pt2 
Ptl-s2--Pt4 
pt2-s2--Pt4 
Ptl-s3--Pt2 
Ptl-s3--Pt3 
pt2-s3--Pt3 
Pt l-s4--Pt3 
Ptl-s4--Pt4 
Pt3-W-Pt4 
S2--Pt l-S3 
S2--Pt l---S4 
S3--Pt l-S4 
Sl--Pt2-s2 
S1-Pt2-s3 
S2--Pt2-s3 
Sl--Pt3-s3 
Sl--Pt3-s4 
S3--Pt3-s4 
S1-Pt4-s2 
S1-Pt4-s4 
S2--Pt4-s4 

Torsional angles (4) 

Pt l-U--C3 l&C32 14.8(22) 
Pt3-S1-C13-C18 - 10.0(20) 
Pt2-S3-C25-C30 - 6.0(21) 
Pt4-S2-C19-C24 3.3(19) 

100.4(2) 
100.4(2) 
99.2(2) 
99.5(2) 
99.8(2) 
98.7(2) 
98.4(2) 

100.1(2) 
99.8(2) 
98.5(2) 

100.6(2) 
100.7(2) 
80.6( 1) 
78.9(2) 
79.3(2) 
80.0(l) 
78.9(2) 
79.5(2) 
79.2(2) 
78.5(2) 
80.1(2) 
79.0(l) 
79.6(2) 
79.2(2) 

pt2-Sl-Cl3 
Pt3-sl-Cl3 
Pt4-sl-Cl3 
Ptl-S2-Cl9 
Pt2-S2-C19 
PH--S2-Cl9 
Pt l-s3-C25 
Pt2-s3-C25 
Pt3-S3-C25 
Ptl-Sk-C31 
Pt3-S4-C3 1 
Pt4-sk-C3 1 

115.0(6) 
117.7(7) 
120.8(6) 
116.5(6) 
119.1(6) 
119.4(6) 
117.6(7) 
120.8(7) 
116.3(7) 
118.8(7) 
118/l(7) 
116.5(8) 
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Pt 

Fig. 2. Conformations and torsional angle (4) for triply- 
bridging arylthiolate, viewed along the C-S bond. The 
thick line represents the plane of the arylthiolate ligand. 

weak tendency of the ligand plane to adopt the 
“eclipsed” symmetrical conformation with d, = 0 
rather than the “staggered” symmetrical confor- 
mation with 4 = 30”. The Pt-S bond which is 
closest to the plane of the ligand substituent is 
slightly longer than the other two: the mean of the 
four close Pt--S bond lengths is 2.532(9)& and of 
the other eight Pt-S lengths is 2.494(19),&. Note 
that the four longer Pt-S bonds follow the pseudo 
S., molecular symmetry. There is no significant 
expansion of the Pt-S-C angles in the plane 
closest to the ligand plane. 

Therefore we conclude that any inherent (intra- 
molecular) reduction in threefold symmetry of 
bonding at triply-bridging arylthiolate is virtually 
insignificant, being not more than a 0.04-A elong- 
ation of the M-S bond almost coplanar with the 
aryl group. 

EXPERIMENTAL 

A sample of 3 provided by Dr Appleton was 
crystallized from CHCl,. 

Crystallographic studies 

GJ-W%S~, M = 1897.4, tetragonal, space 

group P4,212, a = 14.187(l), c = 40.399(6)& 
U = 8131.11 A3* Z = 8, D, = 2.28gcme3, 
pMO = 140.9 cm- I. Crystal size: 0.15 by 0.17 by 
0.20 mm. 

Intensities for 6294 reflections were measured 
with an Enraf-Nonius CAD-4 diffractometer in 
8-28 scan mode (28,,, = 46”) using graphite- 
monochromatized molybdenum radiation 
(A = 0.71069A). Data were corrected for absorp- 
tion. After determination of the space group, 3314 

data with h < k were selected for structure solution 
and refinement. Of these, 2725 with I > 3a(I) were 
considered observed. The structure was solved 
in space group P4,212 using MULTAN-806 and 
Fourier methods. Phenyl hydrogens were included 
in calculated positions and assigned temperature 
factors equal to those of the atom to which bonded; 
methyl hydrogens did not appear in a difference 
Fourier and were omitted. Least-squares refinement 
of positional and anisotropic thermal parameters 
for the non-hydrogen atoms converged to give R 
(R,) = 0.041 (0.053). Reflection weights used were 
l/a’(F,) with a(F,) being derived from 
a(&,) = [a’(r,) + (0.041,)Z]1~2. Atomic scattering 
factors and anomalous dispersion parameters were 
from International Tables for X-ray Crystallogra- 

phy.’ 
The structure was subsequently refined in the 

enantiomorphous space group P43212, and gave 
R(R,) = 0.034 (0.046), indicating this to be the 
correct assignment.* 
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Abstract-Novel 18- and 22-membered ring cyclic antimony carboxylates which contained 
two S-S bonds were synthesized in the one-pot oxidative-coupling/condensation reaction 
of triphenylstibine oxide with thioglycolic or /3-thiopropionic acids, respectively. 

Recently, much attention has been given to the 
preparation of organoantimony heterocycles. For 
example, the reactions of several classes of organo- 
antimony(V) compounds with glycolic acid deriva- 
tives,’ phenols and related compounds,24 dibasic 
acids,’ glycols6 and dioxetanes’ produced organo- 
antimony heterocycles in which chalcogen atoms 
(0 or S) were directly bonded to the central 
antimony atom. However, the reported heterocycles 
contain less than 1Cmembered rings. In this com- 
munication, we describe the preparation and 
characterization of novel cyclic antimony carboxyl- 
ates which have two S-S moieties and possess 
the largest ring among the antimony heterocycles 
reported, and their complexability with alkaline 
picrates. 

A mixture of triphenylstibine oxide [Ph$bO 
(10 mmol)] and thioglycolic or p-thiopropionic acid 
(10mmol) was heated at 80°C for 6 h in benzene 
(20 cm3) and unexpected macrocyclic antimony 
carboxylates (Ia and b) were obtained in 98 and 
95% yields, respectively. The molecular-weight 
measurement (VPO, CHC13) revealed that I were 
2:4 (based on the starting carboxylic acid) cyclo- 
condensates. Spectral and analytical datat are also 
consistent with the proposed macrocyclic structure. 

*Author to whom correspondence should be addressed. 

The C=O stretching frequency was so high as to 
suggest that the central antimony atom was bound 
to a COO group by an ester type linkage. Signals 
of methylene protons in Ib split into a characteristic 
A,A$ type dd pattern which resembled those of 
dithiodipropionic acid (Hb). In general, triorgano- 
antimony(V) compounds are known to react with 
thioglycolic acid or o-aminophenols to give a stable 
1,3,21’-oxathiastibolane’ or 1, 3, 212’-oxa- 
zastibolane4 ring (a 1: 1 or 22 condensate), respec- 
tively. Consequently, it is very interesting that the 
reactions selectively gave 2:4 condensates but not 
1:l or 22 ones. 

Previously, we have found that Ph,SbO oxidizes 
thiols to the corresponding disulfides and also 

tselective analytical data; (Ia) m.p. 59-62X IR (cm- I, 
KBr): v(C=O) 1660, ‘H NMR (90 MHz, CDCl,): 6 3.09s 
(8H,CH,); 7.40 and 7.93m (30H, Ph-Sb). ‘jC NMR 
{‘H} (22.6MHz, CDCl,): 6 172.1s (C = 0), 136.6s (ipso), 
133.9d (o), 131.4d (p), 129.4d (m), 12.9t (CH,). Found: 
C,49.6; H,3.6%, Mw (VPO, CHCl,) 1044. Calc. for 
C,H,sO,S,Sb,: C,49.1; H, 3.7%, Mw 1067. (Ib) m.p. 
91°C. IR (cm-‘, KBr): v(C=O) 1640. ‘H NMR (90 MHz, 
CD&): d 2SOdd (16H, A,A; type, J 6.7 Hz); 7.40 and 
7.92m (30H, P/z--Sb). “C NMR {‘H) (22.6MHz, 
CD&): 6 175.4s (C=O), 138.1s (ipso), 134.Od (o), 131.3d 
@), 129.4d (m), 35.6t [CH,c(O)O], 34.4t (CH$). Found: 
C,, 49.9; H, 4.3%. Mw (VPO, CHClp) 1123. Calc. for 
C,,H460sS,Sb,: C, 51.3; H, 4.1%, Mw 1123. 
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J(CHI) -s 
2H02C(CHI),,-SH + PhsSbO - 4 PhsSb / n 

\ 
+ + PhaSb 

orCH*)n-s 
0 i * 

I 

f 

[ HO~C(CH~),,-S+ + Ph,sbo 

II 

[HO~C(CH~),+ + Phssbo - + Ph3Sb 

a b 
n= 1 2 

catalyzes the oxidative coupling.‘,’ The functional- 
ized thiol, j&thiopropionic acid (lOmmol), was 
selectively converted to IIb in 95% yield at 80°C 
for 2 h in the presence of Ph,SbO (1 mmol). Accord- 
ingly, it is presumed that a chemoselective condens- 
ation of Ph,SbO with thiol groups gave triphenyl- 
antimony dimercaptides which underwent 
reductive-elimination to afford IIb in the initial 
stage of the reaction. The controlled reactions of 
Ph,SbO with one equivalent amount of dithio- 
diglycolic acids IIa or IIb gave the 2:2 (based on 
the starting diacids) condensates quantitatively even 
at room temperature. Similarly, thiodiglycolic and 
thiodipropionic acids gave corresponding antimony 
heterocycles having two sulfide bonds (III) quantit- 
atively in CHIClz at room temperature. Although 
organoantimony(II1) is known to give 2:2 cyclo- 
condensates containing up to a 1Cmembered 
ring,” the isolation of such 2:2 condensates is 
reported here for the first time for organo- 

Table 1. Extraction equilibrium constants (K,) at 
25°C” 

Na+ K+ Rb+ 

Log Ke 7.19 7.33 7.39 

“Extraction conditions: MtOH, 1.0 x 10e4 mol l- *; 
picric acid, 7.0 x lo-’ mol 1-l; Ib, 2.8 x lo-‘- 
1.4 x low4 mol 1-l; H,O-CHCl, = lo-10 cm3, 20 

min. 

Rb +.I2 Just a small difference among K,s for 
individual ions was observed. However, since the 
formation of any alkaline metal carboxylates was 
not detected with ‘H and 13C NMR spectra both 
in aqueous and organic layers during the complex- 
ation runs, the Sb-OC(0) linkage did not cleave 
under these conditions. The detailed investigation 
is currently under way. 

antimony(V) derivatives. 
Because I possessed several donating sites such Acknowledgement-This research was financially sup- 
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1. INTRODUCTION 

When the title compound trioxo(~5-pentamethylcyclopentadienyl)rhenium(VII) (1) was discovered 
in our laboratory by Ricardo Serrano 2 years ago,’ there was much surprise about the existence 
and stability of this material. In addition, nobody would have predicted such a pleasant and 
versatile chemistry as has developed since. Some basic, s~thetica~y useful reactions have been 
described in a number of publications,*-” and a first comprehensive review was given recently.‘6 
The present up-dated account is aimed at the disclosure of novel key results that we have obtained 
since the above-mentioned review article was submitted (12 August 1985).16 It is our declared 
intention to focus our Peers’ eyes to a field that, as we feel, shall turn out to gain extensively in 

importance within the scopes of both organometallic and inorganic chemistry in future years. Not 
only synthetic uses of “organometallic oxides” can be thought of (e.g. construction of unprecedented 
heterocycles involving metal oxide structural entities, stabilization of high-valent transition metals 
etc.) but there are also obvious applications in the field of catalysis such as oxidation of unsaturated 
organic molecules (e.g. olefins and acetylenes) as well as olefin metathesis type reactions. Since it 
is always demanding to first investigate the chemistry of a given key compound before laborious 

*Communication 34 of the series “Multiple bonds between main group elements and transition metals”. 
Preceding paper: W. A. Herrmann, Ch. Hecht, E. Herdtweck and H.-J. Kneuper, Angew. Chem. (in press) 
Angew. C&m., Znt. Ed. Engl. (in press). 

?Author to whom correspondence should be addressed. 
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catalytic studies are done, we have decided to provide ourselves with as clear a picture as possible 
of the title compound’s chemistry and the further chemical transformations of derivatives arising 
therefrom. 

2. HISTORICAL SKETCH 

A remark regarding the history of compounds such as (I)‘*” should be made at this point. 
Oxides and oxohalides of transition metals (vanadium, chromium, molybdenum and tungsten) 
stabilized by n-aromatic ligands such as the unique cyclopentadienyl ligand have occasionally been 
observed from time to time for more than 20 years. Thus, Fischer’s Munich laboratory reported 
on the synthesis of the vanadium compounds ($-C,H&VOX, (X = Cl or Br) way back in 1958,‘s 
before Green et al. got hold of related molybdenum derivatives such as 
($-C,H,)MoO, ,_,,,, &Z,H,)MoO,Cl. ig Other organometallic oxides exhibiting terminal 0x0 
functionalities have been made since then but their number is still quite small 

($-C5W2M0204 WY 
@2-b),Mo20~ 
~rls-GW,WO 
(~s-CSEt,)W02(0’But) 

($-C,Me,),Cr,O, (trams 
($-CsMe,),Mo,O, (cis) 

(rlS-GM42M0205 
(v5-GMe5)2W204 
(t$-C,H,CH,),MoO” 
($-C5H5)WO(lr-C2H2)R [R = Me or C(=O)Me] 

(q5-C,H5)WOR3 and (q5-C5H,)W02R’ (R = CH,SiMe,) 

C{~‘-(-CH2C5Et4)}W02(O-~C~H~)l~ 
C(9’-(-CH,C,Et,)~WOCI,I, 

“X-ray structurally confirmed compounds. 

Green (1964)” 

Green (1964)19 
Green (1972)20 
Schrcck (1984)2’ 
Herberhold ( 1985)22 
Herrmann (1985),23*24 Arzoumanian (1985)” 
Herherhold ( 1985)22 
Herrmann (1985)23*24 
Green (1972),” Tyler ( 1985)26 
Alt ( 1985)27 
Legzdins (1985)” 
Schrock ( 1985)29 

Other organometallic oxorhenium complexes that have appeared in the literature are 
ReO(x-C2H,)J,30 Re(CH3)40,3’ Re(CH3)302,32 Re(CH3)03,33 Re(CH2SiMe3)40,31 
Re2(CH2SiMe,),03,3’*34 Re2(CH,),03,34 and Re(O’But)03.34 The siloxy derivative 
Re(OSiMe3)0,35 may prove to be starting material for new organometallic rhenium(VI1) com- 
pounds. Wieghardt’s recent compound [(~3-C,N3H,2)Re03]+BF;36 looks like a “more inorganic” 
congener of our title complex 1. High-nuclearity organometallic oxides are not considered here (cf. 
review in Ref. 37), with the remarkable compounds ($-C~H,)4,3s ($-CSH,),V306,3g and 
(t$-C,H,),Ti,0,40 representing special highlights in this field. 

If we are willing to disregard oxohalide and other mixed-ligand compounds for a moment, then 
it becomes evident that we really were lucky to trace down the title compound 1: together with its 
manganese and technetium congeners, it is the only mononuclear compound in the series (CsR,)MO, 
that one might believe to show reasonable stability, provided the metal center is assumed to be 
present in its highest possible oxidation state according to the rules of the Periodic Table (Chart 
1). Thus, for the scandium, yttrium and lanthanum compounds, the general composition (C,R,)MO 
would be the logical extrapolation of compound l’s stoichiometry but it is quite clear that 
aggregation of this monomeric species that has a total of only two ligands would occur. The 
situation with respect to the vanadium, niobium and tantalum monomers of composition 
(C,RS)M02 is not yet clear; the vanadium compound ($-C,H,)V02 was described in a hardly 
available journal in 197441 but its true existence is still a questionable one since convincing 
synthetic, spectroscopic and structural data never became available. Three-coordinate, pentavalent 
Group-V transition metals may be achievable; they are expected to be structural analogues of the 
low-valent carbonyl series ($-C,R,)M(CO),, with M representing the elements cobalt, rhodium 
and iridium. However, the electronic nature of the 0x0 ligands could also give rise to dimerization 
of the monomeric species. By way of contrast, transition metals of the even-numbered groups do 
not provide us with diamagnetic monomeric compounds of composition (C,R,)MO, in their 
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unknown questionable unknown 

9, Lam Nby , Tap 

unknown unknown 

Chart 1. 
stable 

highest possible oxidation states; here, only dimers or oligomers are possible, and the well- 
established compound ($-C,Me,),Mo20, containing an additional 0x0 ligand in a bridging 
function may be quoted in this context.22 

From what has been said in this brief section, it becomes quite obvious that clear lines are still 
missing in organometallic metal oxide chemistry from all possible points of view. Hence, this field 
deserves systematic investigations with respect to synthesis, chemical reactivity, structural chemistry, 
and bonding theory. Only a very few steps directed towards these areas have been made up to the 
present. 

3. SYNTHESIS OF TRIOXO(tf-PENTAMETHYLCYCLOPENTADIENYL)RHENIUM(YII) 

Construction of metal oxide structures in inorganic coordination or organometallic compounds 
(monomeric or oligomeric species) follows treatment of appropriate precursors (e.g. metal carbonyls 
and alkyls) with various reagents such as elemental oxygen, hydrogen peroxide, nitrous and nitric 
oxide, trimethyiamine oxide, nitrobenzene, t-butyl hydroperoxide, or the nickel complex 
C’But-NC],Ni(r,r2-0,). Another possible strategy involves introduction of stabilizing organic ligands 
such as cyclopentadienyl ($) or benzene (@) into precursors like transition metal oxides or halides. 
However, this method has not yet been very successful, probably due to uncontrolled redox 
reactions occurring at the high-valent metal (reduction) and at the organic ligand (oxidation) (e.g. 
reaction of ReO,Cl with M+CSR;).15 

The title complex 1 is nowadays easily accessible according to Scheme 1 by treatment of the 
low-valent carbonyl precursor species ($-C,Mes)Re(CO), with concentrated aqueous hydrogen 

R R 

Ha (30%yH” 
boiling benzene 

R - R.= CH3’ ! 

R = CH,, R.- c+,: i; 

Scheme 1. 

peroxide in a boiling two-phase water-benzene system; yields as high as 80% can be reached, 
depending a little on the purity of the starting materials and the reaction conditions. Purification 
of 1 is commonly achieved by means of column chromatography on silica and subsequent 
recrystallization from n-hexane-methylene chloride solutions at below ambient temperatures. The 
closely related derivative trioxo(~5-ethyltetramethylcyclopentadienyl)rhenium(VII) (1’) has just been 
synthesized by Jun Okuda along exactly the same lines (see Experimental). In this particular case, 
suitable single crystals could be obtained, in contrast to what we had experienced for the title 
compound 1. 

The molecular geometry of 1’ is depicted in Fig l(a) and (b), giving proof that we are indeed 
dealing with a mononuclear species containing short rhenium-oxygen bonds. The three ReO 
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(b) 

Fig. 1. Molecular structure [ORTEP representation, projection view down the five-membered n- 
ligand] of the trioxorhenium(VI1) compound ($-C,Me,Et)ReO, (1’). Thermal ellipsoids correspond 
to 50% probability Selected bond lengths (pm) and angles (“): R-1) 166.4(4), Re-O(2) 171.6(4) 
Re--O(3) 170.7(3), Re--C(11)239.2(3), Re-C(l2) 239.2(3), Re-C(l3) 243.0(4), R&(14) 241.8(3), 
Re--C(15) 238.5(4); O(l),Re-O(2) 106.7(2), O(2)-Re-O(3) 104.7(2), O(l)-Re-O(3) 105.6(2); sum of 

angles within the ReO, core 317.0”. 

interatomic distances of ca 170 pm are consistent with ordinary double bonds. It thus appears that 
terminal 0x0 groups act as powerful n-donor ligands in this particular case too. The overall 
geometry of the compound is best described as a slightly distorted trigonal pyramid if the five- 
membered n-ligand is considered to be the apex of this polyhedron. 

No oxygen-oxygen contacts are present according to the recorded distances; the 0, Re, 0 angles 
amount to approximately 105”, and the sum of these three angles is 317.0”. In contrast to the 
structures described below, the a-bonded hydrocarbon ligand is coordinated to the metal atom in 
a symmetrical fashion but the metal-carbon distances warrant a comment: they are all rather long 
compared to structurally related compounds (see Section 6 and Table 1). Whether this rhenium- 
carbon bond lengthening in compounds of type 1 does result in any significant weakening of the 
bond towards an easier replacement of the cyclopentadienyl ligand remains an issue to be pursued 
in the future. Cycloaddition reactions at the ReO, fragment and reductions to lower-valent 
de&atives do not involve replacement of this n-ligand. The only cases in which we have observed 
at least partial elimination of this ligand are limited to the synthesis of the trinuclear, ionic cluster 
compound [(q5-C,Me,)ReO@-O),(rtS-C,Me,) containing two perrhenate counter-ions, the for- 
mation of the tetranuclear species [(~S-C,Me,)ReO(~-O)2(rlS-C,MeS)Re(OReO&].s and the 
synthesis of the glykolato complex [(~sC,Me,)Re(OCH,CH,O~~-O),(~5C,Me,)R~ORe0,),].4* 
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Most effective and useful is the reduction of the title compound 1 to the oxohalide complexes 
of composition ($-C,Me,)ReOX,. Several synthetic routes have been worked out in our laboratory. 
Most elegantly, Floe1 has exploited the high thermodynamic stability of germanium dioxide when 
she treated the title compound 1 with the dioxane adduct of germanium dichloride (GeCl,. 
C,H,O,) to make the dichloro rhenium(V) complex 3b in 75% yield (Scheme 2). An indirect but 

I V3i,),SiX I 
P(C.H& 

(X- Cl, Br) 

I+ H~O~pyrid~ne 

I -2HX 

I i i 

a:X= F 
b:X=CI 

c:x=e 
d X=1 

Scheme 2. 

nevertheless high-yield access to compounds 3a-d involves the isolable dinuclear intermediate 2 
that is reportedly obtained via reductive deoxygenation of 1 with t~phenylphosphane in the absence 
of oxygen. Due to the achievements of Kiisthardt, compound 2 is quantitatively converted in fast 
reactions to the mononuclear difluoro, dichloro and dibromo derivatives 3a-c when treated with 
aqueous hydrogen fluoride, chloride and bromide, respectively, at room temperature. According 
to Ku@,- the diiodo compound 3d is best obtained by using pyridinium hydrochloride 
(C,H,N+I-), starting from the same precursor 2 (Scheme 2). 

A further two-step synthetic procedure towards the oxohalide complexes of type 3 involves the 
intermediates 4 of composition (C,Me,)ReX,. These latter compounds have been isolated for 
X = Cl and Br [4b and c (Scheme 3)] but their exact nature has not yet been resolved since 
solutions appear to contain at least two species, suggesting the existence of both monomeric and 
dimeric units.42 In any case, hydrolysis with stoichiometric amounts of water and pyridine 
(formation of podium chloride and bromide, respectively) at room temperature strai~~o~ar~y 
yields the desired mononuclear oxohalide derivatives 3b and 3e according to Scheme 2. It is obvious 
that the tetrahalides of type 4 are subject to partial hydrolysis only (replacement of two halide 
ligands by one 0x0 ligand). Complete hydrolysis occurs, however, when these tetrahalides are 
treated with a large excess of water in an acetone solution, yielding the dimer ($-C&Me,),Re,O, 
(2). As established by Okuda, the best and most convenient way of making compounds 4 is 
simultaneous treatment of the title compound 1 with chloro- and bromotrimethylsilane, respectively, 
plus triphenylphosphane (Scheme 2). Keeping in mind that the action of the Lewis base 
t~phenylphosphane upon 1 gives the reduced dimer 2 [Re(V)], this intermediate is likely to be 
formed in the synthesis of 4, too. This proposal has been confirmed by the observed clean 
transformation of 2 into 4 effected by the (CH,),SiX reagents. In other words, both the phosphane 
and the halo&lanes are responsible for stepwise deoxygenation of the precursor compound 1. 
Compounds 4 are also formed from 1 in the absence of t~phenylphosphane but the yields are not 
so good. 

Further hydrolysis of the mononuclear oxohalides 3 may be achieved under basic conditions: 
treatment of the dichloro derivative 3b with magnesium oxide in the presence of water gives the 
unusual dimer 5, as has been established by Kulpe (Scheme 3).43 The formation of this particular 
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a: R=CH, CC&, 
b: R=CH,C.,HS 
c: R=C.H, 
d:R==CH,C(CH3)s 

Scheme 3. 

Cl2 

Fig. 2. ORTEP drawing of the molecular structure of the dinuclear oxohalide complex 
($-C,Me,),Re,O,Cl, (5). Thermal ellipsoids correspond to 50% probability. Selected bond distances 
(pm) and angles (“): Re(l)--Red2) 269.1( < l), Re(l)---Cl( 1) 239.5(l), Re(l)-C1(2) 239.7(l), Re(l)-- 
0(3)202.0(3), Re(2)--0(1) 168.1(3), Re(2)-O(2) 185.9(3), Re(2)--0(3) 186.5(3), Re(1)-0(2)202.1(3); 
Re(1),0(2),Re(2) 87.7(l), Re( 1),0(3),Re(2) 87.6(l). The coordination geometry of the x-bonded ring 

ligands is discussed in Section 6 (see also Table 1). 

compound may be viewed as a result of the condensation of unchanged ($-C,Me,)ReOCl, (3b) 

with its (hypothetical) hydroxy derivative ($-C,Me,)ReO(OH),. [The methoxy derivative 
($-C,Me,)ReO(OMe), of this latter species, however, proved stable under ordinary conditions.16] 
It is interesting to note that 5 does also result from the combination of 3b with the highly reactive 
dimer 2 in the sense of a metathesis-type reaction; it has in fact repeatedly been observed that the 
dimeric rhenium(V) compound 2 is a useful synthetic source for the ($-C,Me,)ReO, fragment. 
Compound 5 is a straightforward (quantitative) coupling product between these two species 
(Scheme 3). 

The terminal 0x0 ligand remaining in compound 5 can be effectively replaced by two chloro 
ligands by means of hydrochloric acid, without any breakdown of the dinuclear Re,O, core 
structure. An X-ray crystallographic study carried out by Herdtweck revealed the cis stereochemistry 
of this molecule (approximate C,-symmetry). The metal centers adopt distorted tetragonal-pyramidal 
[Re(l)] and trigonal-pyramidal [Re(2)] coordination geometries (Fig. 2). Small distortion of the rr- 
bonded ring ligand at Re(1) only is evident from Fig. 3 and will be discussed separately in Section 6. 

Similar reductive deoxygenation reactions have been carried out by Jun Okuda with the 
ethyltetramethylcyclopentadienyl compound l’, as summarized in Scheme 4. Once again, exhaustive 
deoxygenation occurs by means of the reagent combination (CH,),SiX/P(C,Hs)s, yielding the 
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Fig. 3. Schematic drawings of compound 5’s molecular structure. Right: Projection view onto the 
C,Me, ring of the (C,Me,)ReO, core. Left: Projection view onto the C,Me, ring of the 
(C,Me,)ReO,CI, core; this picture shows out-of-centroid distortion of the n-bonding between the 

metal atom and the five-membered ring ligand. 

1O’b 
b:X =CI 
c:x -Sr 
-:CH, 

r. : C,H, 

3’b,3’c 

Scheme 4. 

tetrahalide derivatives 4’b (X = Cl) and 4’c (X = Br). In contrast to the observations made with the 
pentamethylcyclopentadienyl congeners 4b and c, these latter compounds are much more soluble 
in common organic solvents; for this simple reason, they promise a broader variety of chemical 
reactions. Hydrolysis with water and pyridine cleanly results in the formation of the rhenium(V) 
oxohalides 3’b and 3’c, respectively. Furthermore, the novel imido derivative ($-CSMe4Et- 
ReCl,(lVBut)) (1O’b) is obtained in virtually quantitative yield when 4’b is treated with excess t- 
butylamine in a toluene solution (see Experimental). Since imido (NR) groups, like 0x0 ligands, are 
capable of stabilizing metal centers in high oxidation states by virtue of their pronounced z- 
donation, one can expect another field of extensive chemistry here.44 Imido complexes of the 
present type may not only be synthesized by the above methodology (L,MX, + H,NR + 
L,M=NR + 2HX) but also by decarboxylative coupling of organometallic oxides with isocyanates 
(L,M=O + ($-C,Me5)zMo2(N’But)4.45 with a recent example being the molybdenum compound 
($-C5Me,),Mo,(N’But)4.45 

5. OXOALKYL COMPOUNDS OF RHENIUM(V) 

The oxohalide compounds of type 3 offered a unique possibility to further extend our work on 
oxoalkyl rhenium(V) compounds (Scheme 3). Whilst the parent dimethyl derivative 741 is accessible 
through reductive deoxygenation of the title compound 1 by means of trimethylaluminium or 
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Fig. 4. Stereo vzew of the unit ccl 

I/ b 
Y V 

af the rhenium(V) compound (q5-C,Me,)ReOCI, (3b). 

Fig. 5. ORTEP drawing of the molecular structure of compound 3b (thermal ellipsoids at 50% 
probability). 3ond lengths (pm) and angles (“): Re-0 170.0(4), Re-Cl( 1) 234.8(2), Re-C](2) 234.5(2), 
Re-C!@ 1) 222.5(S), Re-C(l2)247.7(6), Re-C(13)247.5(6), Re-CJ14) 222.5(6), Re-C(15)218.0(6), 
Re-Cp* 195.5, C(ll)--C(12), 146.2(S), C(l2)-C(13) 139.3(8), C(13w14) 145.4(g), C(14)-- 
C(15) 144.5(S), c(lS)-C(ll) 143.8(8), Cl(l),Re,C1(2) 85.4(l), Cl(l),Re,Cp* 123.0, Cl(l),Re,O 105.3(2), 
C1(2),Re,Cp+ 124.2, C1(2),Re,O 106.2(2), O,Re,Cp* 109.5. The sum of angles within the ReOCI, core 

amounts to 296.9”. Cp* marks the center of C(1 l), C(14) and C(15). 

dimethylzinc,“j several homologues of this series, including the benzyl (7b), phenyl (7c), and 
neopentyl derivatives (7d) were synthesized in isolated yields around 70% by Martina F&l using 
the Grignard approach. This synthetic route requires much experimental care because the precursor 
compound 3b is also susceptible to messy reactions at the 0x0 ligand if the reactions with the 
Grignard compounds are not carried out carefully enough; thus, very clean Grignard compounds 
in the right stoichiometry must be used in these preparations. The novel metallacycles 8 and 9 
became accessible in a collaborative effort with the Bickelhaupt group (Amsterdam).46 Scrupulously 
dried glassware and starting materials are the crucial prerequisites for the successful preparation 
of these latter compounds too.46*47 

6. STRUCTURAL AND ELECTRONIC CONSIDERATIONS 

Although we are dealing here with rather handy compounds, some intriguing structural aspects 
are to be considered. In an extensive series of accurate X-ray structural determinations,48 Herdtweck 
has accumulated ample evidence for highly distorted n-coordination of the five-membered ring 
ligands in several key compounds under discussion. This effect has been documented in all (n- 
C,Me,)Re complexes in which the metal atom exhibits an additional set of dimmest ligands with 
distorted tetrahedral coordination, e.g. (C,Me,)ReL(L’), . One prominent example is the oxohalide 
compound ($-C,Me,)ReOCl, (3b) presented in Figs 4-6. The stereoview of Fig. 4 gives an excellent 
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C25 

Fig. 6. ORTEP projection of compound 3b’s molecular structure down the orthonormal vector 
between the plane of C( 1 l), C( 14), C( 15) and the metal atom (thermal ellipsoids at 50% probability). 

impression of how enormously the n-coordination of the pentamethylcyclopentadienyl ligand is 
distorted from the center of gravity. The two molecules present in the triclinic unit cell are arranged 
such that the out-of-centroid shift of the n-ligands is intermolecularly counterbalanced. If we 
disregard this peculiarity for a moment, then the basic structure of each molecule is described as 
a distorted trigonal pyramid, with two chlorine and one 0x0 ligand occupying the basal positions. 
The angle between the two chlorine ligands is much smaller [85.4(l)“] than the C1(1/2), Re, 0 
angles [105.3(2) and 106.2(2)“], with the sum of angles within the pyramidal ReOCl, entity 
amounting to 296.9”. This geometry is rather trivial but nevertheless entails distortion of n- 
coordination at the opposite ring ligand. It becomes clear from Fig. 5 that, unlike the architecture 
of the trioxo compound 1’ [Fig. l(b)], the metal atom is no longer situated below the centroid of 
a regular pentagon but is rather shifted approximately parallel to the best plane of this ligand so 
that the carbon atoms C(15), C(11) and C(14) are much closer to the metal [218.0(6), 222.5(5) and 
222.5(6)pm, respectively] than the two remaining ring atoms C(12) and C(13) [247.7(6) and 247.5(6) 
pm, respectively]. Taking into account that the bond between the more distant carbon atoms C(12) 
and C(13) is significantly shorter [139.3(g) pm] than the four other inter-ring distances (143.8- 
146.2 pm), a t,73-allyl/q2-olefin-type coordination of the pentamethylcyclopentadienyl ring must be 
concluded. 

Where does this acentric n-coordination arise from? Structural comparison with related 
compounds listed in Table 1 provides some help in answering this question. It is to be noted that: 
(i) the distances between rhenium and the attached pentamethylcyclopentadienyl ligand are generally 
somewhat shorter in low-valent compounds such as ($-C,Me,)Re(CO),Br, and 
($-C,H,SiMe,)Re(CO), (Table 1),4g-5s and that (ii) substantial out-of-centroid coordination only 
occurs in rhenium compounds that display d@@ent ligands around the metal atom. 

Structural details of the low-valent reference compound tricarbonyl($-pentamethylcyclopenta- 
dienyl)rhenium(I) have not yet become available but rhenium-carbon distances of roughly 230- 
235 pm seem to be a pretty good extrapolation from the data of closely related compounds (cf. 
Table 1). If we now compare with the recorded rhenium-carbon distances of the structurally 
analogous high-valent 0x0 derivative l’, then we encounter a significant bond lengthening in this 
latter case (Fig. l(a) and (b), Table 1). The rhenium-carbon distances of 238-243 pm are close to 
the set of longer distances in the unsymmetrical rhenium(V) derivatives ($-C,Me,)ReOR, (R = Cl, 
I, CH, or CH,C,H,), while the n-bonded organic ligand, however, is rather symmetrically attached 
to the metal atom in the case of 1’ [Fig. l(a) and (b)]. 

The conclusion to be drawn from these findings is quite obvious now: The 0x0 ligand, like nitrido 
(“naked”N) and carbyne (CR) groups, is a notorious z-donor ligand which property results in a 
strong tram effect, primarily labilizing the bonds on the opposite side of a given polyhedron. The 
selected compounds (t$-C,Me,Et)ReO, (ReO,-fragment) and ($-C,Me,)ReOCl, (ReOCl,-frag- 
ment) demonstrates how dramatic this trans effect of terminal 0x0 ligands can be. Future studies 
have to show as to whether these architectural distortions of rr-coordination within the class of 
compounds considered here do entail chemical consequences. 
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Table 1. Intramolecular distances between n-bonded cyclopentadienyl ligands and the metals attached to 
them [compounds containing (n-C,Me,)Re groups] 

d(M-C,Me,y 
Compound M” No. of ligands” (pm) Reference 

(A) C,Me, complexes 

(rls-GMe~)~Re~(CO)~O 
(‘t’-C~Me,)Re(CO),CC,(C,H,),O,I 
(rt’-C,Me,)ReOCC,H,)*O~l 

Re” 
Re”’ 
Rev 

5’ 

5 
4 

(t1’-C,Me,)ReOCC,(C,H,),0,1 Rev 4 

Rev 4 

(g’-C,Me,),Re,O,(OReO,), 
($-C,Me,Et)ReO, 
($-C,Me,)ReOCl, 

Re”z/s 

(cation) 

Rev 
Rev 
Rev 

5 
(cation) 

415 
4 
4 

Rev 4 

Rev 
Rev 

4 
5 

($-CsMes)ReCla(PMe,) Rev 6 

($-C,Me,)ReO(CH& Rev 

Rev 

(rt5-C5Me5)Re[0,C,Cl,I, 
trons-($-C,Me,)Re(CO),Br, 

Rev 
Rem 

(B) C5H5 complexes 
(q5-C,H,SiMe,)Re(CO), 
(q’-CsH,COCH,)Re(CO), 

(t15-CsH,)Re(CO)~ 
(rt5-C,Hs)Re(N~WCH~)C~~~~s~~l 
(t15-GHsMWCO)s 

Re’ 
Re’ 
Re’ 
Re’ 
Re* 

truns-(r$-CsHs)Re(C0)2H(CH&Hs) RP 

4 

4 

5 
5 

4 
4 
4 
4 
5* 
5 

225-236 2 
227-237 11 

219(l) 241( ) 10 
223( 1) 244(l) 
225( 1) 
221(l) 239(2) 10 
224(2) 241( 1) 

226(l) 
221(l) 242(l) 10 

224(l) 244U) 
225( 1) 
219(3) 237(3) 5 
219(4) 229(4) 

231(3) 
219-238 5 
238-243 48 

218 247 12 
222 247 
222 
219 252 This work; 68 
224 254 68 
225 

232-236 48 
217 235 
221 235 

231 
225 237 8 
226 240 

247 
214 250 48 
223 250 
223 
216 25 This work; 68 
226 252 68 
227 

(221-234)c 7 
225-236 49 

230 (av.) 50 
228 (av.) 51 
228(3) (av.) 52 
231( 1) (av.) 53 

224-234 54 
229 (av.) 55 

“The s-bonded Cs ring ligands are assigned one position around the metal. 
%tandard deviations refer to the least significant digit(s). If no entry is made, the standard deviation is less 

than 1 in the last given digit. 
cDistorted pentamethylcyclopentadienyl ligand. 
*Including ReRe bond. 
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C24 

Fig. 7. The diiodo derivative (q5-C,Me,)ReOI, (36): ORTEP representation, with the thermal 
ellipsoids being at 50% probability. Selected bond lengths (pm) and angles (“): Re-0 168.7(3), Re- 
I(1) 268.1( < l), Re-1(2)267.6(< 1), Re-C(11)253.5(4), Re-C(l2) 251.7(4), Re-C(13)223.7(4), Re- 
C(14) 218.6(4), Re-C(l5) 225.4(4); I(l),Re,I(2), 88.8( < i), I(l),Re,O 99.4(l), 1(2),Re,O 101.7(4). The sum 

of angles within the ReOI, core amounts to 289.9”. 

Fig. 8. The dimethyl derivative (t$-C,Me,)ReO(CHs)z (7s): ORTEP representation, with the thermal 
ellipsoids being at 50% probability. Selected bond lengths (pm) and distances (“): Re-C(1)212.9(12), 
Rc--C(2)216.1(10), Re-0 168.1(7), Re-C(11)213.7(9), Re-C(12)223.1(9), Re-C(13)249.9(9), Re- 
C(14) 249.7(9), Re--C(lS) 223.5(9); C(l),Re,C(2) 81.7(5), C(l),Re,O 97.0(4), C(2),Re,O 99.8(4); sum of 
angles within the ReOC, core 278.5”. The C(13)-C(14) bond [1373(13)pm] is shorter than the 

other four CC bonds within the five-membered s-ligand (143-145 pm). 

The picture does not basically change as we move to related compounds of composition 
(C,Me,)ReOR,:4* thus, the diiodo derivative ($-C,Me,)ReOI, (&I) shown in Fig. 7 just adds to 
the conclusions drawn from the above-mentioned structures (Figs 1 and 4-6). The differences in 
rhenium-carbon bond lengths are again around 30 pm (!), with the two longer ReC distances being 
trans to the Re=O group. Although the bulkier iodo ligands (compared with Cl) may contribute 
to this effect by steric (through space) repulsions a little bit, the dominating reason is due to the 
electronic properties of the terminal 0x0 ligand. Otherwise, the Re-C(l3) and Re-C(l5) bonds 
[223.7(4) and 2254(4)pm] should be about as long as the Re--C(l 1) and Re-C(l2) bonds [253.5(4) 
and 251.7(4)pm, respectively]. Figures 9 and 11 should be compared with Figs l(b) (title compound) 
and 8 (oxodichloro complex 3b). 

The same findings and interpretations apply to the dialkyl series (C,MeS)ReOR, [R = CH, (7a) 
or CH,C,H, (7b)]. Boths compounds (Figs 8-11) adopt the same overall geometry, with the 
distortion of the hydrocarbon n-l&and being even more pronounced than what we have observed 
for the dichloro and diiodo derivatives 3b and 3d. The bond length difference is as high as 37pm 
(compound 7b), and the five-membered ligand is no longer planar! Still, halogen vs alkyl substituents 
at the rhenium atom do not appear to greatly influence the structural details in compounds of 
analogous composition. 
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c25 

Fig. 9. Projection of compound 7a’s molecular structure viewed down onto the best plane of the H- 
bonded pentamethylcyclopentadienyl ligand. 

Fig. 10. The dihenzyl derivative ($-CSMe,)ReO(CH,C6H,), (7b): ORTEP representation, with the 
thermal ellipsoids being at 50% probability. Selected bond lengths (pm) and distances (“): 
Re-C(1)217.5(3), Re-C(2)216.3(3), Re-0 168.6(2), Re-C(31)226.8(3), Re-C(32)215.6(3), Re- 
C(33) 225.9(3), R&(34)252.2(3), Re-C(35) 252.2(3); C(l),Re,C(2) 83.1(2), C(l),Re,O 98.6(l), 
C(2),Re,O98.4(1); sum of angles within the ReOC, core 280.1”. The C(34)--C(35) bond length 
[139.0(4) pm] is shorter than the other four CC bonds within the five-membered x-ligand [143.4(4)- 

144.7(4) pm]. 

The comparative compilation of structural data presented in Table 1 gives the following general 
information: 

(i) There are two arbitrary sets of rhenium-carbon (C,Me, ring ligand) bond distances, smaller 
or larger than ca 235 pm. 

(ii) The longer bonds are approximately tram to oxorhenium (ReO) groups. There is not too 
much of a difference, however, as to whether we are dealing with terminal or bridging 0x0 groups 
to cause this tram effect; in this respect, comparison may be drawn between compounds of type 
($-CSMe,)ReOX, on the one hand, and the dimer (~5-CSMe,),Re2(~-0),0Cl~ (5) on the other 
hand. 

(iii) The stronger the tram effect comes to the fore, the shorter are the remaining rhenium- 
carbon distances. The latter ones may then even be much shorter [e.g. 214-223pm in compound 
7a (Figs 10 and 1 l)] than in low-valent compounds containing exclusively n-acceptor ligands such 
as carbon monoxide [e.g. 230pm (average) in ($-C5H,SiMe3)Re(CO)3 (Table l)]. 

(iv) The trans effect is not an additive one, because otherwise the rhenium-carbon bond 
lengthening in the title compound’s congener 1’ (dRe--C 238-243 pm) should be even stronger, 
approaching ca 250pm (cf. Table 1). 

(v) The kind of distortion of the rhenium-cyclopentadienyl bonding depends on the coordination 
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Fig. 11. Stereoview of compound 7b’s unit cell. 

Fig. 12. Structure of the rhenium(V) compound (q’-C,Me,)ReCl,(PMe,) in the crystal (ORTEP representation, 
thermal ellipsoids at 50% probability). Selected bond distances (pm) and angles (“): Re-C!l(l) 238.5(2), Re- 
C&2) 239.4(2), Re+-C1(3) 243.6(2), Re-Cl(4) 240X$2), Re-P 260.6(2), Re-C( 11) 236.9(6), Re-C(l2) 246.7(6), 
R~l3)2~.3~6A R-14) 225.9(6), R-15) 225.4(6); Ci~l),Re,Cl(2)85.~1), Ci(l~Re,Cl(4) 858(l), 
Cf(l),Re,P 78.6(i), C1(2),Re,P 72.7( 1). The sum of the angles within the ReCl, core amounts to 323.0”. The CC 

bond lengths within the five-membered x-ligand vary between 139.9 and 144.4pm. 

number (c-n.). Thus, in compounds of type (q5-C,Me,)ReL(L’), (c.n. 4) the out-of-centroid distortion 
is directed towards one ring carbon atom (~3-allyl/~2-olefin coordination; two short and three long 
ReC bonds), while in compounds of type ($-C,Me,)ReL, (c.n. 5) two ring carbon atoms are closest 
to the metal (one short and four long ReC bonds). 

Not yet clear is the origin of the asymmetry of n-bonding observed for the rhenium(V) compound 
(q5-C,Me,)ReCl,(PMe,). The overall structure is derived from an octahedron, with the five- 
membered ring ligand and the trimethyiphosphane occupying positions tram to each other. The 
four chlorine ligands are skipped towards the phosphane, probably because of the bigger steric 
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requirements of the &Me5 ligand (Fig. 12, Table 1). 
The terminal rhenium-oxygen bond lengths are in the order of 16%172pm in all compounds 

considered here. For the sake of comparison, some compounds may be quoted: 

KReO, 172.3(4)pm Ref. 56 
ReO,Cl 170 pm Ref. 57 
ReO,(OSiMe,) 165pm Ref. 58 
Cs,[ReO,Cl,] 170(2)pm Ref. 59 
(LJ)ReOJ+ (L, = cycle-C,H,,N,) 1756(5)pm Ref. 60 

The mononuclear rhenium(V) compounds of composition (r$-C,Me,)ReR, (R = halogen or alkyl) 
contain rhenium in a d* electronic configuration. The possible singlet and triplet spin states are 
present in a temperature-dependent equilibrium, as we have demonstrated by means of ‘H NMR 
spectroscopy: the signal of the methyl groups (at the ring ligand and/or at the metal) experiences 
a paramagnetic (low-field) shift upon going from low to high temperatures, indicating a higher 
paramagnetic spin population at increasing temperatures.‘4*43*47 A particularly nice example to 
amplify this is the square-pyramidal rhenium(V) derivative ($-C,Me,)ReBr2Me2.‘4 Further 
attempts are being made to determine the energetics of these spin equilibrium phenomena. Another 
elegant tool for determining both the electronic situation within organometallic Re,O, cores and 
for establishing possible fluctionality within those metal oxide structures is available through “0 
NMR, particularly of “0-1abelled compounds.43 

7. FURTHER PERSPECTIVES 

We have stumbled into an ostensibly rich field of research which once again holds promise of 
furnishing strong interlinks between inorganic (metal oxide) and organometallic chemistry.61 High 
oxidation states of the participating transition metals is not at all the pivotal prerequisite of 
approaching compounds that contain both organic ligands and 0x0 groups. Low and high oxidation 
numbers of the metals are attainable for a-aromatic functionalities as well as for 0x0 groups, and 
a plethora of possible ligand combinations lies between the extremes. It is good to know that a 
potent oxidizing agent such as rhenium(VI1) “doesn’t chew up the organic ligand”.62 The title 
compound 1 convincingly amplifies this statement. 

Where are we heading to? Further extension of our preparative work warrants high priority, 
including the “relatives” of rhenium: vanadium and niobium likewise are quite oxophilic and thus 
promise new “organometallic oxides”, related and certainly surprising ones too. First attempts 
along this perspective have already been made in our research group. On the other hand, the 
synthetic future of rhenium compounds reviewed in this paper has just begun. Suffice to say 
that products like the amazing hexahydrido(tl5-pentamethylcyclopentadienyl)rhenium(VII), 
($-&Me,)ReH,, synthesized by Okuda 63 from ($-C,Me,)ReCl, and LiA1H4 presents another 
new key compound in high-valent organorhenium chemistry. It will be of interest to see 
how various oxidation states of rhenium interconvert with each other, both electrochemically 
(cyclovoltammetry) and on a preparative scale. Finally, the major perspective is directed towards 
catalysis. Do alkylrhenium(V) compounds such as (t$-C5Me,)ReO(CH3), produce species contain- 
ing alkylidenerhenium(V) (Re = CH,) fragments upon thermolysis and can such units be generated 
by other means? If yes, is olefin metathesis 64 feasible at such fragments? Note that rhenium like 
molybdenum and tungsten is known to constitute the most effective olefin metathesis meta1!64 
Moreover, what is the fate of alkynes once coordinated to rhenium in high and intermediate 
oxidation states? Shall we find ourselves in a position of modelling organometallic oxides related 
to the mechanistically completely unclear SOHIO “ammonoxidation” process? A further possible 
utilization of oxorhenium and related compounds may be found in the functionalization of 
unsaturated organic compounds; reactivity patterns known from osmium tetroxide chemistry could 
arise here (e.g. glycols from olefins). 65 Upon considering the broad range of organometallic oxides 
landmarked by “david” (r,?-C,Me,)ReO, and “goliath” [{(~s-C7H,)Rh},(ci.s-Nb2W4019)2]3-,66 
then a rich harvest is to be expected during the years to come. 
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0 = Nb 0 *H 

@*w 0 =o 
l =Rh @=C 

Fig. 13. SCHAKAL drawing of the C,, structure of Klemperer’s “organometallic oxide” 
[{($-C,H,)Rh}S(cis-Nb,W,01&j3- [taken from Ref. 66(a)]. 

8. EXPERIMENTAL 

A mixture of ($-&Me,Et)Re(CO),* (l.OOg, 2.38 mmol) in benzene (35 cm’) and cont. sulfuric 
acid (0.5cm3) in aqueous hydrogen peroxide (30%, 25cm’) was refluxed for 7 h under vigorous 
stirring. After approximately 2 h the organic layer turned dark red, and more hydrogen peroxide 
(5cm3) was added. The yellow organic phase was separated from the bluish-green aqueous layer, 
the latter one being extracted with toluene (3 x 5cm3). The combined extracts were washed with 
NaHCO, solution (5%) and water, and then dried over anhydrous MgSO,. The solvent was 
removed in txxxo and the crude product recrystallized from toluene-n-hexane (1: 2) at ca - 30°C 
as bright yellow needles. Yield 400mg (44%). From the aqueous phase cu 35% of Re was recovered 
as KReO* by concentrating this solution and subsequent addition of excess potassium hydroxide. 
Compound 1’ melts at 145°C under decomposition. 

Spectroscopic characterization. IR (KBr, cm- ‘): 920 s (vRe0, sym.), 887 vs (vRe0, asym.), and 
405m (6Re0,). ‘H NMR (CsD6, 28°C): 62.17 (q, 2H, J HH = 7.7 HZ, CH3CH&, 1.76 (S, 6H3, CH3) 
1.62 (s, 6H, CH3), and 0.74 (t, 3H, JHH = 7.7Hz, CH,CH,). 13C NMR (C,D,, 28°C): 6 122.0 
(CH,CH&), 120.0 (CH,C), 119.9 (CH,C), 18.8 (CH,CH,), 13.2 (CH,CH,), 9.94 (CH,), and 9.68 
(CH,). EI-MS (7O”C, 70eV): m/z 384 (M+, parent ion). 

Elemental analysis. Found: C, 34.3, H, 4.5, 0, 12.4, Re, 47.0%. Calc. for C,,H,,03Re (383.45): 
C, 34.5, H, 4.5, 0, 12.5, Re, 48.6%. 

(t-Butylimido)dichloro(tl5-pentumethylcyclopentadienyl)rhenium(V) 

(C,Me,)ReCl, (225 mg, 0.49mmol) was added as a solid to a solution of t-butyl amine (1.5Og, 
20.5 mmol) in 5 cm3 of toluene at room temperature. A dirty green solution formed from which a 
colorless solid separated. After filtration, the solvent was removed in vucuo to leave a dark brown 
oil which was extracted with pentane (2 x 3 cm3). The olive-green residue was then recrystallized 
repeatedly from tetrahydrofuran-n-hexane (1:4) at cu - 30°C to give blue-green, well-shaped 
crystals. Yield 125 mg (56%). M.p. 133-134°C. 

*This starting compound was prepared by analogy with (q”-C&le,)Re(CO), from Re,(CO),, (Strem 
Chemicals) and l-ethyl-2,3,4,5-tetramethylcyclopentadiene according to the procedure given in Refs 14, 15, 
43, 67. Characterization: elemental analysis, ‘H and ‘% NMR, IR, and EI-MS [J. Okuda, unpublished 
results, Technische UniversitZit Miinchen (1986)]. 
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Spectroscopic characterization. IR (KBr, cm-‘): 1249s [(CH,),C], 338 and 332m (vReC1). ‘H 

NMR (&D,, 28°C): 6 1.83 (s, 15H, &Me,), and 1.18 [s, 9H, (CH,),C]. 13C NMR (C,D,, 28°C): 
6 107.9 (C,Me,), 76.0 [(CH,),C], 31.4 [(CH,),C] and 12.7 (C,Me,). EI-MS (9O“C, 70eV): m/z 463 
(M+, 21%), 407 (M+ - C,H,, lOO%), 390 (M+ - C,H,,N, 20%), 371 (M+ - C,H, - Cl, 65%), 
and 354 (M+ - C,H,,N - Cl, 24%). 

Elemental analysis. Found: C, 36.3, H, 5.3, N, 3.0, Cl, 15.0, Re, 40.3%. Calc. for C,4H,,C12NRe 

(463.46): C, 36.3, H, 5.2, N, 3.0, Cl, 15.3, Re, 40.2%. 

Dichloro(oxo~~5-1-ethyl-2,3,4,5-tetramethylcyclopentadieny~rhenium(V) (3’b) 

A suspension of (C,Me,Et)ReCl, (350mg, 0.73mmol) in 75 cm3 of toluene was treated in a 
dropwise manner with a mixture of water (15 mg, 0.8 mmol), pyridine (140 mg, 1.6 mmol), and 
tetrahydrofuran (2 cm3). The purple starting material rapidly dissolved and a green solution formed 
with concomitant deposition of a pale, greenish precipitate consisting of pyridinium hydrochloride 
and traces of [($-C,Me,Et)ReOCl&. After filtration, the solvent was removed in uacuo. The 
crude product was then recrystallized at ca - 30°C from methylene chloride-diethyl ether (1: 5) as 
green platelets. Yield 200mg (65%). M.p. 175°C. 

Spectroscopic characterization. IR (KBr, cm-‘): 957 s (vReO), 353, and 338mw (vReC1). ‘H NMR 
(C,D,, 28°C): 6 1.96 (q, 2H, CH,, JHH = 7.7Hz), 1.66 (s, 6H, CH,), 1.61 (s, 6H, CH,), and 0.73 (t, 
3H, CH,, JHH = 7.7Hz). EI-MS (lWC, 70eV): m/z 422 (M+, lOO%), and 386 (M+ - HCl, 82%). 

Elemental analysis. Found: C, 31.2, H, 4.1, Cl, 16.5%. Calc. for C, ,H,,Cl,ORe (422.36): C, 31.3, 
H, 4.0, Cl, 16.8%. 

Tetrachloro(~5-1-ethyl-2,3,4,5-tetramethylcyclopentadieny~rhenium(V) (4’b) 

To a solution of ($-C,Me,Et)ReO, (300 mg, 0.8 mmol) in 5 cm3 of toluene triphenylphosphane 
(205 mg, 0.8 mmol) followed by chlorotrimethylsilane (1.3Og, 12 mmol) was added at room 
temperature. The color of the mixture changed over a period of 1 h from brown to green, and 
finally to purple. The black purple crystals deposited were isolated by decanting off the supematant 
solution which was discarded. The crystals were washed with toluene and diethyl ether. Yield 
325 mg (85%). Analytically pure samples were obtained by repeated recrystallization from methylene 
chloride-diethyl ether (1: 1) at ca - 30°C. M.p. 145°C (dec.). 

Spectroscopic characterization. IR (KBr, cm - ‘): 330 ms (vReC1). EI-MS (lOO”C, 70 eV): m/z 476 
(M+ -Cl), 406 (M+ - 2Cl), and 371 (M+ - 3Cl). 

Elemental analysis. Found: C, 27.7, H, 3.6, Cl, 29.9, Re, 38.7%. Calc. for Cl ,H,,Cl,Re (477.27): 
C, 27.7, H, 3.6, Cl, 29.7, Re, 39.0%. 
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Abstract-The reasons why borane is captured by aromatic 2-amino-N-heterocycles in 
water are described. The key intermediate is found to be a chelate complex which contains 
borane, an amine and a metal ion. 

Although amine-borane complexes are prepared by 
several methods, ‘7’ the preparations are done under 
absolutely anhydrous conditions and sometimes in 
an atmosphere of dry nitrogen. In a previous com- 
munication,3 we reported the first method for syn- 
thesizing an aromatic 2-amino-N-heterocycle bor- 
ane in aqueous media. The reaction required a metal 
salt whose role we would like to describe in this 
paper. 

RESULTS AND DISCUSSION 

Borane adducts of some nitrogen heterocyclic 
compounds such as 2-aminopyridine and 2-amino- 
4-methylpyridine were prepared by the reaction of 
a Lewis base with trimethylamine-borane (and 
dimethylsulfide-borane), thereby resulting in a base 
displacement. 4*5 This transfer may also be possible 
by use of borane in tetrahydrofuran solution (BH3- 
THF). However, these reactions require both anhy- 
drous and nitrogen atmospheric conditions which 
sometimes are inconvenient for the organic chemist. 
On the other hand, amine-borane complexes are 

* Author to whom correspondence should be addressed. 

synthesized using a metal borohydride according to 
eqns (l)‘,* and (2)6 which should be worked up 
under anhydrous conditions. In contrast, we syn- 
thesized 2-aminopyridine-borane (2a) and its ana- 
logs (2b-21) in aqueous solutions [eqn (3)].3 When 
compared with eqn (2), there is the presence of a 
particular metal ion in eqn (3) in the place of a 
hydrochloride in eqn (2), and the presence of the 2- 
amino group in aromatic iV-heterocycles. These two 
factors were examined to see whether they were 
involved in the reaction of eqn (3). 

The results of the test for the ability of the one 
factor, namely the presence of amino group, are 
summarized in Table 1. Neither 4-aminopyridine 
nor 8-aminoquinoline would form their borane 
complexes ; however, g-amino- 1,2,3,4_tetrahydro- 
quinoline was obtained in a trace amount from 
the latter compound. It has already been reported 
that amidine compounds such as benzamidine and 
1,5-benzodiazepine derivative were readily deam- 
inated by this method, even without using a metal 
.salt,7 and that 2-aminomethylpyridine was con- 
verted to pyrazine and oxazole derivatives.’ On 
the basis of the results described in Table 1, it is 
apparent that the 2-amino group in aromatic 
N-heterocycles is essential to the formation of 
the corresponding amine-borane complexes in 
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Table 1. Reaction of NaBH,-CoCl, with various amines in aqueous media 

Starting material (SM) Products 

R-NH-C(=NH)NHs 

AH, NH1 @a=) 

H 

HNCH2hNHl SM 

(R = H or CHs) 

SM + 

:xX: + A iR=o\i 

R 
R (trace) 

(48%) 

R-C(=NH)NHI (R = CHs, CIH5, Ph or tolyljb R-CH2NHCH2-R (1 l-23%,) 

a Reference 8. 
b Reference 7. 

eqn (3). Meanwhile, 2-amino-6-methylpyridine (le) ring causes great steric hindrance to the coor- 
afforded the corresponding borane complex (2e) in dination between the boron and the ring nitrogen. 
a very low yield though it is a stronger base than 2- Similar phenomena have already been observed by 
aminopyridine (la). This fact clearly indicates that Brown er ~1.~ 
the methyl substituent at the 6-position in pyridine Next, many metal ions were evaluated as the 

RYIN:HC, 
LiBH, 

R3’ 
anhydrous ether + 3 

H2 + LiCL 

NaBb 

anhydrous pyridine 
+ NaCL 

(1) 

(2) 
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R CoCL~~6H*O 
NaBH, 

) 
Hz0 

NH2 

la-f 

x=c: R=H(la) 
R = 3-CH, (lb) 
R = 4-CHo (1C) 

R = 5-CH, (Id) 

R = 6-CHI (le) 
X = N: R = H (lf) 

R 

+ H,+ 

. . HZ 

2a-f 

X =C: R=H(2a) 
R = 3-CHa (2b) 
R = 4-CH3 (2~) 
R= 5-CHI (2d) 
R = 6-CH3 (2e) 

X = N: R = H (2f) 

other one of the two factors, and it was found that 
Ni*+ and Co*+ ions were much more effective than 
other metal ions (Scheme 1). Although nickel 
nitrate was best to yield 2-amino-4-methylpyridine- 
borane (2c), we selected cobalt chloride as the metal 
ion source for studying the reaction mechanisms 
because the reactions of cobalt chloride with 
sodium borohydride in several solvents have been 
investigated. For example, there are mainly three 
kinds of reaction solvent, i.e. water [eqn (4)], ‘O etha- 
nol [eqn (5)], I1 and tetrahydrofuran [eqn (6)]. ‘* 
These reactions gave cobalt borohydride, a com- 
plicated cobalt hydride (LnCoH), and cobalt boride 
or cobalt metal in eqns (4) and (5). It was only in 
the latest study [eqn (6)] that the formation of bor- 
ane was recognized under anhydrous conditions 
and a nitrogen stream. It has also been reported 
that the reactions of sodium borohydride with 
chlorides of Fe(III), ’ 3 Hg(I), ’ 4 Sb(III), ’ 4 Bi(II1)’ 5 
and Sn(II)16 gave borane. These reactions, however, 
were carried out in diglyme or without a solvent, 
but not in water or alcohol. Our results as shown 
in eqn (3) suggested that borane could be generated 
by the reaction of cobalt chloride with sodium 
borohydride even in aqueous media. The borane 
was presumably captured by both 2-aminopyridine 
(or its analogs) and the metal ion through a stabi- 
lized intermediate. We attempted to clarify this 
presumption by isolating the intermediate from the 
reaction. When a solution of cobalt chloride in 
water was added to a solution of 2-amino-4-methyl- 
pyridine (lc) and sodium borohydride in water, a 
black powder immediately appeared, part of which 
was filtered off, washed with water and dried in a 

vacuum desiccator. During the drying the black 
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(3) 

powder turned gray. It was found that the gray 
powder contained 2-amino-4-methylpyridine-bor- 
ane (2~) and 3% of cobalt, but no chlorine. On 
stirring the above reaction mixture (pH 9.5) for 3 
h, the black precipitates were hydrolyzed to 2c and 
green gelatinous precipitates which were found to 
be the products obtained by hydrolysis of cobalt 
chloride at pH 9.5 under air, presumably a mixture 
of cobaltous hydroxide and cobaltous oxychlor- 
ide.17 On the other hand, when nickel nitrate was 
used in place of cobalt chloride in the above 
reaction, a similar black powder was obtained and 
was not readily hydrolyzed. When dried in a vac- 
uum desiccator, the black powder was also con- 
verted to a gray one which contained 2c and nickel. 
The elemental ratio of the gray powder was 
Ni : C : N = 1: 6 : 2 which indicated that the Ni*+ 
ion might be coordinated with at least one molecule 
of 2c. The amine-borane complex 2c was readily 
isolated from these intermediates by extraction with 
chloroform. The difference between the nickel-con- 
taining intermediate and the cobalt-containing 
intermediate is observed in their stability towards 
water, namely the former is more stable than the 
latter. On the basis of these results, we proposed a 
possible structure for the intermediate as shown in 
Scheme 2 where all requirements for eqn (3) were 
filled. 

It is clear in Scheme 2 that a metal ion must 
coordinate to a nitrogen of an amidine moiety of 
a N-heterocycle. In order to confirm this kind of 
chelation, we utilized adenine (3a) and its 9-methyl 
derivative (3b) because interactions between metal 

(Ni’+), Co’; (Co’+) 3 Mg'+, A13+, Ca2T (Cr”), (Mn2% Fe’: (Cu*+), Zn2t (Ag+), Sn’: Sb3f 

(C-e*+) TL3+ (Pb’+), (Th“+) > , 

Scheme 1. Effect of metal ions : chlorides (nitrates). 
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HCL 

Scheme 4. 

M--H--B-H 

‘H 

Monodentate coordination 

Bidentate coordination 

Tridentate coordination 

Scheme 5. 

Table 2. UV spectral measurement [xp (nm)] (log E) 

Compound Neutral solution Acidic solution” 

C& 

Mixture of 8 
and3b(3:1) 

210.5 262.0 207.0 260.5 
(4.25) (4.12) (4.27) (4.13) 

211.5 262.0 

230.0 292.0 231.0 301.0 

NH2 
(3.87) (3.55) (4.09) (3.94) 

231.5 299.0 
(3.89) (3.70) 

a 

“pH = 0.3. 

for cobalt metal which has the bidentate coor- 
dination. 23 Since it is thought that an amine-borane 
complex is equivalent to the borohydride anion, the 
bonding between the metal and the borane which 
is coordinated with the amine would be similar to 
that described above. 

In conclusion, the role of the metal ion in eqn (3) 
is both to produce borane from sodium borohy- 
dride and to form a chelate complex with the aro- 
matic 2-amino-N-heterocycle which is able to cap- 

*All amine-borane complexes obtained here showed 
their characteristic absorption bands in the 2250-2400- 
cm- ’ region. 

ture borane in aqueous media. The amine-boranes 
listed in Table 1 were found to have properties 
of both the primary amine-borane and pyridine- 
borane,24 namely the former is very effective for 
stereo- and chemoselective reductions of aldehyde 
and ketons,” and the latter shows many interesting 
reactions in acid media. 26 

EXPERIMENTAL 

Melting points were determined by using a 
Yamato Scientific stirred liquid apparatus and are 
uncorrected. IR* and UV spectra were recorded 
on JASCO IR-G and Hitachi 200-20 spec- 
trophotometers, respectively. ‘H NMR spectra 
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were run on Varian EM-90 and T-60 spectrometers 
with (CH,), Si as the internal standard. The mass 
spectra were run on JEOL 01s and DX-300 
(equipped with JMA-3 100) spectrometers. Elemen- 
tal analyses were performed on a Perkin-Elmer 
240B instrument, and the results were within + 0.36 
of theoretical values of C, H and N. The X-ray 
fluorescence analyses (Cl and metals) were per- 
formed on a Rigaku Geiger Flex 3063P instrument. 
Metals were also determined on a Shimadzu Atomic 
Absorption/Flame Emission spectrophotometer 
(AA-630-02). 

(2H, b, NH& 6.58(6.58) (lH, q, 5-H), 7.42(7.23) 
(lH, dd, 4-H), 8.03(7.93) (lH, dd, 6-H). 

2-Amino-4-methylpyridine-borane (2~) 

Yield 7 1% [80% when used Ni(NO& in place of 
CoCld ; m.p. 88-89’C ; mass analysis, m/z 12 1.000 
[M’-l],calc.forC~H,~BN*, 121_094[M-H]; ‘H 
NMR (CDC13) at 2.18 (3H, bq, J = 93 Hz, BH& 
2.35(2.22) (3H, s, CH3), 6.48(6.45) (lH, dd, 5-H), 
6.52(6.30) (lH, d, 3-H), 7.98(7.92) (lH, d, 6-H). 

2-Amino-Smethylpyridine-borane (2d) 
General procedure for the reaction of amine with 
sodium borohydride in the presence of cobalt chlor- 
ide* 

A solution of CoC12 * 6H20 in 10 cm3 of water 
was gradually added to a mixed solution of 1 g of 
amine and 1 g of NaBH, in 100 cm3 of water with 
stirring. After 3 h, the reacted solution was ex- 
tracted with chloroform (40 cm3 x 3), and the 
extract was dried with Na$O+ The dried solution 
was evaporated at 3040°C under a reduced pressure 
to give products which were purified by column 
chromatography (CHCl, as eluant). 

Yield 75% ; m.p. 9495°C; mass analysis, m/z 
121.098 EM+--11, talc. for CsH,0BN2, 121.094 
[M -H] ; “H NMR [CDCI, + (CD,),SO] 6 2.13 (3H, 
s, CH& 2.60 (3H, bq, J = 55 Hz, BH3), 6.20 (2H, 
b, NH&, 6.60 (lH, d, 3-H), 7.23 (lH, dd, 4-H), 7.70 
(lH, d, 6-H). 

2-Amino-6-methyipyridine-borane (2e) 

Yield 2% ; m.p. 51-52°C ; mass analysis, m/z 
121.096 [M+-11, talc. for C,HloBN2, 121.094 
[M-H]. 

8-Amino-1,2,3,4_tetrahydroquinoline 2-Aminopyrimidine-borane (2f)$ 

m/z 148.101 EM’], talc. for CsH,2N2, 148.100 

EM]. 

Yield 43% ; m-p. 11 l-l 12°C ; mass analysis, m/z 
108.076 [M+-I], talc. for C4H7BN3, 108.073 
[M -HI. 

2-Aminopyridine-borane (2a) 

Yield 71% ; m.p. 3638°C (lit.,5 38-4O”C), mass 
analysis, m/z 107.078 [M+ - 1] ; talc. for CSH,BN2, 
107.078 [M+ -HI; ‘H NMR (CDC13) @ 2.25 (3H, 
bq, J = 93 Hz, BH3), 5.67(4.67) (2H, b, NH& 
6.67(6&t) (lH, dd, 3-H), 6.606658) (lH, dq, 5-H), 
7.53(7.36) (lH, dq, 4-H), 8.07(8.03) (lH, dd, 6-H). 

Cobalt-containing intermediate 

2-Amino-3-methylpyridine-borane (2b) 

Yield 72% ; m.p. 6566°C; mass analysis, m/z 
121.098 w+ -11, talc. for C6HtoBN2, 121.094 
[M-H] ; ‘H NMR (CDCl3) @ 2.20(2.12) (3H, s, 
CH& 2.33 (3H, bq, J= 93 Hz, BH,), 5.60(4.68) 

A solution of NaBH4 (0.5 g, 13 mmol) of 50 cm3 
of water was added to a solution of CoCl, * 6H20 
(0.5 g, 2.1 mmol) and lc (0.45 g, 4.2 mmol) in 50 
cm3 of water with stirring. A black powder sim- 
ultaneously appeared with bubbling. The powder 
was collected, washed with water and dried in vac- 
uum desiccator over P40, ,, to give a gray powder. 
Elemental analysis: C, 53.4; H, 8.4; N, 21.1; Co, 
3.0; Cl, 0%. C:H:N = 5.8: 11:2. The gray pow- 
der (100 mg) was treated with chloroform, and the 
mixture was filtered off. The filtrate was evaporated 
to give 2c (90 mg). 

dickey-containing intermediate 

*The optimum molar ratio for the reaction was deter- 
mined as CoCl,: lc: NaBH, = 1: 2 : 6 from the view- 
point of the yield of 2c. 

t The values in parentheses are the corresponding 
chemical shifts of the starting amine. 

$ Bubbles occurred during ‘H NMR measurement in 

(CD&SO. 

A black powder was obtained by use of 
Ni(N0,)2 * 6H,O in place of CoCl, * 6Hz0 in the 
above experiment. When dried over P40 ,. in a vac- 
uum desiccator, a gray powder was obtained. 
Elemental analysis : C, 32.7 ; H, 5.5 ; N, 12.7 ; Ni, 
24.0%. C:(H):N:Ni = 6:(12):2:0.9. 
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9-Methyladenine-borane (8) 

The cobalt chloride+9_methyladenine complex 
(6) (260 mg) was dissolved in 40 cm3 of water to 
give a pink solution. NaBH, (260 mg) was gradually 
added to the solution with stirring. After 3 h, the 
mixed solution was extracted with chloroform (30 
cm3 x 4). The extract was dried with Na2S04, and 
evaporated below 30°C under reduced pressure to 
give a powder (70 mg) which was decomposed at 
257°C. TLC (CHC13 : CH30H = 9 : I), two spots (8 
and 9-methyladenine) ; mass analysis, m/z 162.094 
[M+ - 11, talc. for CsHgBNS, 162.095 [M-H] ; ‘H 
NMR [(CD,),SO] 6* 3.78(3.69) (3H, s, CH3), 
8.30(8.03) (lH, s, 8-H), 8.43(8.12) (lH, s, 2-H), 
8.93(7.03) (2H, b, NH*). BH, signals could not 
be determined clearly because of both very diluted 
solution and broadening. The powder was decom- 
posed on a silica gel column. 

9-Deprotonated adenine salt (5) 

Adenine (1 g) and CoCI, - 6H20 (1 g) were dis- 
solved in 100 cm3 of water. NaBH, (1 g) was gradu- 
ally added to the mixture with stirring. After 3 h, 
the reaction mixture was filtered off, and the filtrate 
was extracted with chloroform, but nothing was 
obtained. The residues were treated with 100 cm3 
of hot ethanol and the mixture was filtered off. The 
filtrate was evaporated to give 170 mg of powder. 
Elemental analysis : Co, 1.2%. ‘H NMR 
[(CD,),SO] 6* 6.93(6.97) (2H, b, NH,), 8.02(8.05) 
(lH, s, 8-H), 8.06(8.10) (lH, s, 2-H), (12.50) (lH, 
b, NH). The powder was readily converted to aden- 
ine by hydrolysis. 
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A~~aet-Iron(I1) thiocyanate dissolves in liquid ammonia to form ammines 
Fe(NCS), - 8NH3, Fe(NCS)2* 7NH3 and Fe(NCS), l 5NH3 ; these evolve ammonia at room 
temperature to form the diammine Fe(NCS),(NH,), which has a tetragonal structure 
with thiocyanate bridges. Iron(II1) bromide is also soluble in ammonia but with partial 
ammonolysis, Reduction of these compounds, and of iron(I1) bromide, with potassium or 
caesium in ammonia solutions of the approp~ate alkali metal cyanide yields cyano- 
ferrates(0). Only Cs,Fe(CN)4 has been isolated in a pure state ; it is oxidized by ammonium 
cyanide in ammonia to Cs,[Fe(CN),$ 

One of the most fascinating features of liquid 
ammonia as a solvent lies in its ability to dissolve 
alkali metals without reaction and thereby to pro 
duce solutions which act as very strong and homo- 
geneous reducing agents. Whilst metal carbonyl 
chemistry is extensive, compounds containing tran- 
sition metals in zero oxidation state bonded to cyan- 
ide ion have only been isolated using alkali metal 
solutions in liquid ammonia. The first of these, 
potassium tetracyano~ckelate(O), K,Ni(CN)d, was 
prepared by Eastes and Burgess ’ in 1942 and sub- 
sequently many other cyanometallates(0) have 
been isolated. In recent years these have included 
compounds of the early transition elements 
e.g. K,Ti(CN),, 2 K2V(CN)2*0.5NH33 and 
KSZr(CN),,4 and indeed low oxidation state cyan- 
ides have now been isolated for all of the first- 
row transition elements except iron and copper. 
We report here our attempts to prepare an iron(O) 
cyan0 complex. One of the problems encountered 
in preparing such compounds is the availability of 
suitable starting materials. Complex cyanides in 
high oxidation states are not usually reducible to 
cyanometallates(0) by an alkali metal in ammonia 
solutions, so that simple salts of the metal (for solu- 

*Author to whom cormspondence should be addressed. 

bility reasons these are usually bromides or thio- 
cyanates) must be used as starting materials. It is 
then desirable to know how these salts react them- 
selves with liquid ammonia so that the nature of the 
species present is understood. We here thus also 
report on the reactions of iron(I1) tbiocyanate and 
iron(II1) bromide with ammonia. 

The reactions of the iron(I1) halides with liquid 
ammonia have been well studied,5,6 they form the 
ammines FeC12 * 10,6,2 and 1 NH 3, FeBr, l 6,2 and 
lNH3, and FeI,*6 and 2NH3. Unfortunately these 
have very limited solubilities in ammonia. Iron(II1) 
chloride and bromide are reported’ to be con- 
siderably more soluble in ammonia but the authors 
report that this is probably accompanied by some 
ammonolysis. We chose to study the reactions of 
iron(I1) thiocyanate and iron(II1) bromide with 
ammonia, these being the two most likely soluble 
starting materials for preparing iron compounds in 
liquid ammonia. 

RESULTS AND DISCUSSION 

Iron(D) thiocyanate gives a brown solution in 
liquid ammonia at -36°C. The vapour pressure- 
composition isotherm in this system at -36°C is 
shown in Fig. 1. Apart from a saturated solution 
dissociation vapour pressure (- 430 mmHg), the 
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Fig. 1. Vapour pressure-composition isotherm for the 
F~~CS)*-NH 3 system at - 36°C. 

isotherm shows univariant portions at 140 and 50 
mmHg. These two plateaux correspond to the dis- 
sociations : 

Fe(NCS), l 8NH,(s) 

Fe(NCS)2 * 7NH3(s) 

+ Fe(NCS)2* SNH,(s) +2NH,(g). 

By measu~ng the ammonia vapour pressure over 
each of these systems at various temperatures and 
using the integrated form of the van’t Hoff isochore, 
we calculate the enthalpies of these dissociations to 
be 34.9 and 85.9 kJ mol-‘. Such heats of dis- 
sociation show that the ammonia molecules being 
evolved are only held by weak ion-dipole type 
forces. At -36”C, the stable phase is 
Fe(NCS), l SNH3 ; on warming this phase to room 
temperature, three further molecules of ammonia 
are evolved to give the diammine Fe(NCS)2 * 2NH,. 
This has a magnetic moment of 5.1 BM, showing it 
to contain high-spin iron(I1) ; its solid-state reflec- 
tance spectrum shows bands at 13,300 and 7300 
cm- ‘, which we assign to the ‘B, --, 5AIg and 

‘B, + ‘B,, transitions in a tetragonal structure. 
Such large splittings of the ‘E, (0,) state are com- 
mons in tetragonal iron(I1) complexes ; our band 
positions are very close to those found’ for 
Fe(py~~(NCS)~, which is known to have a tetra- 
gonal structure with bridging thiocyanates. The IR 
spectra of Fe(NCS)2 and Fe(NCS)* * 2NH3 are 

assigned in Table 1. The spectrum of the diam- 
moniate again resembles that of Fe(NCS)z(py)z in 
so far as the t~ocyanate modes are concerned and 
is consistent ‘* with linear bridging thiocyanates. 
We do not locate the v(Fe-SCN) band ; this is 
expected9 to be below 200 cm-‘. 

Iron(II1) bromide gives a brown solution in 
ammonia at - 36°C ; the vapour pressure+om- 
position isotherm for this system is shown in Fig. 
2. This clearly shows the presence of ammonium 
bromide in the mixture, the univariant portions at 
40 and 30 mmHg corresponding” to the dis- 
sociations : 

NH,Br * 3NH,(s) 

+NH,Br* l.SNH,(s)+ lSNH,(g), 

NH,Br l i.SNH,(s) z$NH,Br(s)+ 1 .5NH3(g). 

The overall length of these steps is approximately 
one molar ratio of ammonia to iron(II1) bromide, 
i.e. there is thus appro~mately one-third of a mole 
of ammonium bromide present per mole of starting 
iron(II1) bromide. The composition of the orange- 
brown mixture when all ammonia is removed at 
- 36°C is FeBr, * 6.3NH3 ; this represents a mixture 
of approximately ~[Fe(NH~)~~Br~ + j[Fe(NH,), 
(NH2)]BrZ+ jNH,Br which has deposited from 
the equilibrium : 

EWNHAJBr~+NJh 

=[FefNH,),(NH,)]Br,fNH,Br. 

The orange-brown powder has a composition close 
to FeBr, * 6NH3 at room temperature ; the IR spec- 
trum of this solid clearly shows the presence of 
~rnoni~ ions. We thus confirm the assumption 

Table 1. IR spectra of Fe(NCS), and Fe(NCS)2*2NH, 

Fe(NCSL 

2138(s) 

912(w) 

770(m) 
720(m) 

452(m) 

270(m) 

Fe(NCS),*2NH3 

3360(m) 

3260(m) 
2098(s) 
1600(m) 
1260(m) 
1165(s) 
916(w) 
801(m) 
770(m) 
720(m) 
581(s) 
458(m) 
368(m) 
240(m) 

Assignment 

v&NH 3) 
v,(NH 3 
v(CN) 
G(HNH) 

d(NI-I,) 
&NH 3 
2qNCS) 

P(NH,) 

VP) 
VKS) 
PWH 3) 
G(NCS) 
v(Fe--NH,) 
v(FeNCS) 
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Fig. 2. Vapour pressure-composition isotherm for the 
FeBr,-NH, system at - 36°C. 

of earlier workers7 that iron(II1) bromide dissolves 
in liquid ammonia with partial ammonolysis. 

In our efforts to isolate an iron(O) cyanide com- 
plex we chose initially to attempt the reduction 
of potassium hexacyanoferrate(I1). Watt I2 has 
reported that reduction of potassium hexa- 
cyanoferrate(II1) by potassium in liquid ammonia 
proceeds only as far as the hexacyanoferrate(I1). 
We confirm that no reduction of hexacyano- 
ferrate(I1) by potassium occurs in liquid ammonia 
at temperatures up to -40°C. The reaction of 
iron(II1) bromide with an excess of potassium 
cyanide and potassium in liquid ammonia pro- 
ceeds rapidly even at -78°C with the vigorous 
evolution of hydrogen and the formation of a dark 
coloured precipitate in a yellow solution. After fil- 
tration and washing of the precipitate, a black, 
pyrophoric powder was obtained. Although numer- 
ous experiments were performed with widely vary- 
ing K: KCN: FeBr, ratios, no consistent stoi- 
chiometric formula could be derived from the 
analytical data which showed in every case only K, 
Fe, C and N to be present with up to 1% H [with 
an average stoichiometry of approximately 
K,Fe(CN)2]. The IR spectra of the black solids 
were the same, showing v(CN) at 2040(w), 2000(s) 
and 1960(s) err-‘, and v(Fe-C) at 582(m) and 
568(m) cm-‘. The solids were however ferro- 
magnetic and the electronic spectrum (diffuse 
reflectance) showed only increasing absorption 
between 9000 and 30,000 cn- ‘, so that no d-d 
bands could be observed. Clearly a low oxidation 

state cyanide complex of iron arises in this reaction. 
The vigorous effervescence in the reaction probably 
arises initially from the reaction of ammonium bro- 
mide (ammonolysis product of FeBr,) with potas- 
sium but the continued decoloration of the alkali 
metal solution must occur through catalysis by one 
of the products. The ferromagnetism suggests that 
the catalyst may be iron metal and/or iron nitride. 
Iron and Fe,N are known14 to be the reduction 
products of iron(I1) bromide with potassium in 
ammonia. A very similar product [of stoichiometry 
K ,, ,Fe(CN) ,, 5] was obtained when either iron(I1) 
bromide or iron(I1) thiocyanate was used as the 
starting material so that the ammonolysis of 
iron(II1) bromide was not solely responsible for the 
vigorous effervescence and non-integral stoichi- 
ometry of the product. 

The reaction of caesium with iron(I1) or iron(II1) 
bromide or with iron(I1) thiocyanate in the presence 
of excess caesium cyanide proceeds with less hydro- 
gen evolution to give a green-grey precipitate of 
Cs,Fe(CN),. Unlike the black precipitates obtained 
when potassium is the reductant, this product is air- 
and moisture-sensitive, but not pyrophoric, sug- 
gesting that the pyrophoricity of the black com- 
pounds may be due to the presence of finely divided 
iron. The caesium compound has v(CN) at 2040, 
1995 and 1950 cm-‘, and v(Fe-C) at 560 cm-’ ; 
the spectrum is very similar to those obtained in 
the potassium reductions. When the sample was 
exposed to the atmosphere and the spectrum rerun, 
the peak at 2040 cm-’ grew and the other cyanide 
stretches disappeared. It is possible, therefore, that 
the 2040~cn- ’ band in “Cs,Fe(CN),” may be due 
to the presence of Cs,[Fe(CN),] formed during 
handling of the sample. The occurrence of v(CN) at 
1995 and 1950 cm- ’ is indicative of much back 
bonding to n*-orbitals on CN-, and these bands 
are in the region found for other metal(O) cyanide 
complexes, e.g. K,Ti(CN), (1943 cm- ‘)’ and 
K4Ni(CN)4 (1985 cm-‘),13 so that we believe. 
our green-grey product to be caesium tetra- 
cyanoferrate(0). Its electronic spectrum showed a 
band at 11,800 cm- ’ with a shoulder on the high- 
frequency side (12,700 cm- ‘), with intense change- 
transfer absorption above 30,000 cm- I. We cannot 
assign this spectrum presently but hope to con- 
tinue structural studies on Cs,Fe(CN), in due 
course. Unfortunately, this compound is also 
ferromagnetic. 

It is interesting that caesium reduction has pro- 
duced a stoichiometric compound. Caesium is the 
strongest reducing agent that can be used for this 
work ; its electrode potential in ammonia is only 
slightly more negative” than that of potassium. 
The metals with more negative potential, however, 
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e.g. lithium, all have ammonia-insoluble amides, so 
that contamination of the insoluble product with 
amides is inevitable. We believe that the products 
obtained in the potassium reduction are mix- 
tures of K,Fe(CN), with iron metal and possibly 
iron nitride. 

The reaction of Cs,Fe(CN), with an excess of 
ammonium cyanide in ammonia proceeds with 
effervescence to give insoluble caesium hexa- 
cyanoferrate(I1). The iron(O) compound is thus 
oxidized according to : 

Cs,Fe(CN), + 2NH&N 

-+ Cs4[Fe(CN)6]+H2+2NH3. 

This oxidation is similar to that observed with 
otherI ~yanometallates(0) except that chro- 
mium(0) and cobalt(O) are oxidized to the + 3 state 
by ammonium cyanide. In the iron case the +2 
state is stabilized (as is the +3 state in cobalt) by 
the ta6 configuration which gives the maximum 
propensity for a-bonding to the vacant n*-orbitals 
on CN-. 

EXPERIMENTAL 

Reactions, tensimetric studies and manipulations 
in liquid ammonia were carried out in vacuum 
apparatus as described elsewhere. I5 Magnetic and 
spectroscopic methods were as previously 
described.3 Iron(U) thiocyanate was prepared in 
aqueous solution from iron(I1) sulphate and barium 
thiocyanate under a nitrogen atmosphere in a 
Schlenk apparatus. The filtrate was evaporated, 
extracted with ethanol, and the filtered extract evap- 
orated. The product was extracted with ether to 
remove the red colour of iron(II1) thiocyanate and 
the remaining grey-green solid evacuated at 100°C 
(Found: C, 14.7; N, 16.6; S, 36.9; IR shows Hz0 
absent; Fe(NCS)2 requires : C, 14.0; N, 16.3 ; S, 
37.3%). IronfII) and iron(II1) bromides were ex 

Aldrich. Ammonium cyanide was prepared as 
described previously. I6 Caesium cyanide was pre- 
pared by passing hydrogen cyanide through a 50 wt 
% solution of caesium hydroxide to which an equal 
volume of ethanol had been added. An extraction 
with a small amount of ether removed brown oily 
contaminants, and then further ether was added to 
precipitate the caesium cyanide which was filtered 
off, washed with ether and dried in YUCUO at 100°C 
(Found : CN-, 16.2 ; TR shows Hz0 and -OH 
absent ; CsCN requires : CN-, 16.4%). 

Reaction ofFe(NCS), with ~mrnon~~ 

A measured excess of ammonia was condensed 
on to a weighed quantity of Fe(NCS)2 in uucuo and 

the vapour pressure-composition isotherm con- 
structed at -36°C. After removal of all ammonia 
at 2O”C, the brown product was removed from the 
vacuum apparatus under an atmosphere of dry 
nitrogen(Found:C, 11.8;H,3.0;N,29.9;$31.3; 
Fe(NCS)2(NH3)2 requires : C, 11.7 ; H, 2.9 ; N, 
27.2; S, 31.1%). 

Reaction of FeBr, with ammonia 

Similarly the orange-brown product obtained in 
this system at room temperature was analysed for 
ammonia as a check on the values obtained in the 
vapour pressure-composition isotherm (Found : 
NH3, 25.6; FeBr3*6NH3 requires: NH3, 25.7%; 
IR spectrum shows in addition to NH3 modes, 
bands at 1730 and 1400 cm- * assignable to NH:). 

Reduction of FeBr, with caesium in the presence of 
caesium cyanide 

FeBr.+ Liquid ammonia (N 100 cm3) was con- 
densed on to a mixture of FeBr, (1.6 g, 5.4 x IO- 3 
mol) and CsCN (7.7 g, 4.8 x lo-’ mol); caesium 
(5g, 3.8 x lo-’ mol) was then added under an 
atmosphere of argon and the mixture cooled to 
- 78°C and re-evacuated. Effervescence occurred 
and the blue colour of the solution disappeared 
after about 10 min to leave a green-grey precipitate 
in a colourless solution. The mixture was filtered 
and the precipitate washed 8 times with liquid 
ammonia (N 50 cm3) until no further white solids 
(CsCN, CsNH, and CsBr) were being extracted. 
The residue was then evacuated at room tem- 
perature before being removed from the apparatus 
under dry argon. 

FeBr, and Fe(NCS)2. Similar products were 
obtained using FeBr, (0.69 g, 3.2 x lop3 mol), 
CsCN (5.86 g, 3.7 x lo-’ mol) and caesium (5 g, 
3.8 x 10w2), or Fe(NCS)2 (0.58 g, 3.4 x lop3 mol), 
CsCN (6.18 g, 3.9x lo-* mol) and caesium (5 g, 
3.8 x lo- ’ mol). Effervescence occurred also in 
these reactions but the blue solutions remained for 
longer periods than in the FeBr, reactions. Ana- 
lytical data on these products are given in Table 2. 

Table 2. Analytical data (%) on Cs,Fe(CN), 

Starting materials Cs Fe C N H 

FeBr,, Cs and CsCN 76.2 8.5 6.8 8.3 0.2 
FeBr,, Cs and CsCN 74.7 7.7 6.7 7.8 0.3 
Fe(NCS),, Cs and C&N 78.5 7.8 6.6 7.1 0.3 
Cs,Fe(CN), requires 76.9 8.1 6.9 8.1 0 
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Reaction of Cs,Fe(CN), with NH4CN 

An excess of ammonium cyanide (- 5 g) was 
sublimed into the reaction vessel containing liquid 
ammonia (- 100 cm3) and a sample of Cs,Fe(CN), 
(- 1 g) which had been prepared in situ. The reac- 
tion was maintained at -78°C for several hours 
with intermittent agitation. A green-yellow solution 
slowly formed with mild effervescence. The mixture 
was then allowed to warm to -33°C and then fil- 
tered. The yellow insoluble product was washed 
several times with liquid ammonia before being 
dried by evacuation at room temperature and 
removed from the apparatus under dry nitrogen 
[Found : C, 10.1; N, 11.1; H, absent; Cs,Fe(CN), 
requires : C, 9.7 ; N, 11.3% ; IR spectrum showed 
v(CN) at 2095(sh), 2065(sh) and 2040 cm-‘, 
v(Fe-C) at 580 cm-‘, and G(FeCN) at 400 cm- ‘. 
Vacuum-dried K,Fe(CN), has v(CN) at 2092,207O 
and 2040 cm- I, v(Fe-C) at 578 cm-’ and G(FeCN) 
at 410 cm-‘]. 
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Abstract-Functionalized celluloses containing nitrilotriacetic acid, thiourea and cysteine 
have been prepared for the uptake of a series of trace metal ions, namely Al(III), Ca(II), 
Cd(II), Co(II), Cu(II), Fe(III), Hg(II), Mg(II), Ni(II), Pb(I1) and Zn(I1). The recovery has 
been evaluated as a function of pH, and the capacities determined at the pH of maximum 
yield. The experimental yields obtained for the metal recoveries have been compared with 
the ones calculated with the aid of the computed distribution of metal-ligand species. The 
materials obtained may be utilized for the enrichment of trace metals, for the demetalization 
of solutions, and for speciation studies. 

Many papers have been published regarding the use 
of chelating agents bound to cellulose for the con- 
centration and removal of trace metal ions in 
solution. I-4 In previous work from this laboratory 
the suitability of iminodiacetic acid (IDA),’ N- 
methyliminodiacetic acid (MIDA) and EDTA7 to 
concentrate a large number of cations has been 
investigated. 

The reactions to graft nitrilotriacetic acid (NTA), 
thiourea (THIO) and cysteine (CYS) onto com- 
mercial cellulose filters have been optimized for the 
application of chelating materials in concentration 
and speciation studies. 

The uptake, capacity, recovery and enrichment 
of a series of metal ions such as Al(III), Ca(II), 
Cd(II), Co(II), Cu(II), Fe(III), Hg(II), Mg(II), 
Ni(II), Pb(I1) and Zn(I1) was evaluated. Matrix 
interferences were investigated using chloride, 
nitrate, phosphate and sulphate ions, competition 
between bound and free ligands was studied. 

With the aid of a computer program and by com- 
parison with the experimental data, the apparent 
stability constants of the complexes between metals 
and ligands grafted to the functionalized filters were 
evaluated. The degree of interaction between each 
of the metal ions and free or bound ligand on cellu- 

*Author to whom correspondence should be addressed. 

lose was calculated according to a described pro- 
cedure. 

The results showed a satisfactory agreement with 
the experimental values obtained in the competition 
reactions. 

EXPERIMENTAL 

Reagents and equipment 

Metal stock solutions [LOO0 mg l- ’ (C. Erba) for 
atomic absorption] were diluted as required. High- 
purity water (HPW) prepared in a Milli Q Millipore 
equipment was used. NTA sodium salt, THIO, CYS 
and all other chemicals were analytical reagent- 
grade products. 

All laboratory glassware, polyethylene and poly- 
propylene equipments, were cleaned in 6 M nitric 
acid and repeatedly rinsed with HPW. 

A d.c. plasma emission spectrometer Spectraspan 
IV (SMI, Andover, MA) and an ICP emission spec- 
trometer Plasma-300 (Allied Analytical Systems, 
Waltham, MA) have been used for the metal 
measurements. Standard solutions and blanks were 
run in the same manner as the samples. 

The pH measurements were made with an Orion 
8 11 pH-meter equipped with a combined glass calo- 
me1 electrode. 

Adjustable Eppendorf pipettes were used to pre- 
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pare the solutions. A Millipore 47-mm glass-f& fil- 
tration unit was employed to ensure reproducible 
placement of the prepared filters. 

Preparation of thejilters 

The chelating agents, NTA, THIO and CYS, 
were attached to cellulose according to the method 
described by Smits and Van Grieken.’ The prep- 
aration reaction proceeds through preliminary 
chlorination with phosphorus oxychloride 
(POCl,) : 

Cell-OH a ‘Oc” Cell-Cl 

where Cell-OH represents the cellulose filters and 
DMF is the solvent NJ-dimethylformamide. 
Whatman 41 cellulose filter discs (47 mm diam., 
165 mg) were conditioned for 60 min in dry DMF. 
To maximize the chlorination yield the solvent was 
dehydrated with molecular sieves. The filters were 
successively added to a solution of POC13 in DMF 
[3% (v/v)] heated on a water bath to 90°C. Heating 
was continued for about 30 min. The brown filters 
obtained were washed with DMF, HPW, 5% 
NaOH, HPW, 5% HAc, HPW and DMF in that 
order. The filters again white, were then treated at 
105-l 10°C for about 150 min in a saturated solution 
of NTA, THIO or CYS in DMF and HPW [3 : 1 
(v/v)]. The filters were washed with HPW and air 
dried. In such conditions the following reactions 
occur : 

metals. Each entry is the mean of triplicate measure- 
ments, and independent replicates showed the stan- 
dard deviation estimate to be within 5% for each 
entry in Table 1. Analysis of the metal fraction 
filtered through the filters gave values in agreement, 
again within 5%, with the fraction not recovered 
by the filters, proving that: (i) irreversible uptake 
by the filters was not operating, and (ii) systematic 
errors in the procedure were absent. 

The values reported in Table 1 show a general 
trend with a sharp increase of recovery yield with 
increasing pH, followed by a nearly constant and 
almost quantitative uptake. Such behaviour par- 
allels the coordinating ability of the investigated 
ligands as shown by their formation constants~(at(c) 
the higher values corresponding to the larger 
high-yield portion. A somewhat reduced coor- 
dination ability was expected for the NTA ligand 
since after grafting on cellulose the nitrogen atom 
of the ligand becomes quaternary and therefore 
without coordinating ability. 

As an example, Cu(II), which has a log /I of 13.3 
has a recovery > 92% between pH 3 and 8. Fe(II1) 
and Hg(I1) show a less favourable recovery yield 
due to the high tendency to hydrolyse which com- 
petes with the uptake by the filters. 

Table 2 reports the evaluated capacities of the 
filters for each metal. They have been determined 
from the amount of retained metal when equi- 
librated with 100.0 cm3 of solution containing 100.0 

/ 
N(CH$OOH), + Cell-N(CH,COOH), 

Cell-Cl- SC(NH2)* + Cell-NH-CS-NH, 

\ HSCH*CH(NH*) + Cell-NH-CHCH,CH$H 

I 
COOH 

I 
COOH 

RESULTS AND DISCUSSION 

The chelating ability of the ligands grafted on 
cellulose has been evaluated by conducting a sys- 
tematic concentration study as a function of pH. 
The functionalized filters were fitted in the filtering 
unit and conditioned at the desired pH. 100.0 cm3 
of 1 .OO pg cm- 3 solution of each metal (previously 
brought to the desired pH between 1 .O and 8.0) were 
then filtered. 

The metal uptake was then evaluated by releasing 
the metal from the filter with 10.0 cm3 of 2.0 M HCl 
and determining each metal in the final solution by 
atomic emission spectrometry. 

Table 1 reports the results obtained for all the 
functionalized celluloses with the investigated 

pg cm ~ 3 of each metal ion at the pH of maximum- 
uptake yield. Table 2 reports, for comparison pur- 
poses, also the results obtained for other function- 
alized celluloses previously investigated in our lab- 
oratory. As it can be seen a similar capacity is shown 
by ligands of different coordinating ability such as 
IDA, MIDA, EDTA and NTA ; the values for 
THIO and CYS were somewhat lower with respect 
to the corresponding value for NTA, showing either 
a lower efficiency in the grafting reaction of the 
chlorinated filters or a decrease in the coordinating 
ability of the ligands after grafting on the filters. 

The similar values within the PolY- 
aminocarboxylic ligand family support a similar 
coordinating behaviour for each member; in fact, 
as has been previously suggested, two IDA, MIDA 
and here NTA units anchored on cellulose may act 
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Table 1. Percent uptake yields as a function of pH for the investigated metals (lOO.O-cm3 
solutions containing 1.00 ppm for each metal) on NTA, THIO and CYS filters 

1199 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

Al(II1) 22.0 23.4 
Ca(I1) 0.0 56.3 
Cd(I1) 78.3 87.5 
Co(I1) 20.8 40.6 
Cu(I1) 0.2 1.9 
Fe(II1) 72.0 72.0 
Hg(II) 3.1 10.4 
Mg(II) 78.1 82.4 
Ni(I1) 4.6 7.2 
Pb(I1) 0.1 41.3 
Zn(I1) 10.9 58.2 

Ca(I1) 10.6 16.4 
Cd(I1) 44.0 57.5 
Co(I1) 9.6 35.3 
Cu(I1) 1.0 60.1 
Hg(II) 25.5 60.7 
Mg(II) 10.7 22.2 
Ni(I1) 4.0 8.1 
Pb(I1) 5.0 27.8 
Zn(I1) 2.2 33.9 

Ca(I1) 4.7 19.1 
Cd(I1) 15.8 39.3 
Co(I1) 0.5 35.0 
Cu(I1) 0.1 0.6 
Hg(II) 29.0 73.2 
Mg(II) 15.7 25.9 
Ni(I1) 7.5 11.6 
Pb(I1) 2.0 13.1 
Zn(I1) 2.0 2.1 

PH 

NTA filters 

68.2 72.0 
89.7 100.8 
90.2 97.0 
76.4 86.6 
92.2 96.5 
73.0 59.1 
84.0 97.4 
91.0 97.4 
81.1 87.1 
93.7 92.5 
88.8 96.6 

THIO filters 

80.8 89.1 
65.8 72.4 
86.5 93.4 
80.8 97.1 
81.8 93.6 
83.0 86.8 
80.8 85.4 
83.1 95.8 
83.8 87.3 

CYS filters 

87.1 87.5 
71.6 78.6 
74.9 91.2 
59.5 80.2 
89.5 94.8 
86.7 88.2 
72.2 86.2 
79.0 80.7 
83.1 88.6 

91.1 95.1 79.0 81.9 
100.7 98.0 100.0 100.0 
98.4 98.5 99.7 99.6 
89.1 92.8 96.2 93.5 
99.6 98.4 98.5 83.0 
52.6 50.9 98.7 97.0 
84.8 72.0 80.5 91.0 
93.5 96.7 98.3 96.9 
94.7 81.7 87.8 90.7 
97.3 86.2 71.5 49.9 
89.5 86.4 96.6 78.2 

88.0 85.0 89.5 95.1 
73.7 74.6 80.9 91.1 
95.1 95.2 96.4 94.3 
93.6 88.2 92.8 100.1 
96.5 97.8 97.7 98.9 
87.9 88.7 90.0 87.8 
86.6 87.3 87.2 98.0 
96.2 95.8 96.2 98.1 
89.5 90.4 89.9 97.4 

88.6 82.8 74.2 67.0 
94.3 83.7 77.9 74.0 
96.3 100.0 95.4 92.6 
89.3 87.8 87.2 87.4 
99.0 100.1 100.0 100.3 
88.6 89.1 89.7 90.1 
94.3 88.2 95.0 99.6 
80.6 88.0 96.2 98.0 
92.2 99.0 98.7 98.6 

as an EDTA-like molecule with full saturation of 
the octahedral ligand field of the metals. 6,7 

The release of each metal has been investigated 
and the results for all metals were similar to the 
ones reported in Fig. 1 for Pb(I1) and Cu(I1). A 
lO.O-cm3 portion of 2.0 M HCl proved to be 
adequate for the complete recovery of all metals 
from the filters. In order to characterize the mech- 
anism of the uptake reaction between the bound 
ligand and metal ions, the experimental uptake yield 
has been compared with the one which can be theo- 
retically computed according to the following 
model. If coordination is the only interaction 
responsible for the metal uptake on the filters, the 
uptake yield should be equal to the fraction of metal 

in a complex form in an homogeneous solution of 
the same volume as the one submitted to con- 
centration and containing a number of micromoles 
of ligand as that present in the filter during the 
uptake experiments (this last quantity has been 
assumed to be equal to the one derived from the 
highest capacity showed by each filter with the 
investigated metals). ‘-’ 

Figure 2(ak2(f) report, as examples, the exper- 
imental behaviour for Cu(I1) and Pb(I1) together 
with the behaviour computed with a computer pro- 
gram acording to the model reported above and 
using the complex formation stability constants and 
hydrolysis constants reported in Table 3 (the values 
reported have been chosen from the published 



1200 E. MENTASTI et al. 

Table 2. Capacities of a series of functionalized chelating filters for a series of metal ions (47- 
mm Whatman 41 functional&d filters ; 1 filter = 165 mg) 

Capacity (pm01 per filter) 

NTA“ THIO” CYS” IDAb MIDA’ EDTAd 

Al(II1) 17 
Ca(I1) 21 
Cd(I1) 19 
Co(I1) 24 
Cu(I1) 37 
Hg(II) 4 
Mg(II) 30 
Na(I) 84 
Ni(I1) 62 
Pb(I1) 14 
Zn(I1) 50 

11 13 18 18 54 
13 15 28 18 33 
21 27 28 9 33 
14 34 34 18 56 
3 3 15 14 17 

27 37 30 22 28 

14 18 
13 16 
18 17 

36 21 27 
26 12 35 

M M 

Fig. 1. Percent recovery yield for Pb(I1) (a) and Cu(I1) (b) from NTA filters as a function of the 
concentration of the stripping agent, 10.0 cm3 HCl. 

“This work. 
b Reference 5. 
‘Reference 6. 
d Reference 7. 

values to be as close as possible to the conditions 
of the present paper). 

Since the shape of computed behaviour does not 
closely fit in all cases the experimental data, the 
immobilization on cellulose alters the behaviour 
displayed by the ligands in homogeneous solution ; 
thus, as a result, increasing ligand rigidity after 
bonding to the substrate, and substrate interaction 
with the bound metal alters the stability constants 
reported in Table 3. In order to account for this 
effect, apparent stability constants for Cu(I1) and 
Pb(I1) have been used which gave the best agree- 
ment between experimental and computed points 
in Fig. 2(a)-2(f). The derived */I values are reported 
in Table 3 together with the literature values. 

As can be seen from Fig. 2, a good agreement 

was obtained in all cases and three different situ- 
ations may be evidenced : (i) the recomputed values 
for the NTA filter are lower than the literature 
data ; this can be explained considering that in the 
immobilized NTA a quaternary positive nitrogen is 
formed and consequently the chelating ability of 
the grafted ligand is reduced. (ii) The optimization 
of the data of Cu(I1) with the THIO filters is more 
difficult. This is because only one cumulative stab- 
ility constant (/3& is available, while intermediate 
complex species are probably favoured with the 
immobilized ligand. (iii) The CYS filters show an 
improved affinity for the metals. This fact can be 
explained if one considers that two or more CYS 
groups can be immobilized in such a position so 
that they can bind simultaneously to the metals. 
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Table 3. Stability constants (p) and apparent constants 
(*B) (see Ref. 9 and text) 

Complex Log B Log ‘B 

PbNTA 12.4 11.0 
PbHNTA 13.5 13.5 
CuNTA 13.3 10.5 
Cu(OH)NTA 3.7 3.7 
PbTHIO 0.4 3.0 
PbTHIO, 0.6 6.0 
PbTHI03 1.2 10.0 
PbTHIO, 1.8 16.0 
CuTHIO, 14.7 18.0 
PbCYS 13.2 17.0 
PbCY& 19.2 19.2 
CuHCYS 17.4 19.0 
CuH&Y& 34.4 38.0 
Cu2HCYS2 31.7 31.7 
Cu&YS* 28.1 28.1 
Cu,CYS 14.0 14.0 
Cu,H2CYS2 48.8 48.8 

“Expressed as log B”‘H*pLqnM,*pH,qL values, where log 
p = literature value, and log *B = computed apparent 
value. 

This is evidenced in Table 3 since the greatest modi- 
fication adopted for the *B stability constants was 
the one for species CuH2CYS2. 

All these observations are still valid if one con- 
siders the results obtained when the species dis- 

2 4 6 6 

loo 

50 

loo 

50 

tribution as a function of pH is computed in the case 
of competitive experiments. As described above, 
solutions containing Pb(I1) or Cu(I1) were fluxed 
through the functionalized filters in the presence of 
free NTA, THIO and CYS, alternatively, at differ- 
ent concentrations. 

Table 4 reports, as an example, for Pb(II), the 
NTA filter and NTA, THIO or CYS free-ligand 
systems, the experimental and computed data 
obtained by taking into account, for the bound 
ligands, the assumption previously described and 
the apparent stability constants. 

Experimental uptake data show that the chel- 
ating ability of NTA when bound to cellulose is 
practically maintained even in the presence of inter- 
fering ligands. The NTA filter is in fact able to 
fix > 90% of the total Pb(I1) even from solutions 
containing cysteine and thiourea at a molar con- 
centration of 2.4 x 10e3 M (i.e. at a molar ratio of 
100 : 1 with respect to the metal concentration). 

Rather surprising is the behaviour of the NTA 
filter when the competitive ligand is NTA itself. In 
fact, although the *j? value computed for the NTA 
filter is lower than the B-value reported for an aque- 
ous solution, a recovery of N 40% of the total 
Pb(I1) is still achieved from solutions containing an 
NTA molar concentration equal to about four-fold 
that assigned to NTA on the filter. 

This unexpected behaviour is reflected in the 
comparison between computed and experimental 

100 

50 

2 4 6 8 2 4 6 8 

I Ff- 
;R ( , 

h 
b (e) 
I 

2 4 6 8 2 4 6 6 

Fig. 2. (a) Experimental and computed percent recovery yield for Pb(I1) onto NTA filters as a 
function of pH : (0) experimental, (0) computed with literature stability constants B of Table 3, 
(A) computed with the apparent stability constants l /? of Table 3. (b) Pb(II), THIO filters ; (c) Pb(II), 

CYS filters ; (d) Cu(II), NTA filters ; (e) Cu(II), THIO filters ; (f) Cu(II), CYS filters. 
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Table 4. Comparison of computed (Comp.) and experimental (Exp.) (%) 
Pb(I1) recovery (5.00 pg cin3 solutions) onto NTA filters in the presence of 

competitive species 

% Recovery in the presence of 

NTA THIO 
L:M” 

molar ratio Comp. Exp. Comp. Exp. 

1:l 62.0 92.2 99.5 100.0 
5:1 19.8 86.0 99.5 100.0 

2O:l 5.1 42.1 99.5 96.2 
100: 1 1.0 40.6 99.4 94.0 

’ L : M = competitive free ligand : metal molar ratio. 

CYS 

Comp. Exp. 

99.5 96.5 
99.5 95.1 
99.4 87.8 
99.0 89.0 

data (see Table 3). An explanation for this dis- 
crepancy could be the formation of mixed 1 : 2 
metal : ligand complexes with one bound and one 
unbound NTA unit ; this would still make possible 
the metal uptake even in the presence of excess free 
ligand in solution. 

On the other hand, a good agreement is observed 
when THIO and CYS are the interfering ligands ; 
both experimental and computed uptake values 
reported in Table 4 show the higher coordinating 
efficiency of these ligands when bound to cellulose, 
in agreement with previous findings for other sys- 
tems. 

Similar results were obtained also for the uptake 
of Cu(I1). Competitive experiments obtained using 
THIO and CYS filters and, in turn, all the three free 
ligands as competitors, showed results parallel to 
those described above for the NTA filters. 

Also interferences in the uptake of Pb(I1) and 
Cu(I1) from chloride, nitrate, sulphate and phos- 
phate ions, present in concentrations ranging 
between 0.001 and 0.1 M, have been tested with all 
the three investigated filters. No significative differ- 
ences in the uptake efficiencies were observed for the 
lower part of the investigated range, while uptake 
reductions of ca 5% for chloride and nitrate, ca 
10% for sulphate, and ca 30% for phosphate ions 
were observed for concentrations of 0.1 M. Such 
uptake reductions are practically not relevant if one 
considers that the concentration range of such inter- 
fering species is, in real samples, much lower. 

In conclusion, the prepared filters show a good 
efficiency for the uptake, recovery and enrichment 
of trace metal ions and may be conveniently used 
for speciation studies of transition-metal species. lo 
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Abstract-Copper(II) was extracted with a-bromovaleric acid in benzene from 0.1 mol 
dm- 3 (Na, H)C104 aqueous solution at 25°C. The acid dissociation constant of the extract- 
ing agent was determined to be K, = 10-2.7g in aqueous solution at 25°C. The partition 
constant of the acid (HA) between the aqueous phase and benzene, and the dimerization 
constant of the acid in benzene were evaluated to be 2.6 and 56 in molarity, respectively. 
The dimeric copper(I1) a-bromovalerate is responsible for the extraction : 

2Cu2+ + 3(HA)2,, - ACU,A,(HA)~,~+~H,O+, (subscript o = organic phase) 

with log K,, = - 7.87. The complex formation of cupric ion with the acid anion observed 
in the aqueous phase was taken into consideration for calculation of the extraction con- 
stant. It was proved that the formation of dimeric copper(I1) species is not prevented by 
the bromine at the a-position in the valeric acid. 

Solvent extraction of metal carboxylates has been 
considerably studied in the past three decades. ’ 
Extraction of copper(I1) alkanoates has received 
most attention for their extraction characteristics : 
the species extracted in nonpolar organic solvent 
has a dimeric form given by Cu,A,(HA),, where 
HA denotes the alkanoic acid. ‘- ’ 

From the view point of solution chemistry and 
hydrometallurgy, a-halogenoalkanoic acids are of 
particular interest among many substituted hom- 
ologues. The presence of the halogen at the a-pos- 
ition in a carboxylic acid modifies its properties.6s7 
However, the properties as an extracting agent are 
not known. More studies are, therefore, necessary 
for a full understanding of the effect of a halogen 
introduced in the a-position of a carboxylic acid on 
the coordination and extraction properties. 

In this paper we report the results for the extrac- 
tion of copper(I1) with a-bromovaleric acid in ben- 
zene. The dimeric copper(I1) a-bromovalerate, 
Cu,A,(HA),, was found to be extracted in benzene. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Reagent 

The extracting agent, a-bromovaleric acid 
(R.G.), was purified by distillation under reduced 
pressure. The purity of the middle fraction was 
99.6+0.3% as determined by titration with stan- 
dard alkaline solution. 

Sodium perchlorate, copper(I1) perchlorate and 
benzene were the same as presented previously. 6 

Procedure 

Partition was carried out at 0.5 x 10m3-1 x lob3 
mol drnp3 initial concentration of copper(I1) in the 
aqueous phase and 0. l-l mol dm- 3 a-bromovaleric 
acid in the organic phase. 15 cm3 of the aqueous 
and organic solutions were introduced into a 50- 
cm3 stoppered centrifuge tube. The ionic strength 
in the aqueous phase was kept constant at 1 .O mol 
dm- 3 so as to hold the activity coefficients of a- 
bromovalerate, cupric and hydrogen ions constant. 
The tube was shaken for 1 h in a water bath ther- 
mostatted at 25.0+0.2”C. This shaking time was 

1203 
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found to be sufficient for complete equilibration. 
The acid concentration in the organic phase was 
determined by a two-phase titration with a standard 
alkaline solution. The copper(I1) concentrations in 
the organic and/or aqueous phases were determined 
by compleximetry or spectrophotometry. The com- 
plex formation of cupric ion with a-bromovaleric 
acid in the aqueous solution was evaluated by e.m.f. 
measurements using a cupric ion selective electrode, 
Orion No. 94-24. 

Apparatus 

Measurements of pH were carried out with an 
Orion research microprocessor ionalyzer, M-901. 
Spectrophotometric measurements were performed 
on a Shimadzu double-beam spectrophotometer, 
M-UV210A. 

RESULTS AND DISCUSSION 

Liquid-liquid distribution of a-bromovaleric acid 

In the extraction of a metal ion with a carboxylic 
acid HA, it is indispensable to have information 
about the following equilibria, the acid dissociation 
in the aqueous solution : 

HA+H20&H,0+ +A-, 

K, = D-N+I[A-I/WI, (1) 

given by : 

D = CHA,o/CHA 

= Ki+ X%,tH-W(1+ K,IIH@+l). (6) 

By pH-metric titration the acid dissociation con- 
stant was determined to be log K, = - 2.79 in the 
aqueous solution, 1.0 mol dmv3 (Na, H)C104 at 
25°C. According to eqn (6), a plot of 
D(l + K,/[H30+]) vs [HA] should yield a straight 
line with intercept Kd and slope 2KjK2. Figure 1 is 
the plot of the experimental data. The constants 
thus obtained are given in Table 1 together with 
those of some a-bromoalkanoic acids for compari- 
son. These values of a-bromovaleric acid were used 
for calculation of the equilibrium concentrations: 

b-1, [HAI, I?+% and WA)& 

Extraction of copper(I1) with a-bromovaleric acid 

The chemical species of copper(I1) carboxylate 
extracted in benzene being denoted as (CuA, 
(HA),),, the extraction constant &, can be written 
as : 

(HA),, 

z& W.&(HA)Jj,,+ 2jH30+, 

I& = [(CuA,(HA) )] [H X,0 3 O+lv 

x [CU~+]-~[(HA)~];~(‘+@‘~)), (7) 

the partition of carboxylic acid defined by the ratio 
of the concentration of the acid in a monomeric 
form in the organic phase to its concentration in 
the same form in the aqueous phase at equilibrium : 

HA- -X HA,, Kd = tHAl,/[W, (2) 

and the dimerization of the monomeric acid in the 
organic phase : 

2HA, - LL (HA) 2,o> K2 = WA) U[HAl,2, (3) 9 
. 

where subscript o denotes the organic phase. 
When the acid is distributed between the two 

phases, the analytical acid concentration in the 
aqueous and organic phases are, respectively, given 
by: 

C,, = [A-l + [HA] (4) 
__ -__ ___ 

and 
0 0.01 002 ou3 

CHAI 

c HA.0 = [HAlo + W-W&. (5) Fig. 1. Distribution of cc-bromovaleric acid between ben- 
zene and 1 .O mol dm- 3 (Na,H)ClO, solution as a func- 

The distribution ratio measured at equilibrium is tion of the acid concentration in the aqueous solution. 
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Table 1. Equilibrium constants for a-bromoalkanoic acids at 25°C 

Acid PY, Log KY Log K,” Log KC~A 

1205 

Bromoacetic 
a-Bromopropionic 
a-Bromobutyric 
a-Bromovaleric 

a-Bromostearic 

2.86” - 1.54d 1.49‘+ 1.59’ 
2.97bd -0.79d 1.51d - 
2.97” - 0.24d 1.706 1.46 
2.99” 0.3od 1.77d - 
2.79” 0.41” 1.79 1.50” 

- I.908 - 

“Organic phase : benzene, saturated with water. 
‘Extrapolated to zero ionic strength. 
’ Reference 8. 
d Reference 6. 
‘Ionic strength : 1 .O(Na,H)ClO,. 
‘This work. 
9 Evaluated from the IR data in Ref. 17. 

where x denotes the number of HA coordinated to 
the CuA, unit. 

Now the analytical copper(I1) concentration in 
the aqueous solution is given by : 

c cu,w = [cu2+l~c”~ (8) 
where acu refers to the side-reaction coefficient of 
formation of water soluble complex of copper: 
acu = 1 +&,[A-]. The plot used for the deter- 
mination of KkuA is shown in Fig. 2. The formation 
constant was found to be log&, = 1.50. This 
value is in agreement with the values for copper(I1) 
bromoacetate and a-bromobutyrate’ (see Table 1). 

If the species of copper(I1) carboxylate in benzene 
is denoted as (CuA,(HA)&, the copper con- 

centration in the organic phase is given by : 

Cc,, =j~,[(HA)~~‘+‘“‘2”(C,,,~~[H,0+]-2y’. 

(9) 

As anticipated from eqn (9), the plot of log Cc,, 
vs log (Ccu,,/ac,) -2 log [H,O+] should give a 
straight line with slopej at a certain concentration 
of dimeric a-bromovaleric acid in the organic phase. 
The plot is shown in Fig. 3. The slope of the straight 
lines is 2.0 providing the copper species in the 
organic phase is CU~A.,(HA)~~. It is noteworthy that 
the dimeric species persists in the organic solvent 
down to Cc,, = lo- 4 mol dm- 3. 

Fig. 2. Determination of the formation constant of copper a-bromovalerate complex in the 
aqueous solution. Ionic strength : 1 .O (Na,H)ClO+ a, was obtained from e.m.f. measurement by 
using a cupric ion selective electrode. The solid curve denotes the theoretical one calculated by using 

logKcuA = 1.50. The straight lines are the asymptotes for the curve. 
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I I 

^̂  I.? 

2.5 J.” 5.3 

logCc&c’o, - 2 log[H 303 

Fig. 3. Identification of the degree of polymerization of 
Cu(I1) a-bromovalerate extracted in benzene. Aqueous 
ionic strength : 1.0 (Na,H)ClO,. CHA,o (mol dme3) : (1) 

0.93, (2) 0.70, (3) 0.45, and (4) 0.23. 

Therefore eqn (9) can be rewritten as follows : 

1% CC”,, - 2{log (Gu,&cJ - 2 log D-W+l) 

= (x+2)log[(HA)&,+logX,. (10) 

When the value of the left-hand side of eqn (10) 
is plotted against log[(HA)& the number of acid 
molecules participating in the extraction will be 
given by the slope. Figure 4 is the plot of the exper- 
imental data. The points were fitted to a straight 
line with slope 3.0, implying that the species 
CuzA,(HA), is correct. The corresponding extrac- 
tion equilibrium is described as follows : 

2Cu2+ + 3(HA)2,0 

&CU~A~(HA)~,,+~H~O+, (11) 

with log 4x = - 7.87. 

Absorption spectra in UV region 

Copper(I1) alkanoates have three absorption 
bands at about 300,375 (shoulder) and 700 nm.9*10 
The second band at about 375 nm, which is charac- 
teristic of the dimeric copper(I1) alkanoates, was 
also observed for the copper(I1) cr-bromovalerate 
extracted in benzene. 

The band was then used to verify the extraction 

- 9.: 

g 
2 -9.0 
%I 
0 

i - 

/ - 

I I I 

- 1.0 - 0.5 0 

@m&l, 

Fig. 4. Determination of the number of a-bromovaleric 
acid involved in the extracted species. Labelling as in Fig. 

3. 

equilibrium given by eqn (11). The following equ- 
ation is anticipated for the absorbance (A) at 375 
nm: 

A = s[Cu+L(HA)& = sCcu,o/2, (12) 

where E denotes the molar absorptivity per two 
copper atoms. 

The plot of A against C&,/2 leads to a linear 
relation, down to Cc,, = 10m4 mol dmP3, with a 
slope of E = 126 f 10. The absorptivity is com- 
parable with that for copper(I1) acetate in acetic 
acid (E = 102), ’ ’ copper(I1) propionate in chloro- 
form (E = 120)3 and copper(I1) octanoate in hep- 
tane (s = 120). ‘* Our results indicate that the 
absorbance at 375 nm is directly proportional to 
the dimeric copper concentration. The results also 
suggests that the molar absorptivity is not sig- 
nificantly influenced by the bromine at the cr-pos- 
ition. 

Extracted species and extraction constant 

Copper(I1) alkanoates are extracted as a dimer, 
Cu,A,(HA), in nonpolar organic solvents. The 
stability is so high that no appreciable amount of 
monomeric copper species can be detected in most 
nonpolar solvents, except for some system of steri- 
tally crowded carboxylic acids such as cyclohex- 
anecarboxylic acid, ’ 3 cyclopentylacetic acid,14 tri- 



a-Bromovaleric acid as extracting agent for copper(H) 

Table 2. Extraction constant for copper(I1) alkanoate, CURARE, 
at 25°C 

Acid Aqueous phase Log &a Reference 

(mol dm- ‘) 

Butyric 0.1 (Na,H)ClO, -11.50 4 
Pentanoic 0.1 (Na,H)ClO, -11.56 4 
Hexanoic 0.1 (Na,H)ClO, -11.48 4 
Heptanoic 0.1 (Na,H)ClO., -11.58 4 
Gctanoic 0.1 (Na,H)ClO, -11.65 4 
Nonanoic 0.1 (Na,H)ClO, -11.56 4 
Decanoic 0.1 (Na,H)ClO, -11.58 4 

-11.52 Unpublished 
Palmitic 1 .O (Na,H)ClO, - 12.0 b 

Stearic 0.1 NaN03 - 12.6 e 

a-Bromovaleric 1 .O (Na,H)ClO, - 7.87 This work 
cc-Bromostearic 0.1 NaN03 -8.1 c 

“Organic phase : benzene. 
bE. Grzegrzolka, Z. Chodowska and G. Maciejko, Chem. Anal. 

(Warsaw) 1979,24, 1019. 
“Calculated from the data in Ref. 17. 
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methylacetic acid’* and versatic acid. I6 When such 
a bulky acid is used, monomeric copper species is 
found together with the dimer. 

Bold and Balu$escu” proposed the monomeric 
copper(I1) a-bromostearate, CUA~(HA)~, in the 
extraction of copper(H) with u-bromostearic acid 
in benzene. However, recalculation of their data 
using eqns (9) and (10) leads us to the dimeric cop- 
per species, Cu,A,(HA),. We, therefore, conclude 
that the formation of dimeric copper species is not 
prevented by the bromine at the u-position. 

As shown in Table 2, the logarithmic extraction 
constants fell in region from - 12.6 to - 11.5 for a 
series of nonsubstituted acids and from - 8.1 to 
- 7.9 for a-bromoalkanoic acids. The constants for 
the latter have higher values than the former by a 
factor of about 103.‘j. This implies that the extrac- 
tion of copper(I1) with a-bromoalkanoic acid starts 
from a lower pH region by about 0.9 pH units than 
the nonsubstituted acid systems. In addition, it is 
useful to consider the relation between the extrac- 
tion constant and the acid dissociation constant. 
The relationship is formulated as : 

logKx = 1.7logK,-3.2. (13) 

This equation indicates that the extraction constant 
becomes progressively higher as the acidity of the 
acid, K,, increased. Equation (13) should be appli- 
cable in predicting the extraction constant of 
copper(I1) carboxylate, Cu,A,(HA),, in the case 
when benzene is used as the organic solvent. 

1. 

2. 
3. 
4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 
15. 

16. 

17. 
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Ah&act-The extractions of Zn(X1) and Hg(II) from hydr~hlori~ acid solution using 
dinonylnaphthalene sulfonic acid (HD) as the cation exchanger have been studied. Zn(I1) 
can be extracted from HCl solution by the following reaction : 

Zn2+ -I- (HD),, = (ZnH,_. zD,)o + 2H+, 

where x is the number of aggregation of a HD micelle and the subscript 0 denotes the 
organic phase, However, the Hg(I1) cannot be extracted because it predomin~tly forms 
an anionic complex, HgCii-, in the HCl solution. In the presence of an imidazole (Im), 2- 
methyl imidazole (2MIm), or histidine {His) ligand with the condition [L] < [HCI], Zn(I1) 
forms a 1 : 1 complex, ZnL’+, with the ligand, and thus the distribution ratio of Zn(II) 
decreases. The formation constants for Zn(Im)2C, Zn(ZMIm)‘+ and Zn(His)2+ were cal- 
culated to be 4.32 x 107, 3.46 x lO* and 1.56 x lo’, respectively. When [L] > [HCl], the pH 
of the solution rises and a rapid increase in the distribution ratio is observed for both Zn(I1) 
and Hg(II) ions. The metal ions form ML:+ complexes, which in turn can be solubilized 
into the HD micelles by the following equation : 

ML;+ -I- W&o = (ML&_ zD,)o + 2H+. 

For Hg(I1) insoluble complexes precipitate at pH > 4.5. The solid substances were 
isolated and analyzed to be Hg(C3H3N2)C1, Hg(C4HsN2)C1 and Hg(C6H8N30z)Cl*2H20 
for Im, 2MIm and His complexes, respectively. The precipitate dissociates to become 
soluble HgL$+ when the solution is shaken with HD in hexane solution. The extraction 
behavior of Hg(T1) from HCl solution with HD in the presence of 2MIm has also been 
proved by NMR measurements. 

A solution of dinonylnaphthalene sulfonic acid 
(hereafter denoted as HD) in non-polar organic 
solvents forms micelles and has been shown to serve 
as an analogue of a cross-linked resinous strong 
acid ration-exchanger. i--4 The exchange reaction 
between Mb+ and HD can be represented by the 
equation : 

M:+ + fW%,o = (MH,_,D,), + bH: (1) 

where x is the number of aggregation of a HD 
micelle, and the subscripts a and 0 denote the aque- 

*Author to whom correspondence should be addressed. 

ous and organic phases, respectively. The dis- 
t~bution ratio (L)) is related to the equilibrium con- 
stant (KJ by : 

From the logarithmic form of eqn (2), the log D 
vs log [H ‘1 plot is expected to be a straight line with 
a slope of -b, which indicates the charge of the 
species extracted. However, the deviation from the 
expected slope was found when the metallic ion 
forms complexes in the solution. 2*3 

It is known that the Hg(I1) ion forms anionic 
complexes with halide ions, and in this paper studies 
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of the extraction behavior of Hg(I1) and Zn(I1) RESULTS AND DISCUSSION 
from HCl solution with HD and the effect of imi- 
dazole (Im), 2-methyl imidazole (2MIm) and his- Extractions ofHg(I1) and Zn(II)from HCl solution 
tidine (His) on the extraction will be reported. 

The results of distribution measurements for 

EXPERIMENTAL 

Materials 

HD was obtained as a 39% solution in n-heptane 
from R. T. Vanderbilt Co. (U.S.A.). Im was 
obtained from E. Merck (Darmstadt), 2MIm from 
Kokyo Kasei Co. (Japan), and His from 
Nutritional Biochemicals Corporation (U.S.A.). 
The n-hexane and all the other inorganic reagents 
were of highest-purity grade. 

Preparation of radioisotopes 

The high-activity radioisotopes l19Hg and 65Zn 
were prepared in the form of perchlorate by irra- 
diating their oxides in the Tsing Hua Open Pool 
Reactor using a pneumatic tube system. The purity 
of radioisotopes was confirmed by y-ray spec- 
trometery. 

Procedures 

65Zn and 197Hg between HD in n-hexane and HCl 
solution are shown in Fig. 1. The slope of log D vs 
log [H+] plot was found to be -2 as expected 
for Zn(I1). The extraction constant for Zn(I1) was 
calculated to be 1.64 which is less than the value of 
2.9 reported for the extraction of Zn(I1) from 
HC104 solution.’ The smaller value obtained from 
HCl solution may be ascribed to the formation of 
anionic complexes, ZnC1,2-“. 

The Hg(I1) ion was not to be extracted with HD 
from HCl solution at all as seen in Fig. 1. Since it 
is known that the Hg(I1) in HCl forms HgCli-” 
complexes and the stability constants /?I, /I3 and 
b4 were reported to be 1.66 x 1013, 1.17 x lOI and 
0.17 x 1015, respectively,’ the Hg(I1) exists mostly as 
HgCl:- in HCl solution and naturally could not be 
extracted by a cationic exchanger such as HD. 

Extraction of Zn(I1) from HCl solution in the pres- 
ence of Im, 2MIm and His 

Zn(I1) exists largely as aquated Zn2+ in HCI sol- 

In solvent extraction experiments the aqueous ution as indicated in Fig. 1, and it forms complexes, 

phase normally was prepared to contain the cation Zn(HL),?, with the ligand, HL, added to the 
(radioisotope) in a concentration of the order of solution. Since only Zn*+ ion is extracted into the 

HD phase, the D of Zn(I1) may be expressed by : 

WX& 
= [H+]*(1+K,[HL]+K,K2[HL]*+~~~K,K2...K,,[HLl”)’ (3) 

10e6 M and varying concentrations of acid 
solution. The organic phase contained HD in n- 
hexane with concentrations of the order of lo- 3 
formula weight per liter. Equal volumes (10 cm’) 
of aqueous and organic phases were then mixed in 
polyethylene flasks, shaken at 25 + 1 “C for 1 h, and 
allowed to settle for 30 min. Aliquots of both phases 
were taken for the measurements of the radio- 
activity with an ORTEC model 1431 well-type y 
scintillation counter. D is defined as : 

D= 
activity of tracer metal in organic phase 

activity of tracer metal in aqueous phase ’ 

The pH titrations were carried out with a stan- 
dard pH meter PHM62 Radio meter Copenhagen. 
‘H NMR spectra were obtained using a JEOL-C60 
NMR spectrometer. 

where &, is the extraction constant and K,, K2,. . . 
and K, are the formation constants for Zn(HL)*+, 
Zn(HL):’ , . . . and Zn(HL)z’ . Equation (3) may 
be rewritten as : 

D-W 1 K1 
D[H+]*[HL] = m + c 

+...+ 
K,Kz...K, 

Kk, 
[HLl”- ’ . (4) 

Figure 2 shows the results of distribution 
measurements for Zn(I1) between HD in n-hexane 
and HCl solution, varying the concentration of Im, 
2MIm and His at constant HD and acid con- 
centrations. When the total concentration of ligand 
is smaller than that of acid, [HL]t,t,, < [HCl] (the 
pH values are 1.05-l .50 for Im and 2MIm and 1.30- 
1.70 for His solutions, respectively), D decreases 
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His. * The concentration of free ligand ([HL]) can be 
estimated using the values of Kn and the measured 
values of pH of the solution. 

OD- 

0 

B 

-10 - 

-LLA-A-A_ 

When [HL],,, < [HCl], Zn2+ forms complexes 
with the ligand in acidic solution and the con- 
centration of free Zn2+ ion extracted into the HD 
phase decreases. Figure 3 shows plots of log 
[HD]/D[H’]*[HL] vs log [HL], and it is seen that 
slopes of the plot become zero when 
[Im] < 5 x lo-’ M, [2MIm] < lo-’ M, and 
[His] < 5 x 10e6 M, which implies that only the 
second term becomes important in eqn (4). This in 
turn indicates that only the 1: 1 complex exists 
under the experimental conditions. Thus at con- 
stant [HD] and [H+], eqn (4) can be simplified as : 

I 
-20 -,a 00 

log[H'l 
; = & + g [L], 

0 

Fig. 1. Acid concentration dependency of D at [HD] = 
1 .OS x lo- * F. (0) Zn(II), (A) Hg(I1). 

gradually with increase in ligand concentration, 
while it increases rapidly to reach the maximum 
value when the total concentration of ligand exceeds 
the acid concentration, [HL],,, > [HCl] (the pH 
values are 7.10-7.70 for Im, 8.Oc8.50 for 2MIm, 
and 5.6fk6.00 for His solutions, respectively). 

For Im, 2MIm and His in acidic solution, the 
following protonation reaction occurs : 

HL+H30+ = H,L+ +H*O. (5) 

The values of the protonation constant (&.J were 
reported to be 1.29x 10’ at p = 0.16 for Im,6 
1.35 x lo8 at p = 1.0 for 2MIm,’ and 1.00 x lo6 for 

-2oI 
-20 -1.0 (10 

log [Ll,,, 

Fig. 2. D of Zn(I1) vs total ligand concentration at 
[HD] = 1.05 x lo-’ F. (0) Im, [HCl] = 0.10 M; (A) 

2MIm, [HCI] = 0.10 M ; ( x ) His, [HCl] = 0.05 M. 

where Do is the distribution ratio of Zn(I1) in the 
absence of ligand. 

Plots of l/D vs [HL] gave straight lines, and 
from the slopes and intercepts the values of Ki were 
calculated to be4.32 x lo’, 3.46 x lo8 and 1.56 x lo* 
for Im, 2MIm and His, respectively. It is of interest 
to note that at constant concentrations of HD and 
ligand under the experimental conditions, [HL],, 
< lIICl], plots of log D vs log [H+] gave straight 
lines with a slope of -2, which indicated that the 
only species Zn2+ was extracted into the organic 
phase. 

When Wltotal > [HCl], because of the larger 
values of protonation constant for Im, 2MIm and 
His, concentration of protonated species becomes 
approximately the same as that of the acid, and the 
free-ligand concentration in the solution would be 
[HL] = [HL],,,, - [HCl],,,,,. Accordingly the pH of 

Fig. 3. Extraction of Zn(I1) in the presence of ligand 
with [HL] -=z [HCl], [HD] = 1.05 x lo-’ F. (0) Im, 
[HCl] = 0.10 M; (A) 2MIm, [HCl] = 0.10 M; (x) His, 

[HCl] = 0.05 M. 
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the solution rises and the mixture behaves as a 
buffer solution. Edsall et ~1.~ reported by a pH 
titration method that Zn(I1) forms stable complexes 
with log K, = 1.98, log K2 = 2.19, log K3 = 2.41 
and log K4 = 2.62 for Im, and Li and Manning9 
found the log Kr and log Kz for His to be 6.67 and 
5.11, respectively. Thus it is believed that, when 
[HLJtotal > [HCl], Zn(II) forms predominantly com- 
plex ions, Zn(HL)i+ , which would then be solu- 
bilized in the micelle of HD in n-hexane by the 
following reaction : 

Zn(HL),?’ + (HD),, 

= [Zn(HL),H,_ zD,]O + 2H+. (7) 

Plots of log D vs log [HD] as shown in Fig. 4 with 
slopes of + 1 indicate that HD exists as micelle with 
aggregation number x as expected from eqn (7). 

Extraction of Hg(I1) from HCl solution in the pres- 
ence ofrm, 2Mltpt and His 

Figure 5 shows the results of distribution 
measurements in terms of percent extracted for 
Hg(I1) between HD in hexane and HCl solution, 
varying the concentration of Im, 2MIm and His at 
constant HD and acid concentrations. When 
[HLltota, < [HCl], Hg(I1) exists predominantly as 
HgCl:- and is not extracted at all by HD into the 
organic phase. It was found, however, that when 
the concentration of the added ligand became larger 
than that of the acid D increased rapidly as observed 
for the extraction of Zn(I1). 

When WLltoti > [HCl], the pH of the solution 
rises to 7.0-7.5, and because of the strong affinity 

I 
40 -2a 

log IHOI, 

Fig. 4. HD concentration dependency of the D of Zn(I1). 
(0) [Im] = 0.20 M, [HCI] = 0.10 M; (A) [2MIm] = 
0.20 M, [HClJ = 0.10 M; (x) [His] = 0.12 M, [HCl] = 

0.06 M. 

Fig. 5. Extraction of Hg(I1) as function of ligand con- 
centrations at [HD] = 1.05 x lo-* F, [HCl] = 0.03 M. 

(0) Im, (A) 2MIm, ( x ) His. 

of Hg(I1) to nitrogen ligand, the HgCl:- ion would 
react with added ligand to form Hg(HL)i+ which 
would then be solubilized in HD : 

I%$% + nHL = Hg(I-IL),Z+ + 4Cl-, (8) 

HH-W,z+ -t (HDL,, 

= [Hg(HL),H,- 2D& +2H+. (9) 

When [HUtotal > [HCl], keeping the concentrations 
of HL and acid constant, a plot of log D vs log 
[HD] gave a,,slope of + 1. Figure 6 shows plots of 
log D vs log [HCl] at constant concentrations of 
HD and HL, and varying the concentration of HCl 

with [HC1ltota, < [HL]. The slope of -2 was 
obtained for each ligand as expected from eqn (9). 

Fig. 6. Acid concentration dependency of the D of Hg(lI) 
at [HL] > [HCI], [HD] = 1.05x lo-’ F. (0) [Im] = 

0.25 M ; (A) [2MIm] = 0.25 M ; ( x ) [His] = 0.12 M. 
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Table 1. Elemental analysis of Hg(I1) complexes 

wt% found 

Compound Hg C H 

Hg(II)--imidazole 63.3 13.4 1.4 
Hg(GH,N,)Cl (66.2) (11.9) (1.0) 

Hg(II)-2-methyl imidazole 62.1 15.8 

Hg(GH,N,)Cl (63.2) (15.2) (:::) 

Hg(II)-histidine 47.1 15.4 2.3 
Hg(CgH8N302)C1.2H20 (47.1) (16.9) (2.8) 

a Calculated values are given in parentheses. 

N Cl 0 

10.1 11.9 
(9.2) (11.7) 

(88::) (: ::2, 

8.8 

(9.9) 

Hg(I1) complexes of Im, 2MIm and His in solvent 
extraction 

On addition of Im, 2MIm or His (e.g. 0.02 M) to 
an HCI solution (e.g. 0.01 M) containing a 
macroamount of HgClz (e.g. 2 x lop3 M), white 
precipitates formed. When these mixtures were 
shaken with an equal volume of HD in hexane (e.g. 
0.05 F), the white precipitate disappeared immedi- 
ately. 

These precipitates were isolated and analyzed. 
The results are shown in Table 1. 

Brooks and Davidson” studied the Hg(I1) com- 
plexes of Im and His by a potentiometric method 
and reported that Hg(I1) forms Hg(Im):+ pre- 
dominantly at pH 2-4 and a solid substance, 
Hg(C3H3N2)C104* H20, precipitates from solu- 
tions at pH > 4. They also calculated the formation 
constant for Hg(Im)j+ to be 10’6.74 Me2 and for 
Hg(His):+ to be 102’.22 Me2. 

The Im, 2MIm and His complexes with Hg(I1) 
becomes insoluble as the pH is raised. The Im com- 
plexes precipitate copiously at pH values greater 
than 4.5, but the His complex is more soluble. 
Brooks and Davidson *O presumed that the insol- 
uble mercury compound, obtained from per- 
chlorate solution, Hg(C3H3N2)C104*H20, con- 
tains a linear polymer with one positive charge per 
polymer unit. A similar structure, Hg(C,H,N&Cl, 
has been reported by Bottcher. ’ ’ 

Hg-N N-Hg-N 
\\/ \/ 

N-Hg-N N--. 
V 

When the aqueous solution (pH > 4) containing 
insoluble Hg(I1) complexes is shaken with HD, the 
solid substance, (HgL *Cl),,, may react with acid 
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W 

CIL.5lH 
la) TMS 

I I 

t t , , I , 

8.0 6.0 LO 2.0 0 

iwm 

Fig. 7. NMR spectra. (a) 2MIm in CDCl,, (b) HD in 
Ccl,, (c) organic phase after 2MIm in aqueous solution 
was extracted into HD in CC14, (d) organic phase after 
2MIm with HgC12 in aqueous solution was extracted into 

HD in Ccl,. 

from HD and dissociate to Hg(HL):+ : 

2(HgL * Cl), + 2nH+ = nHg(HL):+ 

+nHg2+ +2nCl- (10) 

or 

2[Hg(CrH3Nz)l+ +2H+ 

= iHg(C3H4N2)2]2+ +Hg’+. (11) 
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Then, the Hg(HL):+ complex would be extracted 
into the organic phase with HD following eqn (9). 

In order to investigate whether the Im ligand was 
extracted into the organic phase, we carried out the 
following experiments : 2MIm is insoluble in CCL,, 
but it becomes soluble in the presence of HD, and 
this is shown in Fig. 7. Figure 7(a) is the ‘H NMR 
spectrum of 2MIm in CDC13 and Fig. 7(b) is that 
of HD in Ccl+ When an aqueous solution of 2MIm 
was shaken with CC14, no signal of 2MIm was 
observed. However, when it is shaken with HD in 
CCL, solution, the signals of 2MIm appear as shown 
in Fig. 7(c). The S03H-HZ0 proton signal of HD, 
which solubilized HZ0 at 6.78 ppm [Fig. 7(c)] dis- 
appears, and new S03H and free HZ0 signals 
appear at 6 4.75 and 5.4 ppm, respectively, when 
2MIm is solubilized into HD micelles. 

On addition of 2MIm into HgCl* aqueous solu- 
tion a white precipitate formed, and it disappeared 
when the mixture in the aqueous phase was shaken 
with HD in CC14. The NMR spectrum of the 
organic phase was taken, and is shown in Fig. 7(d). 
The appearance of CH3 and 4,5C-H signals of 
2MIm at 6 2.5 and 6.9 ppm indicates that 2MIm 
could also be solubilized into the HD micelles in 
the extraction of Hg(T1). 
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Abstract-An extended CNDO/Z method has been developed for the calculation of stability 
constants of organic transition-metal complexes. An atom parameterization scheme is 
described for Mn to Zn using Slater exponents which is found to give a reasonable cor- 
relation with the ionization potential of the respective metal. The corresponding bonding 
parameters have been evaluated by initially deriving the best correlation between the 
calculated and experimental stability constants of a series of substituted copper bis(sa- 
licylaldehydes) and then relating these values to the other transition metals using the bond 
dissociation energies of simple diatomics as the essential criteria. 

A considerable number of molec~ar-orbital cal- 
culations have been carried out on organic trans- 
ition-metal complexes over the past few years. Most 
of these studies, however, have been restricted to 
valence electron semi-empirical methods such as 
CND0/2’ because the very large number of basis 
functions on the metal coupled with those of the 
organic ligand usually preclude studies with the 
more accurate ab initio methods. For example, 
CNDO/2 calculations have been reported recently 
on complexes of the transition metals with dime- 
thyldithiocarbamic acid and difo~ylmethane,2 
maleinonit~lodithiolate,3 phthalocyanines,4 am- 
monia’ and carbon monoxide cluster systems. 6 

In contrast to these studies which deal with the 
physical properties of the metal complexes them- 
selves, the work described here relates to the devel- 
opment of an extended CNDO/2 method7 which 

*Author to whom correspondence should be addressed. 

would be useful in conjunction with molecular 
graphics for the design of organic ligands for the 
selective extraction of transition metals from sol- 
utions which may contain high concentrations of 
other metals. In the design of ligands for this 
purpose, both the stability constants and con- 
formations of the derived metal complexes have 
been considered. Clearly, the transition-metal para- 
meterization adopted within the CNDO/2 frame- 
work must reproduce : 

(1) the known effects of substituents on the stab- 
ility constant ; 

(2) the Irving-Williams Order ; 
(3) the known crystallographic conformation of 

a given complex. 

APPROXIMATIONS 

The proton ionization constant (&) and stability 
constant (&) for a simple stoichiometric reaction 

1215 
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of type : 

LH = L-+H+, 

M2++2L- = ML 23 

where LH is a selected organic ligand (such as 
salicylaldoxime or S-hydroxyquinoline), M2’ is a 
given transition-metal cation, and ML, is the result- 
ing complex, are given by : 

amines with pyridine, the entropy of the process 
shows a linear correlation with the enthalpy over a 
wide range of substituents. ’ ’ Similar results have 
been reported for the addition of heterocyclic bases 
both to a series of transition-metal complexes of 
salicylaldimines ’ 2 and nickel complexes of diace- 
tylbisbenzoylhydrazones. ’ 3 

K 
H 

_ IL-IW+l 
[LH] ’ _ 

[ML21 
Ks = [M2+][L-12’ 

The free-energy change (AG) for these processes 
is related to the appropriate constant by the equ- 
ation : 

Because the enthalpy term appears to be domi- 
nant in many reactions of the type described, cor- 
relations have been sought between the calculated 
energy changes (AE) and the experimentally 
observed stability constant. In the present studies, 
both the parameterization of the extended CND0/2 
method (CIND054)7 and the influence of electron- 
withdrawing and electron-donating substituents on 
the calculated stability constants of substituted cop- 
per bis(salicylaldehydes) are described. 

AG = -RTln K. RESULTS AND DISCUSSION 

The calculation of AG from first principles is difficult 
even for gas-phase reactions of the above type 
because it is dependent on both enthalpy (AH) and 
entropy (AS) terms, i.e. : 

Parameterization and calibration of the extended 
CNDOI2 method 

AG = AH- TAS. 

However, the successful calculation of the proton 
ionization and stability constants for a series of 
structurally related complexes by theoretical 
methods can be accomplished, in principle, if either 
of the following conditions hold : 

(1) the entropy is constant throughout the series, 
(2) the entropy is linearly related to the enthalpy. 
Provided one of these conditions is met then the 

calculation of the free energy and hence the stability 
constant can be achieved by calculating the energy 
of the reaction using the expression : 

AE = E(ML,)- E(M2+ +2L-), 

Various CND0/2 parameterization schemes 
have been proposed for the transition metal in these 
complexes,i4 but the most widely used parameters 
are those described by Clack et al. ” which are 
based on the exponents devised by Zemer and 
Gouterman. I6 These values have been criticized, 
however, because in a number of cases the effective 
charge on the metal atom in the complex is found 
to be negative, the delocalization of spin density in 
the ligands is too low, and the energies of removal 
of the ligands are several times too high.14 Recently 
Bohm and Gleiter have described an alternative 
MO formalism for the transition metals which has 
been used to interpret the photoelectron spectra of 
transition-metal complexes. ’ 7 

where E is the calculated energy of the molecular 
components. 

Fortunately this relation can be demonstrated in 
some cases though it is clear that this concept is 
fraught with difficulties, not the least being that the 
enthalpy change is often positive and the driving 
force of the reaction is dependent, therefore, on a 
large positive entropy. For example, while the high 
stability of nickel and copper 5-nitro- and 3,5-dini- 
tro-salicylates’ in water arises from a large positive 
entropy term, the free-energy change for the for- 
mation of substituted silver phenylthioacetates’ and 
the formation of copper and nickel complexes of 
catechol”’ is due mainly to changes in enthalpy. 
However, in the formation of five or six co-ordi- 
nated copper complexes, prepared from Schiff bases 
of salicylaldehyde and either aliphatic or aromatic 

The theoretical requirements for the transition 
elements at the CNDOj2 level are different from 
those previously encountered in the original scheme 
for elements of the second row of the periodic table 
(sodium to chlorine) since two shells are now 
involved. In the calculations described here Slater- 
type orbitals” are used for the 3d, 4s and 4p valence 
shells, and all inner electrons (including the 3s and 
3p electrons) are treated as part of the non-pola- 
rizable core. The approximations arising from the 
complete neglect of, inter alia, a large number of 
two-centre electron repulsion terms are clearly 
greater than those for second-row elements, and 
accordingly the calculated results can only be 
approximate. In the evaluation of integrals for the 
valence orbitals, the radial part is given by r2.7 eel’ 
when n is 4 which is not suitable for integration by 
parts.” Following Hase and Schweig” we have 
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adopted a radial exponent of 3 for such cases rather 
than introduce the averaging technique proposed 
by Jaffe and Doak.20 When Burns orbitals” are 
used, such a correction is not required, but these 
orbitals have generally given unsatisfactory results 
in our hands. 

Because the 3d orbitals are partially occupied in 
the transition elements and are heavily involved in 
bonding, the local core potential (Q$) has been 
modified to take account of the differences in the 
one-centre repulsion integrals (yAA) for the 3d, 4s 
and 4p orbitals using the relation : 6 

us, = - $Us + -4) - z&s + %L!J -Y&T, 

upp = - tvp + 4) - ZkYd. + hp - Ysp 

u aw = - Hi+ 42) -Z&d+ hfp - Ysp 

where s, p and d represent the 4s, 4p and 3d orbitals 
only. 

The off-diagonal elements of both the extended 
Huckel matrix and the core Hamiltonian are modi- 
fied for second-row atoms such that : 

I$$” = K&-t-Pi9 *&,/2. 

K is empirically given the value of 0.75 if either 
atom A or B is a second-row element. While this 
modification is found to improve the overall per- 
formance of the theory’ no calibration studies have 
been reported for the transition elements. In the 
studies reported here, K has been set at unity for 
all interactions between the transition element and 
other elements irrespective of whether the latter is 
a first-, second- or indeed third-row element such 
as bromine. 

Selection of M&ken electronegativities 

The reported values for elements of the first tran- 
sition series (used as the on-diagonal elements of 
the Huckel matrix) were adopted for manganese to 
copper. ’ 5 The values for zinc, however, have not 
been determined although extrapolated values have 
been used recently for the calculation of zinc phthal- 
ocyanine.4 Because the electronegativity of zinc is 
less than that of either cobalt, nickel or copper on 
either the Allred-Rochow22 or Pauling23 scales, the 
extrapolated values are almost certainly in error. 

The orbital electronegativities increase linearly 
with increasing atomic number along the first row 
of transition elements with the exception of the 4s 
value for copper which is higher than that 
expected.” A similar trend is observed for the gen- 
eral electronegativities on the Allred-Rochow scale, 
but the copper value is less than that expected.22 
Because of these apparent anomalies, the zinc value 
has been derived from the average value of the 

two preceding elements of the transition elements 
representing both an open- and closed-shell elec- 
tronic confi~ration (cobalt and nickel) using the 
relation : 

where X is the Allred-Rochow electronegativity, 
and k represents the 4s, 4p or 3d orbital as appro- 
priate. 

An alternative derivation from the Pauling scale 
is equally valid but the non-linearity of this scale in 
comparison with the Mulliken scale makes it less 
attractive. 

Electronic con~gu$ation of the first transition series 

The average configuration energies of the first- 
row transition elements (M) determined spec- 
troscopically are given by :6,24 

(1) 3d”- 24sz for the elements SC to Mn and Zn, 
(2) 3d”- ‘4s’ for the elements Fe to Cu. 
While these configurations have given satis- 

factory results for the calculation of cobalt and 
manganese carbonyl clusters,6 very poor cor- 
relations were obtained in the present work between 
the calculated ionization M --) M’+, which is 
required for the calculation of AE, and the known 
ionization potentials of the transition elements Mn 
to Zn ; as a result, subsequent calculations were 
carried out with the 3d”-24s2 configuration. 

The multiplicity of copper(I1) in most of its com- 
plexes is well established because of its single 
unpaired electron. The multipli~ty of other tran- 
sition elements is less clearly defined since a number 
of different spin states may arise. For example, nick- 
el(I1) may be paramagnetic with two unpaired elec- 
trons or diamagnetic with paired electrons (see 
Table 1). In contrast, cobalt@) is always para- 
magnetic with either one or three unpaired electrons 
with multiplicities of 2 and 4, respectively. However, 
iron and manganese have a variety of spin states 
depending on the oxidation state and the nature of 
the ligand (Table 1). Because of the wide variation 
of spin states encountered, the energy of each 
element was calculated using the simplest mul- 
tiplicity possible and these values then adopted as 
parameters for subsequent binding-ener~ cal- 
culations on metal complexes. 

Despite the drastic nature of these approxi- 
mations for the metals themselves, the calculated 
energy of the ionization M -+ M2+ shows a reason- 
able monatomic correlation with the known ion- 
ization potentials of the transition elements (see 
Fig. 1). The Slater orbital exponents used for these 
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23 - 

191 
23 24 25 26 2-i 28 29 

Experimental ionization potential (ev) 

Fig. 1. Plot of calculated vs experimental ionization 
potentials of transition elements (M -+ M’+). 

calculations are shown in Table 1 and form the 
basis for all subsequent calculations reported here. 

Selection of bonding parameter values 

The values of the bonding parameters (&) for the 
transition elements are highly empirical though 
dependent on the exponents selected. For example, 
nickel has been assigned the following values : 

Metal B”(3d) p(4s, 4~) Reference 

(2) The crystal structure of the copper complex 
is known36 (but see below) ; 

(3) The reaction can be represented theoretically 
by a simple scheme (Scheme 1) which involves a 
single ionization of the ligand. 

However, because the introduction of sub- 
stituents into a given molecular system usually 
results in a distortion of the original geometry, stan- 
dard planar geometries’ were adopted for cal- 
culation purposes except for the angles a and b 
which were set at 127.5”, and the metal-oxygen 
bond length which was set at 1.86 A, both on the 
basis of average data from the A and B forms of 
copper bis(salicylaldehyde).36 A wide range of 
p”(4s, 4p) and p(3d) values was explored and the 
binding-energy differences between a given copper 
complex and the reactants was evaluated and com- 
pared with published stability constant data37.38 
using the relation : 

AE = &omp~ex - (2&m + &uz+)* 

Overall, 12 derivatives of salicylaldehyde, its 
anion, and its copper bis complex were calculated 
for each /P’ value. Selected results from this exercise 
are shown in Table 2. An analysis of the full data 
generated (not shown) reveals very complex 
relationships between the values of/P’ adopted and 
BE on the one hand and the correlation coefficients 
on the other. In summary : 

(1) Both the magnitude and the sign of AE are 
determined mainly by the value of p”(4s, 4p) 
and a linear correlation results at constant p”(3d) 
values. 

(2) Variations in p”(3d) at constant p(4s, 4p) 
values cause only small changes in the AE values, 
but the best correlations are obtained at high /P(3d) 
values. 

Ni 19.5 24.6 15 
29.0 32.0 15 
29.0 3.9 14 
10.0 5.0 6 

o- 0 

II 
x 

"H + H+ 

Because of this typically wide variation for the 
transition elements, calibration studies were carried 
out with variable 8” values for a series of complexes 
(see below) so that the resulting binding energies 
gave the best fit with the experimental stability con- 
stants. Salicylaldehyde and its bis complexes with 
copper(I1) were selected for the calibration study 
for reasons which follow : 

(1) Reliable stability constant data are available 
for a whole range of substituted derivatives which 
contain both electron-withdrawing and electron- 
donating groups ; Scheme 1. 
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Table 2. Correlation coefficients and AE values from variable 8” values for 
copper bis(salicylaldehyde) 

b 

B”(4s, 4P) 8”(3d) P & B”(4% 4P)lB”(3d) 

30 15 0.673 -25.9199 2.0 
15 15 0.488 8.4522 1.0 
6 12 0.804 23.5430 0.5 
7.5 15 0.501 23.6774 0.5 

15 30 0.929 4.3941 0.5 
15 7.5 0.487 6.2112 2.0 
7.5 30 0.843 19.5992 0.25 

’ Correlation coefficient. 
b Values for the unsubstituted complex and anion. 

The complex relationships observed in the series 
reflect the varied interactions between the orbitals 
of the substituents in their relative molecular pos- 
itions, and the rr- and n-bonding orbitals of the 
copper atom. Thus, while high p”(4s, 4~) and low 
p(3d) values may adequately represent a-bonded 
substituents, such as alkyl groups, the reverse may 
be required to represent the interactions of rr-elec- 
tron acceptors or donors such as the nitro group or 
amino group. 

Because of the complexity of these relationships, 

16 

i 

14 
03-h 

0 4-O& 

S-Me 
Unmbstituted 

2 10 - - 10 a 
u 
% 
3 -9 i 

8- % -8 4 

s” 

9 

7 % 

6- -6 

-5 

the best fit with experiment was selected (see Fig. 
2) with jP(4s, 4~) = 15 and jP(3d) = 30. The p(3d) 
value for copper calculated in this way is the same 
as that reported by Clack for Gouterman orbitals,15 
and accordingly, the p(3d) values for the other 
transition elements have been taken from the pub- 
lished data since they all show a curvilinear relation- 
ship with atomic number. The zinc value has been 
derived by extrapolation. However, because the 
p(4s, 4~) value for copper differs considerably from 
that published, the values for the other transition 

4- -4 

-3 

I I 
4.8 5.6 6.4 7.2 log K scale (0) 

I I I 

-22 -23 -24 pK scale (0) 

AEvahe 

Fig. 2. Plot of calculated binding energies vs experimental proton ionization constants (PK) and 
stability constants (log K) for substituted salicylaldehydes and their bis complexes with copper. 
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Table 3. CND0/2 parameters for the transition elements (in eV) 

Orbital Bonding 
electronegativity parameter 

Transition (-EC) 
element 

4s [-:vk+-&)l 
4p 3d 4s 4p 3d 

Mn 3.983 0.975 5.157 16.0 16.0 25.0 
Fe 4.120 1.062 5.504 16.0 16.0 27.0 
co 4.170 1.160 5.839 17.0 17.0 28.0 
Ni 4.306 1.260 6.182 17.0 17.0 29.0 
cu 4.567 1.347 6.520 15.0 15.0 30.0 
Zn 4.080 1.160 5.800 10.0 10.0 31.0 

a Orbital configurations adopted given by 3d”- 24s2. 

Orbital 
exponenta 

cd 
4s 4p 3d 

0.973 0.973 1.867 
1.014 1.014 2.083 
1.054 1.054 1.300 
1.095 1.095 2.517 
1.135 1.135 2.733 
1.176 1.176 2.950 
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elements have been derived by relating the bond orbitals. However, like Clack et al.,’ 5 we have found 
dissociation energies of a series of simple diatomics Burns orbitals to give less than satisfactory results. 
(MX) to the corresponding value of the copper Accordingly the calculations involving Slater (or 
system. 39 The resultant energy ratio varies widely quasi-Slater) coefficients have been performed tak- 
over the series depending on whether the atom (X) ing the exponent as 3, rather than introduce the 
attached to the transition element (M) possesses : additional complication of Jaffe’s device.20 

(1) an s-orbital (X = H), 
(2) s- and p-orbitals (X = 0 or F), 
(3) s-, p- and d-orbitals (X = Cl, Br, I or S). 

In the last two cases it is evident that the bond 
dissociation energies will reflect an increasing 
degree of d-orbital interaction associated with 
increasing atomic number. While the relative value 
for MH alone should be related to the p(4s) value 
(only a-orbitals are involved), the proportionality 
does not extend to p(4p). The full data obtained by 
this procedure for the elements Mn-Ni and for Zn 
are shown in Table 3 along with the orbital elec- 
tronegativities and Slater exponents. 

Output options include the possible suppression 
of the printing of various of the larger arrays, out- 
put of localized orbitals, dipole moment analysis 
over such orbitals4’ and the display or Armstrong- 
Perkins bond orders and valences.42 The evaluation 
of the eigenvalues and eigenvectors is performed by 
an algorithm based on those of Wilkinson.43 This 
has the advantage of requiring less temporary work- 
space than that in the original program. Some 
attempt has been made to overcome the occasional 
problem of failure of the self-consistent field section 
to converge. This is done by an empirical density 
matrix weighting procedure which seems frequently 
to be sufficient to get the process back to a state of 
monotonic convergence. 

COMPUTER PROGRAM CIND054 

The program used for these calculations was 
based on the standard CND0/2 version of Pople et 
al.,’ but with extensive modifications. These were 
introduced to deal with problems of portability 
between different machines, to permit the use of 
smaller or larger basis sets, and to facilitate the 
incorporation of third-row (or later) elements so 
that calculations can be carried out on any element, 
in principle, up to xenon. While overlap integrals 
are calculated directly by the method of Mulliken,40 
an option of using Burns atomic func- 
tions21 in place of the more usual Slater ones” has 
been included. Slater functions for orbitals with 
n = 4 have a radial part of the form r2.‘eeLr for 
which the normal process of integration by parts 
fails. This problem is eliminated by the use of Burns 
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Abstract-The reaction of nickel(I1) nitrate with bis(diphenylphosphinomethyl)di- 
methylsilane in ethanol solution gives Ni(N03)2 0 (Ph2PCH2)2SiMe2, recrystallized as 
orange and violet crystals from dichloromethane. Vibrational, electronic spectral and mag- 
netic measurements of the initial product indicate the presence of aZZogons, the first case 
involving nitrate anions or a ditertiary phosphine ligand. The structure of the orange 
crystals 1 was determined by single-crystal X-ray diffraction analysis. The crystals are 
monoclinic, space group P2 ,/c with four molecules in a unit cell of dimensions a = 10.5 12(2), 
b = 15.821(5), c = 18.948(8) A, /I = 104.87(4)“. The structure was solved by the heavy- 
atom method and refined by full-matrix least-squares calculations to R = 0.029 for 2563 
observed data. In the monomeric molecule the Ni atoms are square planar, with mon- 
odentate nitrate groups [Ni-0 = 1.926(2) and 1.933(2) A]. The bidentate phosphine ligand 
has a bite angle of 94.81(3)” and the Ni-P bond distances are 2.166(l) and 2.170(l) A. 
The six-membered NiP2C2Si ring adopts a boat conformation. 

The coordination chemistry of nickel(I1) complexes 
of phosphine ligands is well-developed, with much 
interest focusing on the factors influencing the ster- 
eochemistry of NiX2(PR3)2 complexes.‘*2 The 
square planar * tetrahedral equilibrium observed 
for many examples [especially for X = Br and 
PR3 = PPh2R’ (R’ = alkyl)] are reasonably pre- 
dictable in that larger phosphines or halide ions, 
weaker ligand field strength of the phosphine or 
halide, and more polar solvents favour the adoption 
of tetrahedral nickel(I1) geometry. The actual iso- 
lation of both geometric forms, called allogons,3 has 
however only been possible for a few specific cases. 
X-ray crystallographic data are available for the 
interallogon compounds NiBr2[PPh2(CH2Ph)]23 
and NiC12(PPh3)2,4 whereas synthetic and spec- 
troscopic characterization data are reported for 

*Authors to whom correspondence should be addressed. 

some isolable isomeric cases involving PPh3_,Cy, 
(n = O-3),5 PPh,_,Bu, (n = 1 or 2)6 and other 
PPh2R’ ligands. 7,8 

All known interallogon compounds of nickel(I1) 
involve halide and monodentate phosphines as 
ligands. With other anions, the complexes with 
various phosphines are reported to be either square 
planar (e.g. NCS) or tetrahedral (e.g. NO;) 
only. 2 With ditertiary phosphines, square 
planar * tetrahedral equilibria were observed 
for nickel(I1) halide complexes of bis(di- 
phenylphosphino)propane (dppp), but allogons were 
not isolated. 9 Similarly, electronic spectral data 
indicated a related isomeric phenomenon for 
bis(dicyclohexylphosphino)ethane (dcpe), involv- 
ing diamagnetic square pyramidal [Ni(NO,), 

(dcpe) (H 2011 and square planar [Ni(NO,) 
@cpdW20)1WW ; in contrast the ligands 
dmpe and dppe (R = Me and Ph, respectively, 
instead of Cy) gave only the yellow square 
planar [Ni(L-L)&NO,), complexes. ‘O 

1223 
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As part of the investigation’ ’ of the coordinating 
ability of the related silicon-backbone phosphine 
ligands, Me,Si(CH,PPh,)(CH=CH,)(L’) and 
Me,Si(CH,PPh,),(L’) we have observed that 
Nix2 - L* complexes are on the square planar 
=+ tetrahedral threshold. l2 The orange and violet 
interallogon compounds Ni(N03)2 * L2 are the sub- 
ject of this report, which includes synthetic, spectral 
and (for the orange isomer) X-ray crystallographic 
data. These allogons are the first known for Ni(I1) 
with nitrate as the anion and with a ditertiary phos- 
phine ligand. 

EXPERIMENTAL 

Preparation of bis(diphenylphosphinomethyl)di- 
methylsilanedinitratonickel(II), Ni(N03)2 * L2 

Equimolar amounts of nickel(I1) nitrate dis- 
solved in ethanol and dimethoxypropane (1.5 cm3) 
and the ligand L2 dissolved in methylene chloride 
were mixed, giving a deep purple precipitate. After 
stirring the reaction mixture for 20 min, the solid 
was collected by filtration, washed with ethanol and 
ether, and dried in uacuo at room temperature over- 
night. Found (talc.) : C, 52.5 (52.6); H, 4.8 (4.7); 
N, 4.4 (4.4). Decomposition temperature, 218°C. 
Recrystallization of the violet product by slow evap- 
oration from a methylene chloride solution gave 
both violet (major) and orange (minor) crystals. 
Repeated attempts at recrystallization failed to give 
either isomer as a pure product or suitable crystals 
of the violet isomer for an X-ray analysis. The 
orange crystals were readily separated (though in 
small quantity) in suitable form on several 
occasions, with their relative quantity being fav- 
oured by faster evaporation of the dichloromethane 
solvent. 

Physical methods 

IR spectra were recorded in the range 4000-200 
cm-’ using a Perkin-Elmer Model 180 double- 
beam spectrometer and Nujol or halocarbon mulls 
between KBr or polythene plates. Electronic spectra 

*All calculations were done on our PDPl l/73 com- 
puter using the SDP-Plus system, B. Frenz and Associates 
Inc. (1983), SDP-Plus, College Station, TX 77840, and 
Enraf-Nonius, Delft, Holland. 

TCopies are available from the Editor. Atomic coor- 
dinates have also been deposited at the Cambridge Cry- 
stallographic Data Centre. 

were recorded on a Cary 14 spectrophotometer with 
solid transmission spectra being obtained by the 
filter paper technique. Magnetic-moment measure- 
ments were performed on a Varian EM 360 
(60 MHz, CW) NMR spectrometer by the Evans 
method. 

Crystal data. C28H30NiSiN206P2, M, = 639.31, 
monoclinic, a = 10.512(2), b = 15.821(5), c = 
18.948(8) A, fl = 104.87(l)“, I’= 3045 A3, D, = 
1.39gcm-3,Z = 4,F(OOO) = 1328,Mo-K,,radiation, 
1 = 0.70926 A, &MO-K,) = 8.2 cm- ‘. Space group 
P2,/c uniquely from the systematic absences. 

Structure solution and rejinement. Data were 
collected to a maximum 28 of 44.0” on an Enraf- 
Nonius CAD-4 diffractometer by the ~-28 scan 
technique using monochromatized MO-K, radi- 
ation. Following machine location and centering 
of 25 reflections with 0 in the range 10 < 8 < 15”, 
accurate cell constants and the orientation matrix 
were obtained by a least-squares refinement. A total 
of 4249 reflections were collected of which 3472 
were unique (R factor on averaging 0.015). Of these, 
the 2563 with I > 3~(1) were used in structure sol- 
ution and refinement. The intensities of three stan- 
dard reflections monitored at regular intervals did 
not change significantly over the period of data 
collection. The data were corrected for Lorentz and 
polarization factors and for absorption (maximum 
and minimum transmission coefficients 0.888 and 
0.772). 

The structure was solved by the heavy-atom 
method. Initial refinement* was by full-matrix least- 
squares calculations with isotropic temperature fac- 
tors for the non-hydrogen atoms. Difference maps 
calculated at various stages revealed maxima cor- 
responding to the hydrogen atoms ; these were then 
included (but not refined) in the subsequent cal- 
culations in geometrically idealized positions 
(C-H = 0.95 A) with an overall isotropic thermal 
parameter (U = 0.085 A’). In the final cycles of 
refinement, weights were derived from counting 
statistics, and the non-hydrogen atoms were 
allowed anisotropic motion. Scattering factors used 
in the structure factor calculations were taken from 
Ref. 13 for non-hydrogen atoms and Ref. 14 for 
hydrogen atoms, and allowance made for anom- 
alous dispersion. ’ 5 Refinement converged with 
R = 0.029 and R, = [~wA~/~wF~]‘/~ = 0.039. A 
difference map calculated at the conclusion of the 
refinement had maxima less than 0.22 e A- 3 and 
no significant features. Tables of atomic positional 
parameters and anisotropic thermal vibrational 
parameters, each with estimated standard devi- 
ations, calculated hydrogen coordinates, molecular 
dimensions and observed structure amplitudes and 
calculated structure factors have been deposited.? 
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RESULTS AND DISCUSSION 

The phenomenon of interallogony, involving the 
occurrence of two different stereochemical arrange- 
ments of the same number of bonds, is well estab- 
lished for nickel(I1) phosphine complexes, though 
the examples are limited to those involving halide 
anions and monodentate phosphines. l-9 X-ray 
structural determinations are only available for the 
four allogon complexes, NiBrJPPh2(CHzPh)lZ3 
and NiC12(PPh3)2.4 Our discovery that the com- 
plexes NiXz * L2 (X = halide)” were on the tetra- 
hedral side of the square planar Z$ tetrahedral equi- 
libria, as compared to the analogous Nix2 * dppp 
complexes previously reported by Van Hecke and 
Dew. Horrocks,9 led us to react Ni(NO& with our 
new silicon-backbone ligand. The initial product 
formed in ethanol was a violet powder, but various 
recrystallizations from dichloromethane solution 
gave mixtures of orange and violet crystals. Rapid 
evaporation of the solvent favoured formation of 
a larger quantity of the orange crystals. Manual 
separation of a few crystals of the latter allowed 
their X-ray analysis and verification as the square 
planar isomer. Numerous attempts to obtain suit- 
able crystals of the violet form for a single-crystal 
determination were not successful, although it was 
possible to isolate a product virtually free of the 
orange crystals by slow evaporation. 

Physical measurements on the violet product 
initially isolated from the ethanol reaction mixture 
indicated the presence of four-coordinate Ni(I1) 
species having both square planar and tetrahedral 
geometries. The complex Ni(NO& * L*, which is 
non-conducting in nitromethane (A,,., = 25.0 Q- ’ 
cm* mol- ’ for a lo- 3 M solution, indicating some 
solvolysis), showed IR bands attributable to mon- 
odentate nitrato groups.16*‘7 Bands at 1435 and 
1350 cn-’ (v3 splitting of 85 cm-‘), 1000 cm-’ (vi), 
820 cm-’ (v2), and at 760 and 740 cn- ’ (v4), 
are absent in the corresponding halide com- 
plexes.” Weak bands in the far IR at 298 and 267 
cm’ can tentatively be assigned to v(Ni-0) and 
v(Ni-P) modes, respectively. An attempt to 
observe the relative intensities of the three highest- 
frequency Raman shifts attributable to nitrate fun- 
damentals’ * was unsuccessful due to sample 
decomposition in the laser beam. 

In contrast to the Nix,* dppp complexes,9 for 
which the square planar + tetrahedral equilibria lie 
considerably toward the square planar side (totally 
in the solid state), our results’* for NiX2* L* com- 
plexes show that formation of the tetrahedral iso- 
mer is favoured. For the present Ni(N03)* * Lz case, 
the magnetic moment, measured at 303 K in 
CH2C12 solution, is 3.4 BM. Assuming that a value 

of peff = 3.5 BM corresponds to the totally tetra- 
hedral value (as found for Ni12 * L2),‘* this magnetic 
moment represents a per cent paramagnetism of 94, 
or alternatively, KS = 17.0 in favour of the tetra- 
hedral isomer. We have determined that 
Ni(N03)* mdppp, not previously reported,’ is dia- 
magnetic, with no indication of formation in sol- 
ution of the tetrahedral isomer. By comparison, 
electronic spectroscopy of Ni(N03)* * L2 shows that 
the tetrahedral isomer is predominant, both in the 
solid state (12,200- and 18,000-cm- ’ bands) and in 
CH2C12 solution [bands occur at 9400 (30), 11,100 
(40), 16,800 (70) and 22,200 cm-’ (200)]. Elec- 
tronic spectral parameters for several Nix, * L* 
complexes and comparisons to reported spectral 
data for the analogous dppp complexes will be dis- 
cussed in a future paper. This report verifies that 
the expectedly larger bite of L* than dppp as a 
chelating ditertiary phosphine ligand leads to the 
existence of allogons for the Ni(N03)2 - L2 case. 

The molecular structure of the orange isomer of 
Ni(NOj)*. L* is shown in Fig. 1. The Ni coor- 
dination, with cis P and 0 atoms in the coordination 
sphere, is slightly distorted from square planar 
towards square pyramidal [deviations from the 
Ni02P2 plane (Fig. 1) are : Ni, 0.029(l) ; 0(1 l), 
-0.028(2); 0(21), 0.014(2); P(l), 0.009(l); P(2), 
-0.024(l) A]. Selected bond distances and angles 
are summarized in Table 1. The six-membered 
NiP2C2Si ring adopts a boat conformation with 
atoms Ni, P(2), Si and C(1) forming a plane to 
within f0.09 8, and with P(1)+0.814(1) and 
C(2)+0.633(4) A from the plane. This con- 
formation results in the non-equivalence of sub- 
stituents on P and Si. 

The Ni-P bond distances [2.166( 1) and 2.170( 1) 
A] are considerably shorter than the corresponding 
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Table 1. Principal” bond distances (A) and bond angles (“) of the 
orange crystal Ni(NO&*L* 

q&j@ >% 

MC\/- \J(ll) 

Me/ L ’ %I) 

@(b j&J 

Ni-P( 1) 2.166(l) P(l)-Ni-P(2) 94.81(3) 
Ni-P(2) 2.170(l) P(l)-Ni-O(ll) 91.76(7) 
Ni-O( 11) 1.926(2) P( l)-Ni-O(21) 178.08(7) 
N&O(4) 1.933(2) P(2)--Ni-O( 11) 172.70(7) 

P(l)--c(l) 1.795(3) P(2)-Ni-O(21) 86.80(7) 

P(2)--c(2) 1.803(3) O(ll)-N&0(21) 86.58(9) 
Si-C( 1) 1.884(4) Ni-P(l)-C(l) 114.6(l) 

Ni-P(2)-C(2) 121.0(l) 
S&C(2) 1.895(4) P(l)-C(l)-Si 117.7(2) 
S&C(3) 1.829(4) P(2)-C(2)-Si 117.5(2) 
Si-C(4) 1.843(4) C(l)-S&C(Z) 107.3(l) 

(1 For more detailed information, see supplementary data. 

distances in the square planar isomers of NiClz 
(PPh,),(2.242(3))4 and NiBrz[PPhz(CHzPh)lz 
(2.263(7) A).’ Ni-P bond distances in the tetra- 
hedral isomers of the latter two interallogon 
examples are longer still by 0.05 A. The shorten- 
ing of Ni-P bond distances for the present 
square planar allogon, compared to the mono- 
dentate phosphine cases, can perhaps be attri- 
buted to the presence of 0 (of weaker tram influ- 
ence”) rather than P atoms in the tram positions. 
The shorter Ni-P bond length also suggests that a 
stronger bond than normal results from the chelate 
ring formation. A shortened Ni-P bond length 
[2.175(4) A] in trans-Ni(C=CPh)2(PEt3)2 was 
explained by electronic effects.20 

The Ni-0 bond distances [1.926(2) and 1.933(2) 
A] are shorter than previously reported for the 
Ni-0 monodentate nitrato interaction in octa- 
hedral dinitrato[2,6 - diacetylpyridinebis(anil)] 
nickel(I1) [2.027(5) vs 2.104(5) ave. for the bidentate 
nitrato group in the same molecule].* ’ The shorter 
Ni-0 bond in a square planar environment is as 
expected. In the square planar complex bis-(N- 
isopropyl - 3 - methylsalicylaldiminato)nickel(,II), 
Ni-0 equals 1.837(2) a (ave.).” The effect of 
coordination of the nitrato groups is discernible in 
the differences of the N-O distances, i.e. N-O 
(bonded), 1.293(4) and 1.303(4) A, compared to 
N-O (terminal), 1.217-1.227(4) A. Similarly, the 
O-N-O bond angles are considerably larger to 

the terminal 0 atoms, 124.3(3)’ ave. compared to 
116.7-l 19.2(3)” when both terminal and bound 0 
are involved. 

The P-Ni-0 angles [172.70(7) and 178.08(7)“] 
depart significantly from idealized square planar 
expectations ; consistent with the small square pyr- 
amidal distortion noted above. Similarly, the 
P-Ni-0 and O-N&-O angles are less than the 
theoretical 90” [86.58(g) and 86.80(7)“]. The 
P-Ni-P angle of 94.81(3)’ shows that the bite 
angle of L2 is enhanced by the incorporation of a 
Si atom in the backbone. For comparison, the bite 
angle of dppp in Pd(NCS)* * dppp is 89.3”, while 
that of dppe in Pd(NCS)(SCN) * dppe is 85”. 23 

The C-P-C angles [103.0-107.8(2)“] are less 
than the ideal tetrahedral value (109.5’) and the 
Ni-P-C angles [107.0-121.0(l)“] are larger, as 
expected for metal-phosphine complexes. Other 
bond distances, such as P-C(CH2) [1.795 and 
1.803(3)~]andP-C(phenyl)[1.804-1.818(4)~]il,are 
similar to those in other phosphine complexes. The 
range of C-Si-C angles [107.3-l 11.5(2)“] reflects 
the flexibility of the ligand backbone; the 107.3” 
angle for C(l)-S&C(2) compares to 116.7” for 
the C-C-C backbone angle of dppp in 
Pd(NCS)2 - dppp. 23 The conformationally flexible 
nature of the L2 ligand probably contributes to its 
coordinating ability with several metal centres,12 
and allows interallogon compounds in the case of 
Ni(N03)2 9 L2. 
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Abstract-The reactions of Me2AsNR, with Et,AsAsEt,, and of Et,AsNR, with 
Me,AsAsMe, (R = Me or Et), were investigated over the temperature range 24-75°C 
by using ‘H and 13C NMR spectroscopy. The NMR data indicate the initial forma- 
tion of the unsymmetrical diarsine, Me2AsAsEt2, and the respective dialkylamino- 
dialkylarsine, Et,AsNR, or Me*AsNR,. The Me,AsAsEt:, then undergoes symmetriza- 
tion to yield Me2AsAsMe2 and EtzAsAsEt2. Additional competitive reactions involving 

\ /\ / \ /\ / /AsAs,-PN, and ,,AsN,--,AsN, systems also occur in the reaction mixture. 

In each case, the percentage distribution of products and reactants in the studied systems 
at equilibrium is independent of temperature within experimental measurement. The 
reaction rates are dependent upon the nature of R and the alkyl group in the diarsine. In 
addition, equilibrium constants for several competitive reactions have been determined. 

The chemistry of P-P-, As-As-, P-N-, As-N- 
and As-P-bonded compounds has been of con- 
tinued interestlm4 with most of the attention being 
directed toward the reactivity of P-N-bonded sys- 
tems.*13 During the last 20 years, several studies 
have focused on the reactivity of the more labile 
As-N bond. I&19 This literature establishes the fact 
that As-As and As-N bonds are more labile than 
the P-P and P-N bonds, respectively. Recently 
the synthesis and reactivity of heteroatomic group 
15 compounds, which contain multiple bonds, i.e., 
P=N, P=As and P=Sb, have been reported.20.21 

Our multinuclear NMR investigations of the 
Me,AsNMe,-Me,AsHZ2 and Me,AsNMe,- 
MeAsH reaction systems demonstrate that the 
lability of the As-As and As-N bonds leads to 

reactions involving the exchange of H-, MeA / , 
\ 

Me,As- and Me2N- units in solution. These 
exchange processes directly influence the rate of 
reaction and/or the distribution of products at 
equilibrium. 

There are no reports in the literature on the reac- 
tivities of a~noa~~~ toward As-As-bonded com- 

*Author to whom correspondence should be addressed. 

pounds, except our recent observations22 while study- 
ing the reactivity of Me2AsNMe2 toward Me,AsH. 
Thus, we have undertaken a systematic study 

of reactions involving the >sN<->sA< 

system to elucidate the mechanism of reaction, 
understand the effect that various substituents have 
on As-N and As-As bond lability, and charac- 
terize and establish the relative importance of com- 
peting reactions. In this paper, we report a ‘H and 
13C NMR study of the reactions of four dial- 
kylaminodialkylarsines with tetramethyl- and tetra- 
ethyl-diarsine in toluene-ds solution as a function 
of temperature and time. Some competing reactions 
have also been studied to establish their relative 

significance in the >sN<->sA< reaction 

system. 

EXPERIMENTAL 

Standard high vacuum line techniques and a 
Vacuum Atmospheres Model HE-43-Dri lab equip- 
ped with a Model HE-493 Dri-Train were used for 
storing and handling of all compounds. Me,NH 

1229 
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when the mixture was monitored at 50°C (15 days), 
75°C (13 days) and then again at 24°C (10 days). 
The ‘H NMR intensity data gave the following per- 
cent distributions at equilibrium for the indicated 
MezAsNRTEtzAsAsEtz systems : Me*AsNMe,- 
Et ,AsAsEt Z system = 31% Me2AsAsEtz, 6% 
Me,AsAsMe,, 30% Et,AsNMe,, 19% MezAsNMe,, 
and 14% Et,AsAsEt,; MeZAsNEtTEtzAsAsEt, 
system = 32% Me*AsAsEt,, 5% MezAsAsMez, 
31% Et,AsNEt,, 19% MezAsNEt,, and 13% 
EtzAsAsEt,. 

These results indicate that Me2AsNR2 readily 
reacts with EtzAsAsEt, to give the unsymmetrical 
Me,AsAsEt* and Et,AsNR2 [eqn (l)] : 

Me,AsNR, + Et2AsAsEtz 

$ Me,AsAsEt2+Et2AsNR2. (1) 

The unsymmetrical diarsine, Me*AsAsEt,, then 
undergoes symmetrization [eqn (2)] :” 

2MezAsAsEt2 F?: MezAsAsMez + Et,AsAsEt*. 

(2) 

This reaction is very facile, with equilibrium being 
reached within 30 min. Interestingly, the dis- 
tribution of diarsines is independent of temperature 
(see discussion below). 

Owing to the lability of the As-As and As-N 
bonds, Me,AsAsMe, then reacts with Et2AsNR2 
according to eqn (3) (see discussion below) : 

MezAsAsMe,+ Et,AsNR, 

+ Me*AsAsEt* + Me2AsNR,. (3) 

All other reactions involving the very labile As-N 
and As-As bonds undoubtedly occur in solution. 
For example, MeZAsAsMez in eqn (2) would be 
expected to react with Me,AsNR, [eqn (l)]. 
However, due to the indistinguishability of reac- 
tants and products in these other systems, they 
could not be studied independently using our NMR 
techniques. 

Since establishment of equilibrium is so fast at 
24”C, rate data were collected at - 10°C. These 
data indicate that substitution of an Et for a Me 
group in the amino moiety of Me,AsNR, does not 
affect the final equilibrium distribution of species in 
the reaction mixture. However, the graphs of % 
EtzAsNRz produced with respect to Me,AsNR, vs 
time for the Me,AsNRTEtZAsAsEtz system [Fig. 
l(A)] indicate that substitution of an Et for a Me 
group in Me*AsNR, does affect the rate of reaction. 
The Me,AsNMeTEt,AsAsEt, reaction is slower 
than the Me,AsNEt,-EtAsAsEt* reaction. Since 
these reactions appear to proceed through for- 
mation of a concerted four-centered activated inter- 
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Fig. 1. Percentage of Et2AsNR, formed as a function of 
time: (A) at -lO”C, (B) at 24°C. (A) Et,AsAsEtT 
Me,AsNEt, system, (0) Et,AsAsEt,-Me,AsNMe, sys- 

tem. 

mediate 26~27 these data suggest that substitution of 
an Et for a Me group lowers the energy barrier 
for As-N bond dissociation and leads to a faster 
reaction. 

Reaction of Et2AsNR2 with Me2AsAsMe, (R = Me 
or Et) 

The ‘H and 13C NMR spectra of an equimolar 
mixture of EtzAsNRz and MezAsAsMe, in toluene- 
d8 solution also indicated no reaction at -60°C. 
At 24°C resonances assignable to Me,AsAsEtz, 
Et ,AsAsEt *, Me,AsAsMez, Et2AsNR2 and 
Me,AsNR, were observed. Equilibrium was 
attained in 29 h for the EtzAsNMez-Me2AsAsMez 
system and in 6 h for the Et,AsNEt,Me,AsAsMe, 
system. No effect of temperature on the equilibrium 
was’noted when the reaction mixtures were moni- 
tored at 50, 75 and then again at 24°C. The ‘H 
NMR intensity data gave the following percent dis- 
tributions at equilibrium for the indicated 
Et*AsNR,-Me,AsAsMez systems. Et,AsNMeT 
Me*AsAsMe, system: 26% Me,AsAsEt,, 7% 
Et,AsAsEt,, 35% Me*AsNMe,, 14% Et*AsNMe,, 
and 18% Me,AsAsMe,; Et,AsNEtTMezAsAsMe, 
system: 24% MezAsAsEt,, 6% Et,AsAsEt,, 35% 
Me,AsNEt,, 15% Et,AsNEt,, and 20% 
Me,AsAsMez. 
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These results suggest that Et,AsNR, readily reacts systems is considerably greater than for the analogous 
with Me,AsAsMe, to yield Me,AsAsEt, and MezAsAsMez-EtzAsNR2 systems. Thus substitution 
Me,AsNR2 [eqn (311. This reaction, in comparison to of an Et for a Me group in the diarsines has a greater 
that represented by eqn (l), appears to be irreversible, influence on the reaction rates than does the sub- 
since the reaction of Me,AsAsEt, with Me,AsNR, stitution in the aminoarsines. This probably is due 
gives indistinguishable reactants and products. to the lower As-As bond strength** in Et,AsAsEt, 
Me,AsAsEt* undergoes symmetrization via eqn (2) relative to that in MezAsAsMez, which should 
and can also react with Et2AsNR2 according to eqn lower the energy barrier to As-As bond dissoci- 

(4) : ation in the four-centered intermediate. 

Me,AsAsEt,+Et,AsNR, 

P Me,AsNR, + Et,AsAsEt*. (4) 

The Et,AsAsEt* produced from the reactions 
described by eqns (2) and (4) further reacts with the 
Me,AsNR* [see eqn (l)] formed during the reaction 
described by eqn (3). Because of the lability of the 
As-N and As-As bonds, several other reactions 

Reactions of Me,AsNMe, with Et,AsNEt,, and of 
Me,AsNEt, with Et,AsNMe, 

In both the Me,AsNR,-Et,AsAsEt, and the 
EtzAsNR,-Me,AsAsMe, systems described above, 
Me2AsNR2 and Et2AsNR2 are simultaneously pre- 
sent in solution as reactant and/or product. Because 
the products and the reactants from an exchange 
reaction represented by eqn (5) : involving \psAs=-\p~As(,~~ >sA$- 

>sN< and >sN<->sN< systems un- 

doubtedly occur in solution. Due to the indis- 
tinguishability of reactants and products in these 
other systems, they could not be studied inde- 
pendently using our NMR techniques. 

The graph of % Me,AsNR2 produced with respect 
to Et,AsNR, vs time for the Et,AsNR,-Me,As- 
AsMe system (Fig. 2) also suggests that substitution 
of an Et for a Me group in the amino moiety of 
Et,AsNR, has no effect on the final equilibrium 
distribution of species. However, the rate of the 
Et,AsNEt,-Me2AsAsMe, reaction is much faster 
than that of the Et,AsNMe,-Me2AsAsMe2 re- 
action. Also, in this case, substitution of an Et for 
a Me group appears to lower the energy barrier for 
As-N bond dissociation. 

A comparison of Figs l(B) and 2 indicates that 
the rate of reaction for the Et2AsAsEt2-Me,AsNR* 

Time (hb 

Fig. 2. Percentage of Me,AsNR, formed as a function 
of time at 24°C : (0) Me,AsAsMe,-Et,AsNMe, system, 

(A) Me,AsAsMeiEt,AsNEt, system. 

Me,AsNR, + Et,AsNR, 

P Me,AsNR, + Et2AsNR2 (5) 

are indistinguishable, we could not study this reac- 
tion using available NMR techniques. Instead, we 
established the occurrence of such an exchange by 
reacting Me,AsNMe* with Et,AsNEt,. Within 
15 h of mixing a 1: 1 stoichiometric ratio of the 
reactants at 24°C the ‘H NMR spectrum indicated 
establishment of an equilibrium to give a mixture 
containing 24% each of the Me,AsNEt, and 
Et2AsNMe,, and 26% each of Me,AsNMe, and 
Et,AsNEt, : 

Me,AsNMe* + Et2AsNEt2 

G Me,AsNEt, + EtzAsNMe,. (6) 

The calculated equilibrium constant for the reaction 
represented by eqn (6) is 0.90. The reversibility of 
this reaction was substantiated by reacting 
Me,AsNEt, with Et,AsNMe2, forming Et,AsNEt, 
and Me2AsNMe2. The calculated equilibrium 
constant for this reaction is 1 .l at 24°C. These 
exchange reactions have a low enthalpy of reaction, 
as evidenced by our findings that the equilibrium 
constants are invariant with temperature within 
experimental measurement. 

Reaction of Me,AsAsMe, with Et2AsAsEt2 

The ‘H spectra of a 1: 1 mole ratio of 
Me,AsAsMe, and Et2AsAsEt2 in toluene-d8 were 
obtained at 24 and 50°C. The spectra indicate a 
rapid exchange reaction. The relative concentration 
of parent and mixed compounds was determined 
from the integration of the ‘H signals. An equili- 
brium constant of 1.0 was obtained at each tem- 
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perature by using the following expression : 

These data are consistent with those reported for 
exchange reactions involving P-As and As-Sb 
systems. Equilibrium constants of 0.26 and 0.37 
were obtained for the Me2PPMez-Me2AsAsMe24 
and Ph2PPPh2-Ph2AsAsPh23 systems, respectively, 
in benzene-d,. In the Ph,PPPh,-Ph,AsAsPh, 
system, AH” was very low (+ 1.3 f 0.3 kcal mol- ‘) 
with a positive entropy contribution (AS“ = 
+ 3.5 & 1 .O eu) and the reaction was rather fast. 
An equilibrium constant of 0.9 was obtained for 
the Me2SbSbMe2-Me,AsAsMe, system.4 

The results of our current study indicate that 
reactions between As-As- and As-N-bonded 
compounds occur readily. For the systems studied, 
the overall reactions involve numerous competing 
equilibria that are very facile. Preliminary inves- 
tigations of analogous reactions involving P-P- 
and As-N-bonded compounds indicate high reac- 
tivity, while those involving As-As- and P-N- 
bonded compounds indicate no reactivity. The reac- 
tion of Et,PPEt, and Me2AsNMez goes to com- 
pletion within 30 min to yield Et,PAsMe, and 
Et2PNMe2 in solution. Et,PAsMe, then undergoes 
a slow exchange to give an equilibrium mixture 
of Et,PAsMe,, Et2PPEt2 and Me,AsAsMe,. The 

‘Pd ’ sN’ 
/ \-/A \ 

systems are currently being 

studied to obtain kinetic and thermodynamic data, 
and to relate these data with those obtained from 

the >sAs<->sN( systems. 

1. 
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Abstract-Co(II), Ni(II), Cu(I1) and Cr(II1) complexes with monoprotic dehydroacetic 
acid (3 - acetyl - 4 - hydroxy - 6 - methyl - 2 - pyrone) are described. The Co, Ni and Cu 
compounds present 1 : 2 metal : ligand ratios and the Cr compound a 1 : 3 ratio. All of these 
compounds are soluble in dimethylformamide and formed adducts with this solvent. One 
of these solvates, bis(3 - acetyl - 4 - hydroxy - 6 - methyl - 2 - pyrone)cobalt(II) bis(dimethyl- 
formamide), afforded crystals suitable for X-ray diffraction analysis, and its crystalline 
and molecular structures are reported. The crystals are triclinic, space group PI, with 
a = 8.290(l), b = 9.570(2), c = 7.731(l) A, CI = 94.16(2), /3 = 101.52(2), y = 85.15(2)“, 
V = 597.9(2) A3, Z = 1. Least-squares refinement of the structure based on 3088 obser- 
vations led to final discrepancy indices of R = 0.075 and R, = 0.049. The Co atoms lies on 
a inversion center having distorted octahedral coordination through four 0 atoms of two 
3 - acetyl - 4 - hydroxy - 6 - methyl - 2 - pyrone groups and two 0 atoms of two 
dimethylformamide molecules. The 3 - acetyl - 4 - hydroxy - 6 - methyl - 2 - pyrone group 
is practically planar. 

Dehydroacetic acid (3 - acetyl - 4 - hydroxy - 6 - 
methyl - 2 - pyrone) (Ia) is an industrially available 
product used as a fungicide, a bactericide and also 
as an important intermediate in organic synthesis. 
However, little is known on its metal complexes. 
The Cu and Zn complexes have been reported to 
be, respectively, a fungicide’ and a heat stabilizer 
for vinyl chloride resins.2 There are some other 
reports in the patent literature,3 and also the 
stability constants of some complexes have been 
measured. 4*5 

acid. However, nothing was known about Ib apart 
from the most simple spectroscopic characteristics. 
Therefore, it was considered that a structural study 
of Ib and its congeners It-e, also prepared for 
synthetic purposes, could be of interest. 

1235 

Some of us,6*7 have described the use of the Co(I1) 
complex (Ib) as a substrate to achieve one of the few 
reactions known to occur at C5 in the dehydroacetic 

*Author to whom correspondence should be addressed. 

As far as we know the most related molecule 
studied by X-ray diffraction is the Ni(I1) 
dehydroacetic acid monoimide complex. ’ 

Ia M=H, n=l 

Ib M=Co,n=2 

Ic M=Ni n=2 

M = Cu, n = 2 

M = Cr, n = 3 
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EXPERIMENTAL 

Synthesis of the complexes 

Co(I1) complex. Co(I1) chloride hexahydrate (2.3 
g, 9.7 mmol) in water (15 cm3) was added under 
stirring to a mixture of dehydroacetic acid (3.27 g, 
19.4 mmol) in acetone (40 cm’) and sodium acetate 
trihydrate (2.63 g, 19.4 mmol) in water (15 cm’). 
The stirring was continued for 1 h, after which the 
solid pink purple precipitate was filtered, washed 
with water and acetone, mixed with toluene, and 
evaporated again to afford 3.5 g of the complex. 
Found: C, 48.9; H, 3.5. Calc. for C16H140sC~: 
C, 48.9; H, 3.6%. 

Co(I1) complex-dimethylformamide solvate. 
Crystals suitable for X-ray diffraction with formula 
C, gH ,4OgCo - 2 dmf were obtained by slow 
diffusion of ethanol in a dmf solution of the afore- 
mentioned Co(I1) complex. 

Cu(I1) complex. A mixture of copper acetate 
monohydrate (3.15 g, 16.0 mmol) and sodium ace- 
tate trihydrate (4.35 g, 32 mmol) in water (20 cm3) 
was added dropwise with stirring to a solution of 
dehydroacetic acid (5.50 g, 32 mmol) in acetone 
(80 cm3). The blue precipitate formed was filtered, 
washed with water and acetone, and dried to afford 
3.97 g of the complex. Yield 65%, m.p. 322°C. 
Found: C, 48.3; H, 3.6. Calc. for C,6H1408C~: 
C, 48.3; H, 3.6%. 

Ni(I1) complex. A mixture of nickel chloride hexa- 
hydrate (10.58 g, 45 mmol) and sodium acetate 
trihydrate (12.11 g, 89 mmol) in water (90 cm’) was 
added dropwise with stirring to a solution of dehy- 
droacetic acid (15.0 g, 89 mmol) in acetone (250 
cm3). The stirring was maintained for 1 h, and the 
green precipitate filtered, washed with water and 
acetone, and dried to afford 14.1 g of the complex. 
Yield 72%, m.p. 190°C. Found C, 44.3; H, 4.4. 
Calc. for C,gH1408Ni*2H20: C, 44.8; H, 4.2%. 

Cr(II1) complex. A mixture of urea (20.0 g, 0.33 
mol), chromium trichloride hexahydrate (3.0 g, 11 
mmol), dehydroacetic acid (4.54 g, 27 mmol), water 
(50 cm3), and acetone (100 cm3) was refluxed for 
20 h. The mixture was then cooled at room tem- 
perature and poured into water (100 cm3). The 
formed precipitate was filtered, washed with water 
and acetone, and dried to afford 2.5 g of the 
complex. Yield 41%, m.p. 172-174°C. Found C, 
52.3; H, 4.1. Calc. for CZ4H2,01$r: C, 52.1; 
H, 3.8%. 

X-ray structure determination 

A prismatic crystal of0.2 x 0.2 x 0.3 mm was used 
to determine the cell parameters on a Nonius CAD- 

4 four-circle diffractometer. Intensity data were col- 
lected using the same diffractometer from the same 
crystal with graphite monochromated MO-K, radi- 
ation for 2 < 8 < 30” and the ~28 scan technique. 
Two reflections were used as standard and re- 
measured every 100 reflections. No decomposition 
was observed. Of the 3485 independent reflections 
measured, 3088 were considered as observed 
with I > 20(I), cr being determined from counting 
statistics. Lorentz and polarization corrections 
were applied but no correction was made for 
absorption. 

The structure was solved by direct methods with 
MULTAN 80’ program and subsequent difference 
Fourier synthesis. 

Further least-squares refinements, first with iso- 
tropic and later with anisotropic temperature factor 
coefficients for non-H atoms and isotropic for H 
atoms (located on a difference Fourier synthesis) 
reduced R to 0.075 and R, to 0.049. 

The final-difference Fourier map had all residual 
peaks less than 0.15 e A- 3. Figure 1 shows a view 
of the molecule and Co octahedron. The final bond 
lengths and bond angles involving the non-H atoms 
are given in Table 1. Atomic positional parameters 
and thermal coefficients and lists of FJF, values 
have been deposited as supplementary material with 
the Editor from which copies are available on 
request. Atomic coordinates have also been 
deposited with the Cambridge Crystallographic 
Data Centre. 

Fig. 1. Molecular structure of bis(3 - a&y1 - 4 - hydroxy - 
6 - methyl - 2 - pyrone)cobalt(II) bis(dimethyl- 

formamide). 



Transition-metal complexes with dehydroacetic acid 

Table 1. Selected interatomic distances (A) and bond angles (“) 

co-01 2.027(2) co-02 
co-03 2.171(2) Ol-Cl2 
02-C7 1.264(3) 03-Cl5 
04-C9 1.351(4) 04-ClO 
05-ClO 1.211(4) N6-Cl5 
N6-Cl6 1.445(5) NbC17 
C7-C8 1.446(4) C7-Cll 
C8-C9 1.329(4) C9-Cl3 
C1O-Cll 1.440(4) Cl l-Cl2 
C12-Cl4 1.498(5) 

02-Co-03 91.48(9) 01-Co-o3 
01-Co-o2 85.53(S) C9-04-ClO 
C16-N6-Cl7 117.3(3) Cl%-N6-Cl7 
c15--N6-Cl6 121.5(3) 02-C7-C 11 
02-C7-C8 117.0(2) C8-C7-C11 
C7-C8-C9 121.3(3) 04-C9-C8 
C8-C9-C13 126.3(3) 04-C9-C13 
04--c10-05 113.2(3) 05-C1O-C11 
04-C10-Cl1 117.7(3) c7-c11-C10 
c1O-C11-C12 118.9(2) c7-Cl l-Cl2 
Ol-Cl2-Cll 122.7(3) Cl l-Cl2-Cl4 
Ol-C12-Cl4 114.6(3) 03-C 15-N6 

Weighted least-squares planes through the starred atoms 

Plane: -0.8770(6)X-0.4OO(l)Y-0.266(l)Z = -0.478(5) 

Atom Des. (A) Atom Des. Atom 
c7* 0.018(3) Co 0.4779(9) Cl2 
C8* -0.014(3) 01 -0.020(2) Cl3 
c9* -,0.009(3) 02 0.045(2) Cl4 
04* 0.013(2) 03 - 1.553(2) Cl5 
c10* -0.012(3) 05 - 0.009(3) Cl6 
c11* -0.008(3) N6 -3.593(3) Cl7 

2.002(2) 
1.249(3) 
1.230(4) 
1.405(4) 
1.325(4) 
1.452(5) 
1.43 l(4) 
1.487(5) 
l&2(4) 

91.90(9) 
122.5(2) 
121.2(3) 
125.4(3) 
117.6(2) 
121.7(3) 
112.0(3) 
129.1(3) 
119.2(2) 
121.9(2) 
122.7(3) 
124.3(3) 

Des. 
-0.091(3) 
-0.004(4) 
-0.318(5) 
-2.352(3) 
-4.130(5) 
-4.493(5) 
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The scattering factors were taken from Znter- 
national Tables for X-ray Crystallography (1974). 
The computation was made with programs of the 
X-ray 80 systems, lo PARST” and PESOS” on a 
Vax 1 l/750 computer. 

Physical measurements 

Elemental analyses of the newly prepared com- 
plexes were performed in our microanalytical lab- 
oratory using a Perkin-Elmer 240 microanalyzer. 
IR spectra were recorded in a Beckman IR-20A 
spectrophotometer as KBr pellets. Magnetic 
measurements were made in a Faraday type equip- 
ment in the 3OG77 K temperature range. The bal- 
ance was calibrated with standard Hg[Co(SCN),]. 
Pascal tables were used for diamagnetic corrections 
but no attempts were made to introduce TIP cor- 
rections. 

RESULTS AND DISCUSSION 

Structural description of the Co(I1) complex 

The Co atom lies on a inversion center and it has 
a distorted octahedral coordination with 01 and 
02 atoms in equatorial positions, and the 03 atom 
from the dimethylformamide molecule occupying 
the most electronegative elongated axial position 
(Fig. 1). 

The Co-03 distance [2.171(2) A], is similar to 
the value of 2.161(3) 8, suggested by Castiiieiras et 
al.,13 but the Co-01 [2.027(2) A] and Co-02 
[2.002(2) A] distances are shorter. However the 
dimensions are in good agreement with the value of 
the Co octahedron found by Florencio et al. I4 in a 
Co(I1) benzenesulphonate-ethanol complex and in 
hexahydrated Co(I1) benzenesulphonate. 

The asymmetric molecular group forms a planar 
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six-membered ring. All the exocyclic atoms are 
practically situated in the same plane (Table 1). The 
Co atom is situated out of this plane by 0.4779 A. 
C8-C9 [1.329(4) A] has a double-bond character 
and the other molecule bonds display a conjugation 
effect. The dimethylformamide molecule shows a 
normal geometry. 

Magnetic and spectroscopic properties 

All these compounds are very insoluble in the 
common solvents but they are slightly soluble in 
dimethylformamide. From this solvent it is possible 
to isolate different solvates as in the case of the Co 
complex. The coordination about the Co(I1) ion is 
octahedral in the disolvated complax as shown by 
X-ray diffraction, but the geometry for the non- 
solvated compound is not obvious. Magnetic 
measurements down to liquid-nitrogen temperature 
gave us evidence for a tetrahedral coordination in 
this compound. 

The complex follows the Curie-Weiss law in the 
temperature range tested. The plot of the inverse 
of the magnetic susceptibility vs temperature is a 
straight line with a very good approximation (cor- 
relation coefficient = 0.9996, slope = 0.337, inter- 
cept with the X-axis = -7.2 K). 

The magnetic moments are temperature-inde- 
pendent in the range 300-77 K, and their average 
value is 4.77 BM. This value is characteristic for 
tetrahedral Co(I1) complexes” with no orbital con- 
tribution in the 4Az ground state. The g value for 
the Co(I1) ion calculated from the Curie constant 
assuming a spin value of: is 2.5. The negative value 
of the Weiss constant (0) could be explained 
assuming intermolecular antiferromagnetic inter- 
actions in the crystalline structure. Orbital con- 
tributions to the ground state through the mixing in 
the 4T2-state by a second-order spin-orbit coupling 
perturbation or effects due to zero field splitting 
could also contribute to the 8 constant. 

Magnetic measurements at room temperature of 
the other compounds also give information for the 
geometries about the Ni(II), Cu(I1) and Cr(II1) 
ions. The dihydrated Ni compound exhibits a mag- 
netic moment of 3.2 BM, which is characteristic for 
Ni(I1) octahedral complexes, and a similar structure 
to that found in the Co(I1) complex should be 
assumed. The Cu compound has a magnetic 

moment of 1.8 BM at room temperature and its 
coordination geometry could be tetrahedral. On the 
other hand, the Cr compound is a 1 : 3 complex 
and its magnetic moment is 3.5 BM, so that an 
octahedral coordination should be expected. 

IR spectra show the coordination of the dehy- 
droacetic acid through the hydroxylic and car- 
bonylic groups. The frequency of the c=O band 
decreases in the complexes with respect to the free 
ligand (Ia, 1750 cm- ’ ; Ib, 1680 cm- ’ ; Ic, 1680 
cm-‘; Id, 1700 cm-‘; Ie, 1715 cnr’). 
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Abstract-A new synthetic method to triammine complexes of Cr(II1) is reported, via a 
hydrolytic process from tetrammine complexes. The crystal and molecular structure of 1 - 
chloro - 2,3 - diaquo - 4,5,6 - triamminchromium(II1) chloride are described. The crystals 
are orthorombic, space group Pnma, with a = 13.230(2), b = 10.545(l), c = 6.754(l) A, 
V = 942.3(3), Z = 4. Least-squares refinement of the structure based on 529 observations 
led to final discrepancy indices of R = 0.047 and R, = 0.056. The Cr atom is bonded to 
two water molecules, three ammonia molecules and one chlorine atom in a distorted 
octahedral coordination showing a trans chloro-aquo configuration. 

While the hexaamine, pentammine and tetrammine 
complexes of Cr(II1) are very well known in their 
synthetic, structural and reactivity aspects, the 
chemistry of the triammine species are not so well 
documented. 

Four types of triammine complexes are known : 
triaquo complexes, [Cr(NH3)3(H20)3]X3; mono- 
acidodiaquo complexes, [Cr(NH3)3(H20)2X]X2 ; 
diacidoaquo complexes, [Cr(NH,),(H,O)XJX ; 
and triacido complexes, [Cr(NH,),X,]. ’ 

The classical synthetic pathway to triammine 
complexes starts with the peroxo Cr(IV) species 
[Cr(NH,)3(02)2].2 This compound affords different 
triammine Cr(II1) complexes by hydrolytic 
decomposition, depending on the experimental con- 
ditions. ‘g2 

As part of our thermomagnetic research plan 
involving double complexed salts3 we tried to syn- 
thesize cis-[Cr(NH3)4(H20)2][FeC16] by mixing a 
solution of cis-[Cr(NH,)4(H20)2](C104)3 in water 
with a solution of FeCl, in concentrated HCl. After 

* Author to whom correspondence should be addressed. 

a few days well-formed red crystals appeared which 
were shown by analysis and spectrophotometric 
measurements to be a triammine complex of 
Cr(II1). 

There are no examples of triamminecomplexes of 
Cr(II1) fully characterized, so we have undertaken 
its complete characterization by X-ray analysis. To 
the best of our knowledge this is the first crystal 
structure of a triammine complex of Cr(II1) 
reported in the literature. Furthermore we think our 
synthetic method is an easier pathway to triammine 
complexes than those already reported. 

EXPERIMENTAL 

Preparation 

[Cr(NH3)3(H20)2C1]C12 was prepared by dis- 
solving the compound cis-[Cr(NH3)4(H20)2] 
(C104)3 (1.5 g) in Hz0 (10 cm’). The solution 
was filtered, poured on hot concentrated HCl and 
left to stand at room temperature for 2 days in the 
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dark. The red crystals which formed were filtered, Table 1. Selected bond distances (A) and angles (“) for 
washed with EtOH and dried. [Cr(H,0)I(NH3)~CIlC12 

A few crystals suitable for X-ray analysis were 
collected from the main portion of the product. 
Chemical analyses were in agreement with the for- 
mula proposed. 

Cl(l)-Cr 

N(l)-Cr 
N(2F-Q 
O(l)-Cr 
0(2)--Cr 

N(l)--Cr-Cl(l) 
N(2)-Cr--Cl( 1) 
N(2)--Cr-N(1) 
0(3)-Cr--Cl( 1) 
0(1)--0-N(1) 
0(1)--G-N(2) 
0(2)-Cr--Cl(l) 
0(2)-Cr-N( 1) 
0(2)-Q-N(2) 

0(2>--cr--O(l) 

2.314(3) 
2.073(7) 
2.079(9) 
2.066(9) 
2.044(8) 

91.2(2) 
90.6(3) 
89.5(2) 

17&O(3) 
88.8(2) 
91.3(4) 
90.5(3) 
90.5(2) 

178.9(3) 
87.6(4) 

X-ray crystallography 

[Cr(NHJ3(H20)$1]C12, Mw = 245.5, orthor- 
hombic, a = 13.230(2), b = 10545(l), c = 6.754(l) 
A, V = 942.3(3) A3, Pnma, D, = 1.730 g cme3, 
Z = 4, F(OOO) = 500, A(Mo-K,) = 0.71069 A, 
~(Mo-&) = 20.5 cm-‘. Room temperature. 

A red prismatic crystal (0.07 x 0.07 x 0.12 mm) 
was selected and mounted on a Philips PW-1100 
four-circle diffractometer, and the unit-cell par- 
ameters were determined from 25 reflections and 
refined by least squares. Intensities were collected 
with graphite-monochromatized MO-K, radiation, 
using the w-scan technique, (scan width 0.8”, scan 
speed 0.03 s-l). 529 independent reflections were 
measured in the range 2 < 0 < 25, 520 of which 
were assumed as observed by applying the condition 
I > 2.50(0 : three reflections were measured every 2 
h as orientation and intensity control, no significant 
intensity decay was observed, and Lorentz-polar- 
ization corrections were made, but not absorption 
corrections. 

The Cr atom was located from a Patterson syn- 
thesis, and the remaining non-hydrogen atoms from 
a weighted Fourier synthesis. The structure was 
isotropically and anisotropically refined by a full- 
matrix least-squares method using SHELX76.4 The 
function minimized was xw IIFO;bl - IFc 1) ‘, where 
w = [a2(F,)+0.0046(F,12].-‘f,f’ andf” were taken 
from International Tables of X-ray Crystal- 
lography. * The final R factor was 0.047 
(R, = 0.056) for all observed reflections. 

Fig. 1. Crystalline structure of [Cr(H20)2(NH3)&l]C12. 

A diagram of the crystal structure and the num- 
bering scheme used is shown in Fig. 1. Bond dis- 
tances and bond angles are given in Table 1. Tables 
of atomic coordinates, anisotropic thermal par- 
ameters and the observed and calculated structure 
factors have been deposited with the Editors. 
Atomic coordinates and thermal parameters have 
also been deposited with the Institut fiir Anor- 
ganische Chemie, Bonn, F.R.G. 

Electronic spectra 

Electronic spectra were recorded in aqueous sol- 
ution on a Shimadzu UV-240 spectrophotometer. 

RESULTS AND DISCUSSION 

The structure consists of discrete ions. The Cr 
atom is bonded to two water molecules, three 
ammonia molecules and one chlorine atom in a 
distorted octahedral coordination polyhedron, 
showing a mer configuration (Fig. 1). The Cr, Cl 1, 
01, 02 and N2 atoms lie on the crystallographic 
plane, the N and Nl’ atoms being located sym- 
metrically with reference to this mirror plane, but 
not on the axis of the ideal octahedron ; their pro- 
jection is inside the Cr, N2,Ol triangle. The largest 
deviations from an ideal octahedron are in the 
Nl-Cr-Nl’ and Ol-Cr-02 bond angles. The 
Cr-N distances are essentially equal, bu Cr-01, 
trans to one chlorine atom, is slightly larger than 
Cr-02, tram to one nitrogen atom. 

There is only one isomer for the complex having 
a fat configuration of the triammine moiety, but 
two isomers for the mer configuration. On the basis 
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of spectrophotometric and ion-exchange studies 
Caldwell and House* assigned a mer configuration 
to all triammine complexes discussed in their paper : 

I 
. 

DPJHMHK%ICl~, M?JHd~(H2%C~lCL and 2 
[Cr(NH&(HzO)C12]C1. In addition a trans-chlo- ’ 
roaquo and trans-dichloro configuration were 3. 
assigned for the second and third aforementioned 
complexes, respectively, all of them basically syn- 
thesized from the peroxo species [Cr(NH,),(O,),]. 
Our results confirm these predictions, although we 
have obtained the triammine complex by a very 
different method, via a hydrolytic process from a 
tetrammine complex. 

4. 
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Abstract-Condensation of 1,l ‘-bis(aminomethyl)ferrocene with acetylacetone gave 1,1’ - 
bis(3 - methyl - 5 - 0x0 - 2 - aza - 3 - hexenyl)ferrocene in a 56% yield. In chloro-bridge 
splitting reactions of dinuclear cyclopalladated complexes of benzo[h]quinoline and N,N- 
dimethylbenzylamine, the condensed compound served as a binucleating ligand of an a,/?- 
unsaturated /I-keto aminate subunit. These new compounds formed were characterized by 
means of ‘H and 13C NMR and IR spectroscopy. Their electrochemical properties were 
discussed also. 

With the concept of using functionally substituted 
metallocenes as ligands in coordination 
compounds, a few ferrocenyl B-diketones were pre- 
pared, such as mono- and l,l’-bis(ben- 
zoylacetyl)ferrocenes by Hauser and Cain’ and 
(acetoacetyl)ferrocene by Imai and his coworkers,2 
and their coordination properties were examined 
towards some transition-metal ions. In this paper, 
we wish to report on the synthesis of a new 1 ,l’- 
disubstituted ferrocene with two pendant chelating 
sites of an a&unsaturated j?-keto amine subunit, 
and its complexation as a bridging ligand between 
two metal centers. 

RESULTS AND DISCUSSION 

Condensation of l,l’-bis(aminomethyl)ferrocene 
with acetylacetonet gave brown microcrystals of 
1 .I’ - bis(3 - methyl - 5 - 0x0 - 2 - aza - 3 - hex- 

* Author to whom correspondence should be addressed. 
t Acetylacetone = 2,4-pentanedione. 
1 Carbonyl carbons in alkyl methyl ketones resonate at 

6 more than 200, whereas those in planar cr$-unsaturated 
ketones resonate usually at around 6 196. Olefinic car- 
bons bonded to amines are expected to show signals in 
the ca 6 148-I 65 region. 3 

enyl)ferrocene (I) in a 56% yield. Although the solid 
material was stable in air, it decomposed slowly in 
halogenated organic solvents on exposure to air. In 
the mass spectrum of I, the parent ion was observed 
at m/z 408 in accordance with the proposed struc- 
ture. The ‘H NMR spectrum in CD2C12 showed a 
broad singlet at 6 ca 11 .O for the NH proton and a 
doublet (3J = 5.7 Hz) at 6 4.14 for protons of the 
ferrocenyl-bonded methylene group on the nitro- 
gen. In the 13C NMR spectrum in CD2C1,, there 
were signals at 6 194.8 and 162.5, assigned to the 
a&unsaturated carbonyl carbon (5-C) and the ole- 
finic carbon (3-C) bonded to the nitrogen, respect- 
ive1y.S These findings indicated the a&unsaturated 
B-keto amine form of I in CD2C12, rather than the 
/?-keto imine and /?-imino enol ones. The indicated 
form was consistent with the IR data of I in CH2C12, 
showing bands at 1605, 1565, and 1510 cm-‘, and 
similar sets of IR bands were reported previously 
for some 4 - amino - 3 - penten - 2 - ones4 with 
intramolecular hydrogen bonding. 

A mixture of I and NaOEt in THF-EtOH was 
treated with chloro-bridged dinuclear cyclo- 
palladated complexes prepared from benzo[h]quin- 
oline’ and N,N-dimethylbenzylamine,6 affording 
complexes II and III, respectively, where compound 
I served as a binucleating bridging ligand via two 
pendant chelating sites of an a&unsaturated j?-keto 
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p N/H... 
-1 P 

F\\C/C\ 
H3C ,, CH3 

aminate subunit towards two palladium centers. As 
for III, an analytically pure sample was not isolated 
owing to contamination of I in less than a tenth 
molar amount of III. Some decomposition of III 

was observed in the attempt to purify the crude 
product by column chromatography on silica gel. 

Upon complexation with palladium, the NH pro- 
ton resonance disappeared and the proton signal of 
the methylene group on the nitrogen turned into a 
singlet. In addition, the 13C NMR spectrum of II 
showed an up-field shift of the carbonyl carbon 
resonance by ca 16 ppm from that of the free ligand 
I, and the resonance of the methylene carbon on 
the nitrogen moved down-field by ca 14 ppm. These 
‘3C-resonance shifts were due to increased con- 
tribution of the B-imino enolate form on chelate 
complexation with palladium. 

Electrochemical experiments using platinum 
working electrodes were performed with CH,CN 
solutions of test compounds containing 0.1 M 
(Et4N)PF, as a supporting electrolyte. The 
reference electrode was a platinum wire immersed 
in an CH3CN solution of 0.01 M [Fe(C,H&] and 
[Fe(C,H,),]PF, besides the supporting electrolyte. 
In the cyclic voltammogram of I, we observed an 
electrochemically reversible redox couple at ca 75 
mV with a diffusion-controlled one-electron trans- 
fer, and attributed it to the Fe(H) + Fe(W) process 

Table 1. ‘H NMR data of I, II and III” 

3-Methyl-5-oxo-2-aza-3-hexenyl group Cyclopentadienyl ring 

Compound CH3CN CH,CO CH CHI NH 2- and 5-H 3- and 4-H 

I 
IIb 
III 

1.95(s) 1.99(s) 5.00(s) 4.14(d, 5.7) 11 .O(bs) 4.25(bs) 
1.76(s) 1.97(s) 4.78(s) 5.01 (s) - 4.10(Q 1.0) 3.85(t, 1 .O) 
1.82(s) 1.86(s) 4.75(s) 4.60(s) 4.1 (m) 

a 6 Value (ppm) from TMS, measured in CD,Cl, ; signal shape and coupling constant in Hz are given in parentheses ; 
abbreviations used : s = singlet, bs = broad singlet, d = doublet, t = triplet, m = multiplet. 

bBenzo[h]quinolin-lO-yl group, 6 9.05(d, 6) 8.18(d, 8) and 7.3-7.8 for 2-H, 4-H, and other aromatic protons, 
respectively. 

‘2-(Dimethylaminomethyl)phenyl group, 6 2.60(s), 3.89 and 6.8-7.3 for CH,N, CH,N, and aromatic protons, 
respectively. 

Table 2. 13C NMR data of I and II” 

3-Methyl-5-oxo-2-aza-3-hexenyl group Cyclopentadienyl ring 

2- and 5-C 
Compound 1-c 3-c 4-c 5-c 6-C CH, on 3-C 1-c { 3- and 4-C 

I 42.2 162.5 95.3 194.8 28.9 19.2 86.4 68.2, 69.3 
IIb 55.7 167.4 100.9 179.1 26.4 21.3 89.0 68.5, 69.4 

“S Value (ppm) from TMS. measured in CD,Cl,. 
bBenzo[h]quinolin-lO-yl group, 6 146.5 for 2-C, 6 136.9 for 4-C, and 6 155.7, 155.2, 142.3, 133.3 

and 126.8 for quaternary carbons probably associated with lob-C, 10-C lOa-C, 6a-C and 4a-C, 
respectively. 
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in the ferrocenyl moiety. A similar redox couple 
was found at cu 20 mV for II, and showed the 
decrease in electron density at the Fe redox center 
upon complexation with palladium. 

EXPERIMENTAL 

General procedures and materials 

‘H and 13C NMR spectra were run on JEOL 
model MH-100 and FX-90-Q spectrometers with 
tetramethylsilane as an internal standard. IR spec- 
tra were obtained using a JASCO IRA-l spec- 
trometer. Melting points were determined on a 
Yanagimoto MP-S3 microstage apparatus in capil- 
lary tubes sealed in uacuo, and are uncorrected. 

The hydrochloride salt of l,l’-bis(amino- 
methyl)ferrocene’ and chloro-bridged cyclopalla- 
dated complexes5,6 were prepared according to the 
reported methods. All the experiments were per- 
formed under dry nitrogen. 

Preparation of 1,l’ - bis(3 - methyl - 5 - 0x0 - 2 - 
aza - 3 - hexenylfirrocene (I) 

The hydrochloride salt (1.4 g, 4.4 mmol) of l,l’- 
bis(aminomethyl)ferrocene in benzene (50 cm3) was 
treated with NaOH in a small quantity of H20. 
The aqueous layer was removed with a separatory 
funnel, and its pH value was around 12. After dry- 
ing the benzene layer over anhydrous MgS04, 
acetylacetone (4.4 cm3) was added to the layer and 
the mixture was heated under reflux for 8 h, at 
which time the HZ0 liberated was removed azeo- 
tropically by use of a Dean-Stark trap. Benzene 
and unreacted acetylacetone were evaporated in 

vacua at room temperature. After washing the resi- 
due with hexane 3 times, recrystallization from 
diethyl ether and hexane gave a brown powder (1 .O 
g) (I) in a 56% yield. M.p. 85-86°C; IR (CH,C12) 
1605(m), 1565(m), and 1510(w) cm-‘. 

Found : C, 64.4; H, 7.0 ; N, 7.0. Calc. for 
CZ2HZ8N2Fe02: C, 64.7; H, 6.9: N, 6.9%. 

Reaction of I with chloro-bridged cyclopalladated 
complexes 

An EtOH solution (6 cm3) of NaOEt (1.7 mmol) 
was added slowly to a THF suspension (50 cm3) of 
material I (300 mg, 0.73 mmol) and the cyclo- 
palladated complex (470 mg, 0.73 mmol) prepared 

from benzo[h]quinoline. After stirring overnight at 
room temperature and evaporation to dryness in 

uacuo, the residue was recrystallized from diethyl 
ether and hexane, affording a yellow powder (420 
mg) (II) in a 59% yield. M.p. 136-139°C; IR (KBr) 
1615(w), 1570(m), and 1503(m) cm-‘. 

Found : C, 59.2; H, 4.5 ; N, 5.5. Calc. for 
C48H42N4Fe02Pd2: C, 59.1 ; H, 4.3; N, 5.7%. 

A similar reaction of I was performed with 
another cyclopalladated complex prepared from 
N,N-dimethylbenzylamine, and the corresponding 
complex III was obtained as a brown powder in 
a ca 70% yield. M.p. 90°C; IR (KBr) 1608(w), 
1570(m), and 1500(m) cm- ‘. 

Electrochemistry 

Electrochemical experiments were performed on 
millimolar concentrations of the ferrocenyl com- 
pounds in CH3CN solutions (20 cm3) of 0.1 M 
(l$N)PF, as the supporting electrolyte, using a 
conventional three-compartment electrochemical 
cell with a Hokuto Denko HA-301 potentiostat and 
a HB-104 function generater. The cell involved a 
Pt-disc or Pt-gauze working electrode, a Pt-wire 
auxiliary electrode, and a FeGH421- 
[Fe(C5H&]PF6 reference electrode. Scan rate was 
100 mV s-‘. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
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Abstract-The nature and stability of some transition- and heavy-metal cation complexes 
of nit~ot~(m~thylen~hospho~c) acid have been determined in 0.1 M NaClO, 10 : 90 
ethanol-water solutions by means of pH metric measurements. In this medium stable 1: 1 
complexes and protonated species were found. 

Among the numerous applications found for nitri- 
lot~(methylenephosphonic) acid (NTP) and its salts 
is one that is concerned with the demetalization 
of wines, in particular the elimination of iron and 
copper. x-7 Indeed such cations can lead to pre- 
cipitations which make the wine unsuitable for sell- 
ing as well as for consumption. These wines have 
then to be treated and the process recommended in 
Eastern European Countries uses NTP. An impor- 
tant feature of such a treatment is that all the com- 
pound has to be removed at the end of the process. 
It is therefore interesting to know if complexation 
can occur with the cations present in the wine, and 
if soluble complexes can remain in solution. 

The purpose of the present work is to study at 
25°C in a (10 : 90) ethanol-water medium (I = 0.1 
M NaC104), the complex fo~ation between NTP 
and some transition- and heavy-metal cations such 
as Fe2+, Cu*+, Zn”‘, Cd2+ and Pb2+ in order to 
determine their stability constants. 

In the past several authors&l2 have studied the 
complexation ability of NTP with some of these 
cations in aqueous solution. Their results are also 
reported here and compared with ours. 

The nature of the protonated or complexed spec- 
ies and their stability constants are referred to in 

*Author to whom correspondence should be addressed. 

the following stepwise equilibria : 

H,._ ,$f7-‘)- +H+ +H.L’6-“- r 

[HiL’6-o-]’ 

J 

Kii = [I_&_ ,,L(7-IqH-t] ; 

MH,._ 1+(5-+ +H+ = MH.L’4-“- L I 

.hliil = [MH,,_ ,,L”-“-][H+] ; 

i= 1,2,3 ,....) 6. 

These constants have been obtained 
tiometric titrations where solutions of 

by poten- 
the ligand 

NTP and metallic perchlorates of various stoi- 
chiometries have been titrated with NaOH. Details 
of the experimental procedure, the glass electrode 
conditioning and the calculation methods using the 
numerical program SCOGS ’ 3 have been previously 
reported. I4 

Tables 1 and 2 contain our values of log&, and 
log Kiij, respectively, and those previously deter- 
mined by several other authors in different media. 

As shown in Table 1 only small differences can 
be observed between our values and those of Hen- 
drickson’ and Nikitina er aL9 for logK2,-log K:,,. 
The lower values determined by Carter et al. lo could 
be due to the ionic strength they used (I= 1 M 
instead of 0.1 M used in the other experiments). 
Greater differences appear for the first and last con- 
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Table 1. Logarithms of the protonation constants Ki, of NTP” 

10 : 90 EtOH-H,O Hz0 H@ Hz0 
Z= 0.1 M NaClO, Z=O.l MMet,Cl Z=O.l MKClorKNO, Z=lMKNO, 

t = 25°C t = 20°C t = 25°C t = 25°C 

Log Ki I Our values Reference 8 Reference 9 Reference 10 

Log K, I > 12.00 10.90 12.10 12.34 
Log K, I 7.31 f0.02 7.35 7.30 6.66 
Log KS, 6.13 jlIO.03 5.92 5.86 5.46 
Log K,, 4.85 f 0.05 4.60 4.64 4.30 
Log K, I 1.68f0.06 2.00 1.50 <2 
Log &I < 1.00 1.90 0.30 <2 

“The confidence interval + 20 is given by the program. 

stants which are in general more difficult to deter- 
mine. In our case only upper and lower limits are 
given. 

The values of the logarithms of the stability con- 
stants were obtained from a minimum of two exper- 
iments for which the ratio of the metal to the ligand 
concentration was generally about 1 and 0.5. In the 
calculations the values of the protonation constants 
were kept constant and log/?, , was fixed at 12.00. 
The results show that only the formation of 1 : 1 
complexes and protonated species occur in the pH 
range studied. Although the determinations were 
performed in different media, the results are in good 
agreement with the previous studies of Morozova 
et al., ’ ’ with the exception of the ZnL complex. On 
the other hand we were not able to find any evidence 
of the CuH4L and ZnH,L species. 

Other results (Table 2) concerning the com- 

plexation of transition cations such as Co’+, Ni’+ 
and Fe’+ have been collected from the 
literature.8~“*‘2 It would appear, if one considers 
the whole set of constants, that, except for Ni*+, 
the cations of the first transition row follow for 
the ML complexes the Irving-Williams rule. ’ 5 This 
states that there is an increase in stability from 
Mn*+ to CU*+ , then a decrease for Zn*+. By con- 
trast the complexes of the MHiL type do not follow 
this same rule and, moreover, the values of the 
constants are close together. It seems possible that 
the selectivity which is observed for the ML com- 
plexes is determined by the bonding of the metallic 
cations and the lone pair on the nitrogen group. 
Taking into account the high value of log K’ l which 
is related to the protonation of the amine, it is 
possible that the formation of monoprotonated 
complexes arises from the fixation of H+ on the 

Table 2. Logarithms of the stability constants K,i, for metallic complexes of NTP 

Cation Log K,,, Log K, I I Log K,,, Log K,,, Log K,,, pH range 

Fe’+ 
Fe3+ 

co2+ 

Ni2+ 

cu2+ 

Zn2+ 

Cd*+ 

Pb2+ 

12.60 f0.05 7.00 f 0.04 5.67kO.03 4.36kO.04 2.786.93 
- 

(14.60)” (15.57)’ (9.90)” (9.88)” (6.OO)a (6.10)b - 
- 

(14.37) (6.26) (5.16) (4.26) - 
- 

(9.85)” (11.05)’ (6.90)” (8.77>e ’ (5.20) (5.76) (448)’ - - 

17.58k0.25 6.56f0.20 4.67f0.12 3.92 f 0.2 2.59-7.36 
(17.40) (6.40) (4.70) (3.50)’ - 

14.71 f0.05 6.24f0.05 5.19kO.04 4.10f0.04 2.67-7.45 
(16.40) (6.10) (5.10) (4.10) (1.50) 

12.05 +0.04 6.99 f 0.04 5.78 +0.04 4.47 kO.03 2.74-7.24 
(11.60)’ (7.00) (5.70) (4.80) (1.70) 

16.22kO.52 6.49kO.19 5.28 +0.06 3.57kO.16 2.63-7.13 

” Reference 8. 
b Reference 12. 
’ Reference 11. 
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nitrogen atom. This would mask a coordination site 5. 
and at the same time introduce a positive charge. 
The only available coordination sites would then be 
the oxygen atoms of the phosphonic groups for 6. 
which the transition-metal cations show lower 
affinities as pointed out in Pearson’s HSAB prin- 7. 

ciple. l6 
Concluding our study, it clearly appears that 8 

NTP can form stable soluble complexes with some 9: 
cations present in the wine. It is likely that the same 
can occur in this medium when it is treated with lo. 
NTP. 
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Abstract-The extraction of Ni(I1) from nitrate media of ionic strength 1 .O mol dm- 3 by 
di-n-octylphosphinic acid (HR) in toluene solution has been studied over a range of pH 
and reagent concentrations. The data have been analysed both graphically and numerically 
to determine the stoichiometry of the extracted complexes and their extraction constants. 
Evidence was found for the formation of both NiR2(HR)4 (log K24 = -9.14f0.06) and 
NiR2(HR)2 (log K22 = - 7.35 f 0. lo), the former being the predominant species although 
the latter is important at low reagent concentrations and high pH values. 

Interest in the extraction of nickel by organo- 
phosphorus extractants has recently increased 
with the introduction of the commercial reagents 
based on di-(2-ethylhexyl)phosphonic acid (PC88A 
Daihatchi Chemical Co.) and bis-2,4,4-&i- 
methylpentylphosphinic acid (Cyanex 272 Amer- 
ican Cyanamid Inc.). These reagents have found 
particular application in the separation of cobalt 
from nickel in sulphate media.1*2 Fundamental 
studies of nickel extraction by organophosphorus 
acids have largely been confined to di-(2-ethylhex- 
yl)phosphoric acid where the stoichiometries 
NiR,(HR), and NiR2, (HR)2 representing the 
dimer of the organophosphorus acid, have been 
proposed. 3-5 Extraction experiments with the com- 
mercial phosphonic acid ester have also indicated 
from slope analysis the formation of nickel com- 
plexesoftypeNiR2(H2R2)2+x(H20)2-x,withX = o, 
1 or 2 depending on the reagent concentration.’ 
Recently, Danesi et a1.6 studied the extraction equi- 
libria of Ni(I1) and Co(I1) by purified Cyanex 272 in 
toluene and postulated the formation of NiR2(HR)4 
species. 

However, because of the presence of impurities of 
unknown composition and concentration in these 
industrial reagents it is essential to use pure syn- 
thesized reagents in any fundamental studies of 
metal extraction. This paper is therefore concerned 
with the complexes involved in the extraction of 
nickel by di-n-octylphosphinic acid (HR) and rep- 
resents an intermediate step in the interpretation 

* Author to whom correspondence should be addressed. 

of the distribution data in the Ni(II)-LIX 63-HR 
system. The object of the work is to determine the 
composition of the metallic species extracted as well 
as their extraction constants. 

EXPERIMENTAL 

Reagents 

HR was prepared according to Peppard et aL7 
by the reaction of octene-1 and hypophosphorous 
acid using benzoyl peroxide as catalyst. The product 
after extraction from the reaction mixture was 
recrystallized several times from hexane as white 
crystals, m.p. 84°C (literature 84”C7). Nickel 
nitrate, Ni(N0,)2 * 6H2O (Carlo Erba p.a.), was 
from twice distilled water. Sodium nitrate, toluene, 
sodium hydroxide and nitric acid (Merck, p.a.) were 
used as supplied. 

Experimental procedure 

Experimental data of the distribution coefficient 
were collected for several total HR concentrations 
as a function of pH. Organic solutions of HR in 
toluene in the concentration range 0.020 up to 0.200 
mol drn- 3 were mixed with aqueous phases con- 
sistingof0.5~ 10-3moldm-3Ni(II), l.0moldm-3 
NaNO, and pH varied from 4 to approximately 7. 

Equal volumes (10 cti3) of organic and aqueous 
phases were mechanically shaken in special stop- 
pered tubes until equilibrium had been attained (less 
than 15 min). The pH was measured using a Radio- 
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meter pHM 64 meter, fitted with a GK2322C 
Radiometer combined glass electrode, standardized 
with buffer solutions of pH 4.00 and 7.00 at 293 K. 
Nickel concentration in both phases was measured 
by atomic absorption spectroscopy (Perkin-Elmer 
560). In order to determine the organic metal con- 
centration the nickel was first stripped from organic 
phases with 1 .O mol dm- 3 nitric acid solutions. 

GRAPHICAL TREATMENT 
OF THE DATA 

The extraction of NI(I1) by HR dissolved in tolu- 
ene may be described by the following general equ- 
ation : 

Ni *+ + f@ +q)(I-WZorg + NiR,(HR),,, +pH+, 

(1) 

where HR stands for the organic acid which 
behaves as a dimer in aromatic solvents. ’ 

Kp4 being the stoichiometric equilibrium con- 
stant for reaction (l), the distribution coefficient of 
Ni(I1) can be expressed as : 

D = CC K,,a,‘[(HR),]bP,,fq”2[H+]-P, (2) 
P Q 

where ani represents the side-reaction coefficient 
due to the formation of nitrate complexes in the 
aqueous phase.* Taking into account the experi- 
mental conditions used, the formation of hydroxo 
complexes of Ni(I1) can be considered as negligible. 

Experimental data in the form log D vs pH at 
several HR concentrations are illustrated in Fig. 1, 
where straight lines of slope value 2.0 are obtained. 
If the extraction of a single species is assumed, eqn 

Fig. 1. Variation of the distribution coefficient of Ni(I1) 
with pH at several total concentrations of di-n-octyl- 
phosphinic acid (HR). Continuous lines represent the 
normalized function log D =f(log V), in the best-fit 

position (p = 2). 

(2) becomes : 

log D = log KpqaNil + %P + d log WW,,, +PPH. 

(3) 

Experimental functions, log D =f(pH), defined 
by eqn (3) have been compared with the theoretical 
model function : 

log D = -plog V =f(log V) (4) 

for different values of the parameter p, V being a 
normalized variable defined by : 

V = (Kpqa~i’[(HR)&~q’/2)- “P[Hf]. (5) 

The best fit between both functions was obtained 
for p = 2, as can be seen in Fig. 1. The differences 
on the X-axis are functions of log [(HR)],, accord- 
ing to : 

log I/‘+ pH = - d log K,,a,i’ 

- ‘2 log WWorg, (6) 

which are represented in Fig. 2. The value of the 
slope of the straight line obtained, - 1.5, indicates 
that q = 4. From the intercept on Y-axis the value 
log Kz4 = - 7.33 was determined for the extraction 
of the species NiR,(HR),. 

As it can be noticed in Fig. 2, it seems that the 
experimental points at the lowest HR con- 
centrations deviate from the straight line. This can 
be interpreted in terms of the formation of metallic 
species with a different solvation number in the 
organic phase. In order to determine if q can take 
values other than 4, a curve-fitting analysis has been 

Fig. 2. Differences on X-axis from Fig. 1 as a function of 

log KHR)zl,,. 
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made assuming the formation of species NiR*(HR), 
as well as the main species NiR2(HR)4. 

With Kz4 and Kzn being the respective extraction 
constants of the above species, the distribution 
coefficient of Ni(I1) can be expressed as : 

D = K~~~Ni’[(HR>~l~~,[H+l-* 

+ K2nClGii[(HR)2]$l 2)‘2[H+]- 2y (7) 

which can be rearranged to give : 

DW+l 2aNi’KT4’ [WR)&~ 

= 1 + K2nK$[(HR)2]& 4)‘2. (8) 

Defining the new normalized variables : 

Y = D[H+12a,‘K;,‘[(HR),],,3, (9) 

X = (K2,,K;;)@- 4)/2 P-Wzlorg, (10) 

and the parameter : 

i = (n - 4)/2, (11) 

the experimental functions log D - 2pH - 3 log 
[(HR)2]org = f(log [(HR)2],,J have been compared 
with the model function : 

log Y = log(l+x’) =f(logX) (12) 

for different values of the parameter i. The exper- 
imental functions were obtained from Fig. 1 at 
different constant values corresponding to 25, 50 
and 75% extraction at the different total reagent 
concentrations. Figure 3 shows the comparison of 
the experimental functions (it can be noticed that 
data for each concentration coincide) and the theor- 
etical ones at different i values. The best fit was 
obtained for i = - 1; that means, according to eqn 
(ll), n = 2. 

From the position of best fit in Fig. 3, differences 
on both axes, according to eqns (9) and (lo), let us 
determine the values of the extraction constants, 

-1 IogD -2 pH - 3 loglWR)21,,g 

Fig. 3. Comparison of the experimental function defined 
by eqn (8) and the theoretical functions defined by eqn 

(12) for different values of the parameter i. 

yielding the values log K24 = - 7.37 and log Kz2 = 
- 9.22. 

NUMERICAL TREATMENT 
OF THE DATA 

In order to refine the equilibrium constant values 
graphically obtained and to search for a new com- 
bination of species which could improve the fit to 
the experimental data, a numerical treatment was 
carried out using the LETAGROP-DISTR 
program. 9 In this treatment the function to be mini- 
mized was the error square sum (U) defined by : 

u = 1 (log Qa,c - lois Dexp) 2> (13) 
NP 

where D,, represents the experimental distribution 
coefficient, Dcalc the corresponding magnitude cal- 
culated by the program assuming a certain set of 
species and constants, and Np the number of exper- 
imental data. For each combination of species tried 
the program calculates both Umin and the mean 
standard deviation [o(log D)]. 

Table 1 summarizes the results of the numerical 
calculations, being the best fit obtained with the 
model of species graphically ascertained. In Table 
2 values of the stoichiometric extraction constants 
are given and the uncertainties in the constants refer 
to k 3cr(log K). The fit to the data is illustrated in 
Fig. 4, where the standard deviation for each exper- 
imental point is plotted as a function of pH, show- 
ing the absence of systematic deviations. 

Table 1. Results of the numerical calculations 

Species NiR,(HR), 

(2,4) 
(2,2), (2,4) 
(2,4), (271) 
(2,4), (2,O) 
(2,4), (293) 
(2,4), (2,2), (2,O) 

a Proposed model. 

Umin 4og m 

0.888 0.149 
0.128 0.057” 
0.138 0.059 
0.151 0.062 
0.175 0.062 
0.138 0.060 

Table 2. Proposed stoichiometric equilibrium constants 
for the extraction of Ni(I1) from nitrate media by di-n- 

octylphosphinic acid (HR) in toluene 

Ni2+ +2(HR)*,, $ NiR2(HR)*,,+2H+ 

log K,, = -7.35kO.10 

Ni’+ +3(HR)*.,, + NiR,(HR)4,,,+2H+ 

log Kz4 = -9.14kO.06 
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PH 
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Fig. 4. Deviations log Dcalc - log D,, obtained by the LETAGROP-DISTR program as a function of 

PH. 

.._ 
mole fraction 

I 

i 

pH=ZOO 

CHR mol drri3 

0.2 

of the species NiR,(HR), and NiR,(HR),. If com- 
pared with the extraction of Ni(I1) by di-(2- 
ethylhexyl)phosphoric acid (DEHPA)’ it must be 
pointed out that the extractant ability of HR is 
lower than that from DEHPA since the extraction 
occurs at higher pH values under the same 
conditions. On the other hand, the composition of 
the extracted species is similar in both cases 
although there is a difference in the solvation 
number, HR having more solvating ability than 
DEHPA. 

Figure 5 shows the distribution diagram of Ni(I1) 
species as a function of the total reagent con- 
centration at selected pH levels. It can be seen that 
NiR2(HR)4 is the predominant species extracted, 
but the contribution of the species NiR,(HR)2 is 
important at high pH levels and low HR con- 
centration. 

1. 
2. 

3. 

Fig. 5. Nickel distribution diagrams as a function of the 4. 
total concentration of di-n-octylphosphinic acid (HR) 
at two selected pH values. Lines 1, 2 and 3 represent, 5. 
respectively, Ni , *+ NiNO: and Ni(N03)* species in the 

aqueous phase. 
6. 

7. 
CONCLUSIONS 

8. 
The results of the work indicate that the extrac- 

tion of Ni(I1) from nitrate medium by HR dissolved 
in toluene can be explained assuming the formation 9. 

REFERENCES 

J. S. Preston, Hydrometallurgy 1985,9, 115. 
V. A. Rickelton, D. S. Flett and D. W. West, So/u. 
Extn Ion Exch. 1984, 2, 815. 
R. Grimm and Z. Kolarik, J. Znorg. Nucl. Chem. 1974, 
36, 189. 
Z. Kolarik and R. Grimm, J. Znorg. Nucl. Chem. 1976, 
38, 121. 
L. A. Femandez, M. P. Elizalde, J. M. Castresana, 
M. Aguilar and S. Wingefors, Solv. Extn Zon Exch. 
1985, 3, 807. 
P. R. Danesi, L. Reichley-Yinger, C. Cianetti and P. 
G. Rickert, Solv. Extn Zon Exch. 1984, 2, 781. 
D. F. Peppard, G. W. Mason and S. Lewey, J. Znorg. 
Nucl. Chem. 1965,27,2065. 
V. A. Fedorov, I. I. Shmyd’ko, A. M. Robov, L. S. 
Simaeva, V. A. Kukhtina and V. E. Mironov, Russ. 
J. Znorg. Chem. 1973, 18,673. 
D. H. Liem, Acta Chem. Stand. 1971,25, 1521. 



Polyhedron Vol. 6, No. 6, pp. 125W259, 1987 

Printed in Great Britain 

0277-5387/87 S3.C0+.00 
0 1987 Pergamon Journals Ltd 

SULPHUR-ARSENIC LIGANDS : SYNTHESIS AND 
CHARACTERIZATION OF SOME RHENIUM(I), RUTHENIUM(II), 

RHODIUM(III) AND GOLD(I) COMPLEXES OF 
BIS(DIMETHYLARSINO)SULPHIDE(Me2AsSAsMe2) AND 

DIMETI-WL(METHYLTHIO)ARSINE(Me,AsSMe) 

EDWARD W. ABEL* and MICHAEL A. BECKETT 

Department of Chemistry, University of Exeter, Exeter EX4 4QD, U.K. 

(Received 23 October 1986 ; accepted 4 November 1986) 

Abstract-The complexes [{RuCl2(C0)3}2(Me,AsSAsMe2)1, [RuC12(W2 

(Me2AsSAsMe2)2], [RuC12(CO)2(Me2AsSMe)2], [ReX(CO)3(Me2AsSAsMe2)] (X = Cl, 
Br or I), [RhCl,(C,Me,)(Me,AsSMe)], [AuCl(Me,AsSMe)] and [(AuCl)2(Me2AsSAsMe2)] 
have been synthesized from the electron-rich ligands Me2AsSAsMe2 and Me,AsSMe. IR 
and NMR spectrometry along with mass spectra have given sufficient data to indicate 
structures for all of these products. In all complexes of both ligands, binding to metal is 
invariably via arsenic and not sulphur. Me2AsSAsMe2 has now been shown to be capable 
of monodentate, bridging and chelating modes of complexation. 

The use of bis(dimethylarsino)sulphide, 
Me2AsSAsMe2 (dmas) and dimethyl(methylthio) 
arsine, Me,AsSMe (dmmta) as ligands has received 
little reported attention. Earlier work on both 
Me,AsSAsMe,’ and Me2AsSMe2-5 was restricted to 
group VI metal pentacarbonyl derivatives, and we 
have recently investigated reactions with Pt(IV)6 
and Re(I)6T7 compounds. Despite the availability of 
potential ligand electrons on both arsenic and sul- 
phur atoms, all products characterized to date have 
been exclusively arsenic-bound. Herein we have 
extended our investigation of these two arsenic 
ligands to report the action of Me,AsSAsMe, and 
Me2AsSMe upon [(RuC~,(CO),}~], [{RhCl, 
(C5Me5)},] and [AuCl(SMe,)], and the action of 
Me,AsSAsMe, upon the [ReX(CO),] halides. 

EXPERIMENTAL 

General 

Reactions were carried out using standard Sch- 
lenk conditions under nitrogen, with solvents dis- 
tilled under nitrogen from an appropriate drying 
agent. Dmas and dmmta were prepared by reported 
methods. 7-9 [AuCl(SMe,)], lo [ReX(CO),] ’ ’ and 

*Author to whom correspondence should be addressed. 

[{RhC12(C5Me5)ld’2 were also prepared by stan- 
dard techniques and [{RuCl,(CO)3}2] was used as 
supplied by Johnson-Matthey. The methods used 
in the syntheses of the metal complexes were very 
similar and are typified by the examples below. 
Reaction times, yields, m.ps and analytical data for 
the products are summarized in Table 1. 

Preparation of[RuC12(CO)2(Me2AsSAsMe2)2] 

TO a solution of [{RuCl,(CO)3}2] (200 mg, 0.39 
mmol) in thf (5 cm3) was added Me,AsSAsMe, 
(430 mg, 1.78 mmol). After ca 1 min a white pre- 
cipitate had formed (this was the binuclear 
[{RuC12(CO)3)2(Me2AsSAsMe2)] which could be 
isolated by rapid filtration at this stage and char- 
acterized), but subsequent heating under reflux (2 
h) produced a clear yellow solution. Low-pressure 
removal of solvent left a yellow deposit which was 
extracted at 40°C with 60-80°C light petroleum. 
Cooling of the filtered extract overnight to -20°C 
gave pale yellow crystals of the product [RuCl, 
(CO),(Me,AsSAsMe2)d (110 mg, 20%). 

Preparation of[ReBr(CO),(Me,AsSAsMe,)] 

To a solution of [ReBr(CO),] (250 mg, 0.61 
mmol) in thf (5 cm3) was added Me2AsSAsMe, 

1255 



1256 E. W. ABEL and M. A. BECKETT 

Table 1. Preparation and characterization of metal complexes of Me,AsSMe and Me,AsSAsMe, 

Complex 

Reaction Analysis’ 
Yield time” M.p! 

(“/) (h) (“C) c H 

[{RuClz(C0)3),(Me,AsSAsMe,)]d 40 0.1’ 175 dec! 16.3 (15.9) 1.7 (f.6) 
[RuCl*(C~)~(Me~AsSAsMe*)~] 20 2 90-92 dec. 17.1 (16.9) 3.5 (3.4) 
fRuCl,(CO),(Me,AsSMe)2] 50 2 138-140 18.1 (18.1) 3.6 (3.4) 
[ReCl(CO),(Me,AsSAsMe,)] 49 24 110-112 15.5 (15.3) 2.2 (2.2) 
[ReBr(CO),(Me,AsSAsMez)] 51 24 128-132 14.3 (14.2) 2.0 (2.0) 
[ReI(CO)~(Me*AsSAsMe~)] 38 240 130 dec. 13.2 (13.2) 1.9 (1.9) 
[RhCl~(C~Me~)(Me~AsSMe)] 73 0*5@ 153-155 33.8 (33.9) 5.2 (5.3) 
[AuCl(Me,AsSMe)],? 46 0. leg 95 dec.f 7.9 (9.4) 2.0 (2.4) 
[{AuCl),(Me,AsSAsMe,)], 55 0.1” 120 dec;f 7.0 (6.8) 1.8 (1.7) 

“Under reflux in thf unless otherwise stated. 
bYellow or pale yellow solids unless otherwise stated. 
‘Calculated values in parentheses. 
‘As and Cl analysed: As, 20.8 (19.9); Cl, 18.6 (18.8). 
‘At room temperature. 
IWhite solid. 
9 In chloroform solution, 

(170 mg, 0.70 mmol), and the reaction mixture 
placed under reflux for 24 h. Solvent was removed 
at low pressure and the residue redissolved in 
chloroform (2 cm’). Subsequent addition of 60- 
80°C light petroleum (5 cm3) produced a precipitate 
of the crude product, which was then redissolved 
in CHC13 6080°C petrol and cooled to -20°C 
overnight to yield yellow crystals (180 mg, 51%). 

NMR studies 

‘H and 13C experiments were performed on a 
Bruker AM 250 instrument at 250 and 62.8 MHz, 
respectively. All samples were dissolved in CDC13 
and spectra were recorded at ambient temperature. 

RESULTS AND DISCUSSION 

Reactions and syntheses 

The ~thenium(I~ dimer [(RuCI,(CO),j,] under- 
goes reaction with Me*AsSAsMe, at room tem- 
perature without evolution of carbon monoxide to 
break the halogen bridges and, in effect, become 
inserted between the two halves of the dimer. The 
IR spectrum of this product in the metal carbonyl 
region shows three distinct bands suggesting a jiic 
orientation of the three carbonyl groups about the 
ruthenium(H) centres. If the binuclear product is 
not isolated from the cold reaction mixture, heating 
under reflux causes the precipitate to redissolve with 
evolution of carbon monoxide. From the resulting 

yellow solution cis, cis, trans-[RuClz(CO)z 
(Me~AsSAsMe~)~] may be isolated. The metal 
carbonyl stretching region now shows two bands, 
indicating the mutually cis nature of the carbonyl 
groups, and the ‘H NMR spectrum is consis- 
tent with two arsenic-bonded monodentate 
Me,AsSAsMe, ligands mutually trans on the 
ruthenium@) centre (vide infra). When 
[RuC11(CO)p(MezAsSAsMe2)2] was heated under 
reflux in thf further carbon monoxide was evolved. 
This was presumably due to carbon monoxide 
displacement by non-bonding arsenic atoms. The 
hope that what would be formed was the bis chelate 
complex, [RuC1,(MezAsSAsMe2)2], was not real- 
ized. The product was polymeric, presumably with 
Me,AsSAsMez linkages between RuCl, units. 

[{RuCI~(CO)~)~] and Me,AsSMe in thf undergo 
reaction in 4 days at room temperature to produce 
[RuCl,(CO),(Me,AsSMe)2] in good yield. The 
reaction is complete in 2 h under reflux and no other 
product was isolated. 

The configuration of the product as cis, cis, trans- 
[RuCl,(CO),(Me,AsSMe)d is evident from IR and 
‘H NMR data. This trans-Me,AsSMe complex 
underwent no decomposition or rearrangement 
upon prolonged heating under reflux in thf. ‘H 
NMR measurements indicated bonding of the 
ligand via arsenic, with no indication that the sul- 
phur could be brought into coordination. 

Me,AsSMe has already been reported to displace 
carbon monoxide from rhenium pentacarbonyl hal- 
ides7 with the formation of fac-[ReX(CO)3 
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(MezAsSMe)J complexes. We have now reacted 
the rhenium carbonyl halides with MezAsSAsMe, 
in thfto produce crystalline air-stable products with 
stoichiometry [ReX(CO)3(MezAsSAsMe,)]. IR 
spectra indicate a fat configuration about rhenium, 
and the mass spectrum of [ReChCO), 
(Me2AsSAsMe2)] shows a strong M+ at m/z 550 
(Yl, ls7Re) with a total absence of any signal at 
m/z ca 1100. This along with ‘H NMR evidence 
points to a fat mononuclear type of complex. 

The halogen bridge in [ { RhClz(C ,Me J} 23 under- 
goes rapid fission at room temperature upon treat- 
ment with MezAsSMe in chloroform. 

The [RhCl&Me,)(MezAsSMe)] produced is 
again characterized as having arsenic coordinated 
to the rhodium centre. 

MezAsSAsMez also underwent rapid reaction at 
room temperature in chloroform, but we have been 
unable to isolate and purify a stable product. 

Monometallic and bimetallic gold(I) complexes 

Mea AsSAsMez 

- 
- 2co 

Me 

I 
Me 

oc,i ,A( 

oc/ye\As/s 

’ Me 
I ‘Me 

To date transition-metal complexes of of formulae [CIAuL] and [ClAuL-LAuCl] are con- 
MelAsSAsMez have been reported in which the veniently prepared” by the reaction of a mono- 
ligand has either a monodentate or a bridging role. dentate or bidentate ligand, respectively, upon 
These rhenium complexes are the first to demon- [AuCl(SMeJ]. Accordingly, we have investigated 
strate that MezAsSAsMez is capable of chelation the reactions of both Me,AsSAsMe2 and 
at a metal centre. Me,AsSMe upon the gold compound. In both reac- 
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Me 

2Me,AsSMe 
w 

tions there was rapid production of air- and light- 
sensitive white insoluble precipitates. Persistent 
washing and vacuum drying gave complexes whose 
analyses (Table 1) corresponded closely to 
[AuC1(MeaAsSMe)] and [ClAu(Me,AsSAsMe,) 
AuCl]. The insoluble and amorphous nature of the 
products prevented further characterization, and 
suggested that they were polymers. 

NMR studies 

The ‘H NMR data for the rhenium(I), ruthen- 
ium@) and rhodium(II1) complexes of Me,AsSMe 
and MezAsSAsMe, are listed in Table 2. The use of 
this information for the ascertainment of product 
structures is outlined below. 

The mononuclear complexes [RUCKUS 
(Me,AsSMe)d and [RuC1,(CO)dMezAsSAsMeZ)d 
have cis carbonyl groups and one sharp resonance 
for the coordinated arsenic-methyl protons. This 
is inconsistent with the arsenic and chlorine 
ligands being in the cis, cis configuration. 
Either two halogens or two arsines are mutually 
trans. The problem is analogous to the corres- 
ponding dimethylphenylphosphine complex 
[RuCl,(CO),(PMe2Ph)J where the assignment cis 
dichloro, cis dicarbonyl and trans diphosphine was 
arrived at’ 3 by virtual coupling arguments. On this 

basis we favour the analogous configuration for 
both of our arsenic complexes. 

These arsine complexes both show a single ‘H 
signal for the coordinated arsenic-methyl protons 
and one signal for the free AsMe, or SMe protons. 
The coordinated arsenic-methyl protons resonate 
ca 0.5 ppm downfield from the free-ligand values, 
whilst the uncoordinated AsMeJSMe protons are 
deshielding by only ca 0.1 ppm. This behaviour has 
been noted previously,6,7 and does enable the ligand 
bonding mode via arsenic to be clearly defined. The 
binuclear complex [Clz(CO),Ru(Me,AsSAsMe,) 
Ru(CO),Cl,] has extremely low solubility, but did 
give one ‘H signal only at 6 2.37 ppm. This was 
assignable to the protons of the four identical 
methyl groups where the presence of two metal 
atoms causes a larger deshielding than observed 
in the mononuclear complexes, an observation 
already noted’ for analogous binuclear metal 
pentacarbonyl derivatives. 

The ‘H NMR spectra of the fac-[ReX(CO)3 
(Me2AsSAsMez)] complexes all show a doublet 
centred at ca 0.5 ppm downfield from the free 
ligand, suggesting that both arsenic centres are co- 
ordinated to rhenium in a chelate structure. The 
two different methyl environments of the doublet 
lie, respectively, on the halogen and carbonyl sides 
of the ReAsSAs plane of the molecule. There is a 

Table 2. IR and NMR data for metal complexes of Me,AsSMe and Me,AsSAsMez 

Complex 
vco” 

(cm- ‘) 

‘I-I (Ppm) 

Coordinated Me,As Free Me,As MeS 

[{RuCl,(CO),} *(Me,AsSAsMe,)] 2142,2088,2045b 2.37 
[RuCl,(CO),(Me,AsSAsMe,),] 2057,1992 2.05 1.52 
[RuCl,(CO),(Me,AsSMe),] 2058, 1992 2.00 2.44 
[ReCl(CO),(Me,AsSAsMe,)] 2032, 1950, 1905 2.09, 1.96 
[ReBr(CO),(Me,AsSAsMez)] 2030, 1952, 1905 2.10, 2.02 
lReT(CO),(Me,AsSAsMe,)] 2030, 1953,1906 2.15, 2.14 
[RhCI,(C,Me,)(Me,AsSMe)r 1.81 2.32 

0 In chloroform solution unless otherwise stated. 
b Nujol mull. 
“H: C,Me,, 6 1.74; 6(“C): f97.4 [‘J(Rh-C) 7.5 Hz], C,Me,; +9.1, C&e,; +12.9 [*J(Rh-As-C), 1.5 Hz], 

AsMe,; + 12.0, SMe. 
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notable cis effect in these complexes, where the 
methyl protons are shifted increasingly downfield 
on progressing along the series Cl, Br, I. This trend 
has been similarly noted for the correspondingfuc- 
[ReX(CO),(Me2AsSMe)2] complexes.’ 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
10. 

11. 

12. 

13. 

W. Ehrl and H. Vahrenkamp, Chem. Ber. 1970,103, 
3563. 
J. Grobe and D. Le Van, Z. Naturforsch. 1979,34B, 
1653. 

The ‘H NMR spectrum of [RhCl,(C,Me,) 
(Me,AsSMe)] consists of the three expected sin- 
glets of relative intensity 15 : 6 : 3 from high to low 
field, respectively. The arsenic-methyl protons are 
shifted by coordination further downfield (relative 
to the free ligand than are the sulphur-methyl pro- 
tons suggesting an arsenic-rhodium-bound ligand. 
Further, whilst lo3Rh coupling is not observed to 
any of the protons in the molecule, our 13C-{ ‘H},i 
experiments correlate the arsenic-methyl protons 
with a carbon resonance coupled to lo3Rh (2Jcu 1.5 
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Abstract-The complexes [M(dppe)@,-SMe),PtXMe,] [M = Pd or Pt; X = Cl, Br or I; 
dppe = 1 ,Zbis(diphenylphosphino)ethane] have been synthesized, and by means of ‘H and 
31P variable-temperature NMR studies are shown to have several different fluxional modes. 
Where possible, accurate activation parameters for the processes have been determined. 
The unexpected trends of these values demonstrate the consequences of the presence of the 
four-membered l%(IV jS-M(II)--$ ring. The structure of a representative member of 
this novel range of complexes, [Pt(dppe)(~2-SMe)2PtC1Me3], has been determined by X- 
ray diffraction methods. 

Since the earliest observations’ of ~uxion~ty in 
transition-metal complexes the field has greatly pro- 
liferated.2-4 In many cases the occurrence of ster- 
eochemical non-rigidity is facilitated by or depen- 
dent upon the presence of the transition metal(s). 
Large numbers of these species exhibit transitions 
with values of activation free energy change AG+ 
in the range 35-100 kJ mol- ‘, which enables them 
to be conveniently studied by DNMR techniques. 
The organochalcogen complexes of the trimethyl- 
platinum halides fall into this category and have 
been studied extensively.4 Pyramidal chalcogen 
atom inversion is commonly observed in such com- 
pounds, along with, in many cases, higher-energy 
processes which involve very considerable bond 
reorganization. As a further step in our in- 
vestigation of the factors influencing the 
stereodynamics and energetics of such systems we 
have prepared and studied the thiolato complexes 

*Author to whom correspondence should be addressed. 

[M(dp~~~~-SMe~2P~Me3], (M = Pd or Pt; 
X = Cl, Br or I). 

Mononuclear metal thiolato complexes have 
been utilized in the preparation of a range of hetero- 
nuclear transition-metal complexes,5 and in 
some of these species stereochemical non-~gidity 
has been observed, and comparisons made between 
thiolato complex metalloligands and thioethers.6 
Quantitative studies of fluxionality of these thio- 
lato-bridged species are to date rare, and we have 
now examined them by full DNMR bandshape 
analysis. 

EXFE~~AL 

Materials 

The following were prepared using previously 
reported procedures : [M(dp~)(SMe)~ (M = Pd 
or Pt),6 [(PtXMe3j4]7*8 (X = Cl, Br or I), 
[Pd(dppe)ClJ,’ and [Pt(PPh,),].” 

1261 
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Complexes 

[M(dppe)(p&SMe),PtXMe,l (M = Pd or Pt; 
X = Cl, Br or I). All of these complexes were pre- 
pared in a similar manner and a representative 
example is described. 

solvents tended to react over a period of days to 
produce [(PtMe,(SMe)),] and [M(dppe)Clz]. 

Characterization data for complexes l-6 are 
given in Table 1. 

A benzene (10 cm3) suspension of 
[Pt(dppe)(SMe)2] (0.11 g, 0.16 mmol) was treated 
with [{PtClMe,},] (0.47 g, 0.042 mmol). The mix- 
ture was stirred for 4 h until the solution lost all 
trace of the yellow [Pt(dppe)(SMe)J. The resulting 
white precipitate was collected by decantation. This 
crude product was recrystallized from chloroform 
(14 cm’) and hexane (20 cm’) by layer diffusion at 
- 10°C giving colourless prisms of [Pt(dppe)(pZ- 
SMe),PtClMe,] (1) (0.13 g, 84%). 

Complexes 2-6 were prepared by the same pro- 
cedure, with the following reaction times and 
yields : 

Preparation of[PdS-CH(Me)-CH,-S(dppe)]. 
A suspension of [Pd(dppe)Cld (0.50 g, 0.87 mmol) 
in toluene (50 cm3) was stirred with 1,2-pro- 
panedithiol(2 cm3) and triethylamine (4 cm’) for 3 
h. Diethylether (200 cm’) was added to this mixture 
and the precipitated triethylamine hydrochloride 
was removed by filtration. The resulting yellow sol- 
ution was cooled to -5°C yielding large yellow 
needles of [PdS-CH(Me)--CH,$(dppe)] (7) 
(0.48 g, 98%) 3’P NMR (CDCl,): 6 (ppm) = 49.7 
and 50.1, relative to 85% H3P04 (ext.), J(P-P) 
(Hz) = 32.1. 

Complex 

Ft(dppe)(~,-SMe)zPtBrMe,l (2) 
[Pt(dppe)(~*-sMe),PtIMe,l(3) 
Fd(dppe)(~,-SMe)zPtClMe31(4) 
[Pd(dppe)(~2-SMe)zPtBrMe,l (5) 
[Pd(dppe)Ol,-SMe)~PtIMe,1(6) 

Reaction 
time Yield 
(h) (X) 

5 89 
8 94 
3 91 

10 63 
16 36 

Preparation of [P&-CH(Me)-CH~---S(Ph,P)J 
1,2-Propaneditbiol(1 .O cm3) was added to a solution 
of [Pt(PPh,),] in dichloromethane (10 cm’). The 
solution immediately turned pale yellow and 
after 3 min stirring was discontinued. The mix- 
ture was triturated with diethylether (30 cm3) 
and cooled to -20°C. The product 
[PtS-CH(Me)-CH,-S(Ph,P)J (8) (0.27 g, 
76%) was isolated as pale yellow prisms. 

31PNMR (&D,NO&: 6 (ppm) = 21.4and22.1, 
relative to 85% H3P04 (ext.), J(P-P) (Hz) = 23.8. 

NMR spectra 

All of the complexes were isolated as air-stable crys- ‘H and 31P spectra were recorded on a Bri.iker 
tals. The compounds were only moderately soluble AM250 spectrometer operating at 250 and 36.2 
in benzene and toluene, but were very soluble in MHz, respectively. Measurement of ‘H and “‘Pt 
dichloromethane, chloroform and nitrobenzene. NMR spectra was also performed for certain 
Solutions of the compounds in chlorohydrocarbon compounds at the SERC High Field NMR Service 

Table 1. Characterization of the [M(dppe)(p,-SMe),PtXMe9] complexes 

Complex M 

Pt 
Pt 
Pt 
Pd 
Pd 
Pd 

X 

Cl 
Br 
I 

Cl 
Br 
I 

M.p. 
(“C) Colour 

Analysis 

% C” % H” % Cb % Hb 

21&217(d) 
227-229(d) 
225-226(d) 
205-208(d) 
198-201(d) 
235-239(d) 
225-227(d) 
292-295 

Colourless 38.6 4.1 38.7 4.1 
Colourless 37.1 3.9 36.9 3.9 
Colourless 35.3 3.8 35.3 3.7 
Yellow 41.2 4.3 42.5 4.5 
Yellow 40.5 4.3 40.5 4.3 
Yellow 38.4 4.1 38.5 4.1 
Yellow/orange 57.5 5.5 56.7 5.4 
Yellow 56.7 4.3 56.7 4.4 

a Obtained. 
b Calculated. 

“&dS-CH(Me)-CH,-S(dppe)]. 
d [EtS--CH(Me)-CH,-h(Ph,P),]. 
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at Warwick University. Computer simulation of 
spectra was carried out using previously reported 
procedures. 4 

X-ray crystallography 

All crystallographic measurements were made on 
a crystal sealed under nitrogen in a glass capillary, 
using a CAD-4 diffractometer operating in the 0-20 
scan mode with graphite-monochromated MO-& 
radiation (A = 0.71069 A) as described pre- 
viously. ’ 1 

Crystal data. C3,H3&1S2Pt2PZ-C!HClj, formula 
weight = 1082.732, monoclinic, a = 10.298(l), 
b = 20.189(5), c = 18.209(2) A, /.I = 92.41(l)“, 
V = 3782.2 A3, space group P2,/c, Z = 4, 
Dcalc = 1.87 g crn3, ~(Mo-K,) = 73.6 cm-‘. Data 
were collected in the range 1.5 G 0 < 23”, giving 
5612 measured, 5243 unique and 3904 with 
z > 1.5a(Z). 

The structure was solved via the heavy-atom 
method, developed and refined by AFsyntheses and 
full-matrix least squares. A disordered molecule of 
chloroform was found to be present. An absorption 
correction was applied using DIFABS. ‘* Non- 
hydrogen atoms were refined anisotropically ; 
hydrogens on phenyl rings were freely refined iso- 
tropically, those on the CH2 groups were included 
with free positional refinement but a common group 
isotropic U value, whilst methyl hydrogens were 
inserted in idealized positions and refined as part of 
a rigid group, with a group Vi, for each methyl. 
The chloroform molecule was represented by one 
C atom and six half-Cl atoms. The final R and R, 
values were 0.0338 and 0.0342 for 320 parameters. 
The weighting scheme o = l/[a2(F,)+0.0002F,Z] 
was applied. Structure solution and refinement 
computations were made using SHELX13 on a 
VAX 1 l/780 computer ; scattering factor data were 
taken from Ref. 14. Lists of atomic positional and 
thermal parameters for all atoms, full lists of bond 
lengths and angles, and F,/F, values 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. 

RESULTS AND DISCUSSION 

X-ray studies 

The structure of pt(dppe)(p,-SMe),PtClMe,] 
has been determined by X-ray crystallography, and 
is illustrated in Fig. 1, along with selected bond 
distances and angles in Table 2. 

The two platinum atoms have co-ordination 

Fig. 1. ORTEP drawing of the X-ray structure of 
[Pt(dppe)@,-SMe),PtClMe,] with atom labelling. 

numbers of four and six and oxidation states II and 
IV for Pt(1) and Pt(2), respectively. The platinum- 
platinum interatomic distance is 3.482 8, which is 
not indicative of metal-metal bonding. The bond 
anglesS(ljPt(ljS(2)andS(ljPt(2jS(2)are 
83.0(2) and 79.2(2)“, respectively, showing the 
strained nature of the Pt,S, ring. The dihedral angle 
between the square plane of Pt( 1) and the equatorial 
plane (containing both sulphur atoms) of Pt(2) is 
approximately 154”. This angle compares with 
angles between the square planes in the thiolato- 
bridged Pt(I1) dimers [{Pt(PMePh2)(SCH2Ph)(p2- 
SCHzPh)}2]‘5 and cis - [(Pt(PPr;)Cl(p, - SEt)}2]‘6 
of 138.8 and 130”, respectively. In [Pt(dppe)(p2- 
SMe)2PtC1Me3] the sulphur atoms are pseudo- 
tetrahedral in character and the methylthio groups 
adopt an anti configuration, thereby minimizing 
steric crowding. The Pt(I1j-S bonds at 2.358(4) 
and 2.386(4) A are notably shorter than the 
Pt(IV j-S bonds at 2.461(4) and 2.468(4) A. 

Low-temperature NMR studies 

The two important relevant structural features of 
these complexes are the folded nature of the Pt2S2 
ring and the pyramidal configuration of the bridg- 
ing sulphur atoms, as revealed by the X-ray diffrac- 
tion studies. Thus, in principle in solution, a total 
of eight configurational and conformational iso- 
mers are possible, with interconversions occurring 
by the two processes of ring reversal and pyramidal 
inversion about sulphur. Ring reversal will convert 
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Table 2. Selected bond distances (A) and angles (“) for [Pt(dppe)(&Me),PtClMe,] 

Pt(2)--Pt(l) 
S(2)-Pt(l) 
P(2)-Pt(l) 
S(2)_-pt(2) 
C(3)-Pt(2) 
C(5)--Pt(2) 
C(21>-S(2) 
C(lll)--P(1) 
C(2)-P(2) 
C(221)--P(2) 

wvwHw) 
WFWHW) 
K+--PttlFSt2) 
w-w~w) 
Cl(l)-Pt(2pS(2) 
C(3)-Pt(2FS(2) 
C(4)-Pt(2>-S(l) 
C(4)_Pt(2wl(l) 
CU)_-pt(2tiS(2) 
C(4)_Pt(2>--C(3) 
C(5)-Pt(2)-C(4) 
C(11)-s(l)---Pt(l) 
Pt(2)-S(2)-Pt(l) 
C(21)-?3(2bPt(2) 
C(lll)-P(lePt(l) 
C(121)-P(lbPt(1) 
c(121)-P(l)-c(l11) 
C(21 l)-P(2)-Pt(l) 
C(221)---P(2)--Pt(l) 
C(221)-P(2)-C(211) 

3.482(4) 
2.358(4) 
2.252(4) 
2.461(4) 
2.049(13) 
2.089( 14) 
1.817(12) 
1.816(10) 
1.823(12) 
1.812(10) 

83.0(2) 
172.3(l) 
97.9(2) 
79.3(2) 
90.8(2) 

174.9(3) 
96.3(4) 

176.5(3) 
96.9(4) 
85.8(5) 
89.2(5) 

103.1(5) 
92.5(2) 

107.5(5) 
119.9(4) 
110.0(4) 
105.7(5) 
115.2(4) 
115.8(4) 
107.5(5) 

S(lwwl) 
P(lF-PW) 
WFW) 
Cl(l)-Pt(2) 
C(4>-Pt(2) 
C(ll)-S(1) 
C(l)-P(1) 
C(121)-P(1) 
C(211)-P(2) 

ptl>-wl)Stl) 
wl-w)_-stl) 
wFwlwYl) 
www--stl) 
wwwl-w) 
cw--Pvl-w) 
WI-W~W) 
ct%-wa--w) 
ct%-w2b-w) 
WHW-W) 
Pt(2)-s(l)-Pt(l) 
C(ll)-S(l~Pt(2) 
Ct21)+%2)_Pt(l) 
C(l)-P(l>--pt(l) 
C(l1 l)-P(l)-C(l) 
C(l2l)_P(l~(l) 
C(2)-_P(2)_-pt(l) 
C(21 l)-P(2)-U2) 
C(221>-P(2)--c(2) 

2.386(4) 
2.249(4) 
2.468(4) 
2.492(4) 
2.036(12) 
1.819(13) 
1.832(12) 
1.821(12) 
1.823(11) 

92.6(2) 
177.0( 1) 
86.1(2) 
84.8(2) 
96.0(4) 
90.7(4) 
92.7(4) 

173.5(3) 
90.0(4) 
87.9(5) 
91.7(2) 

108.4(5) 
109.5(4) 
109.6(4) 
103.3(5) 
107.5(5) 
106.4(4) 
104.5(5) 
106.7(5) 

exe-methylthio groups to endo and vice versa, and The room-temperature methyl ‘H spectral data 
independent pyramidal sulphur inversion will ex- for all six complexes are collected in Table 3. The 
change syn to anti configurations of the complex. ‘H spectrum of 1 [Fig. 2(a)] consists of a doublet 
Both the conformational and configurational signal with “‘Pt satellites (in addition to a singlet 
changes would be required to fully interconvert all due to a trace of water in the solvent CD2C12). The 
of the possible isomers. doublet splitting is due to four-bond coupling to 

Table 3. Selected ‘H NMR chemical shifts and coupling constants for [M(dppe)@z-SMe)zPtXMepl (M = Pd or Pt; 
X = Cl, Br or I) 

Complex Solvent i’- (“C) 

Platinum-methyl 
(tram to S) 

6” 2Jb 

Platinum-methyl 
(tram to X) 

6” *J 
Sulphur-methyl 

6” 

1 CD&l2 25 0.68 69.4 0.90 77.6 1.52 
2 CDC13 25 0.98 69.3 1.16 77.2 1.69 
3 CDCIS 25 1.08 70.1 1.28 76.4 1.79 
4 GDsNG 25 1.37 69.5 1.40 80.9 1.73 
5 C,D,NO, 25 1.48 69.5 1.52 78.0 1.73 
6 GDsNCZ 25 1.51 71.9 1.59 76.2 1.73 

“Chemical shifts (ppm). 
b *J( ‘951’-‘H) (Hz). 
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Fig. 2. ‘H NMR spectra of [Pt(dppe)&-SMe)JWlMe,] at : (a) 25°C and (b) - 105°C. 

the 31P nucleus tram to the methylthio group. The 
‘95Pt satellite spectrum shows six of the eight 
expected signals due to the methylthio protons 
coupling to one Pt(II) and one Pt(IV) nucleus with 
different magnitudes. Thus, the total SMe proton 
absorption clearly shows only one environment for 
methylthio groups, but on cooling changes occur in 
all of the spectral regions. At - 105°C three signals 

of approximately equal intensity are observed for 
the methylthio resonances [Fig. 2(b)]. These 
changes are interpretable as the slowing down of 
the pyramidal sulphur inversions on the NMR time- 
scale ; but not unexpectedly ring reversal is still very 
rapid, and the endo and exe conformers are not 
separately observable. 

In the solid state complex 1 is in the anti con- 
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unti- I k 
1 // i unti-2 

kz kz 

Fig. 3. Interconversion of isomers in complexes 1-6. 

figuration, and the solution spectrum is dominated 
by the presence of these two diastereoisomers, as 
illustrated in Fig. 3. These are in equilibrium with 
the syn form, which is thought to be syn-1 by virtue 
of the population dependence of this structure upon 
halogen type. The populations of these invertomers 
(Table 4) increase with halogen size, namely 
Cl < Br c I in accordance with previous findings 
for the complexes [PtXMe,(MeEZEMe)] [E = S or 
Se ; X = Cl, Br or I ; Z = -CH,-CH2- or 
-CHGCH-).~ 

The 31P NMR spectra of complexes l-6 are simi- 
lar (Table 4), with room-temperature spectra again 
confirming rapid sulphur inversions. At -80°C 
“static” spectra are observable with the mirror- 
image invertomers anti(l) and anti-(2) producing 
AB or AX patterns when the two phosphorus 
environments are anisochronous (complexes 1, 3 
and 6), and a broad singlet in the other cases (com- 
plexes 2, 4 and 5). In all cases a singlet due to the 
syn-1 species is additionally observed. 

Activation parameters for sulphur inversion 

These conclusions from the ‘H spectra are con- The rate constants in Fig. 3 represent two distinct 
firmed by lg5Pt NMR spectroscopy (Table S), processes, but the experimental spectra were found 

which at low temperature shows resonances indica- 
tive of only two environments for both Pt(I1) and 
Pt(IV) atoms. ’ 7 For both Pt(I1) and Pt(IV) the sep- 
arate signals are in an intensity ratio of approxi- 
mately 2 : 1. The two anti isomers are optical anti- 
mers and not separately observable by NMR, but 
from these data we can say that the isomers anti- 
1, anti-2 and syn-1 in Fig. 3 are all present in 
approximately equal amounts. 

At 25°C the ig5Pt spectrum of 1 is averaged to 
give only one signal each for Pt(I1) and Pt(IV) as a 
result of the onset of rapid sulphur inversion. 

Table 4. 3’P NMR spectroscopic data for [M(dppe)@,-SMe),PtXMe,l 
(M = Pd or Pt, X = Cl, Br or I) 

Complex T (“C) 6” (Ppm) 
% 

Invertomer Population 

1 25 
1 -80 

2 25 
2 -80 

3 25 
3 -80 

4 25 
4 -80 

5 
5 

6 0 
6 -80 

-5 
-100 

43.2’ 
44.5 

43.9,42.7 
42.8 
42.4 
43.9 
42.6 
42.3 

44.3,43.6 
52.6 
52.6 
54.4 
52.4 
52.9 
54.5 
52.1 
52.2 

54.4, 53.2 

syn- 1 29.6 
anti-l/2 70.4 

syn- 1 35.2 
anti-l/2 64.8 

syn-1 38.7 
anti-112 61.3 

syn- 1 24.8 
anti-112 75.2 

syn- 1 27.9 
anti-l/2 62.1 

syn-1 33.3 
anti-l/2 66.7 

“Shifts relative to 85% H3P0, (ext). Solvent CD,Cl,. 
b ‘J(‘95Pt-3’P) = 2873 Hz; 3J(‘95Pt-3’P) = 116 Hz. 
“J(‘95Pt-3’P) = 2880 Hz; 3J(‘95Pt-3’P) = 117 Hz. 
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Table 5. ‘95Pt-{ ‘H} chemical shift data for [Pt(dppe)&- 
SMe),PtClMe,] 

Nucleus 

P@I) 
A(IV) 

7 (“C) 

25 
25 

Chemical shiftb 
(6) tipm) 

-9 
1995 

Pt(II) 
Pt(IV 

-40 
-40 

anti-112 syn- 1 

-21 4 
1954 1870 

a In CD&. 
b Shifts relative to E( 19’Pt) = 21.4 MHz. 

to be virtually insensitive to k,, the rate constant for 
a double-site inversion. Only complex 6 exhibited 
appreciable sensitivity to this parameter, and the 
experimental and computer synthesized spectra 
based on the 31P spin problem (Scheme 1) for this 
complex are illustrated in Fig. 4. The “P-deter- 
mined activation parameters for pyramidal inver- 
sion about sulphur in compounds l-4 are noted in 
Table 6. 

Extensive studies of organo-sulphur and organo- 
selenium ligands co-ordinated to transition metals 
have demonstrated the dramatic lowering of the 
barriers to pyramidal inversion.4 Among many fac- 
tors recognized, the two that predominate in the 
current context are metal electronegativity and rr- 
conjugation effects. In the present complexes, the 
sulphur inversion barriers AG + are in the range 4s 
50 kJ mol- ‘. These represent among the lowest 
values which have been obtained to date for com- 
plexes of the trimethylplatinum halide unit. Such 
low energies presumably reflect the co-ordination 
of each inverting sulphur atom to two transition 
metals. 

Complexes l-6 show two distinctive trends 
in their values of AG* for pyramidal inversion, 
namely : 

and 

AG +, Pd(I1) > Pt(I1) 

AG*, I > Br > Cl* 

Both trends are unusual. 
In general, 4 the variation of halogen in tri- 

methylplatinum halide complexes has very little 

* The AG * value for complex 4 does not fully accord 
with this trend, but the large value of AS* and the low 
log, ,, A values quoted for this case suggest that our band- 
shape fittings were less reliable here. 

cc 
66.3% 

ccx 
33.7% (x = ‘95Pt) 

Scheme 1. 

effect upon the barriers to inversions and is attri- 
buted to the negligible influence of ligands in the cis 
position with respect to inverting atoms. As evi- 
denced by the direction of halogen dependence of 
the invertomer populations in these complexes, the 
steric effect of halogen on the ground state of the 
complexes is not the major effect, or the order would 
be reversed. We would therefore consider that the 
order of energies is possibly due to a halogen-depen- 
dent destabilization of the transition states, possibly 
associated with the special nature of the inversion 
in the constrained four-membered ring. 

The lower values of AG* for sulphur inversion 
in the Pt(I1) complexes compared to the Pd(I1) com- 
plexes is unexpected and unprecedented, as both on 
electronegativity and conjugation arguments the 
reverse order would be predicted. 

In the transition state for pyramidal sulphur 
inversion the M-S-M’ bond angle should become 
120”, and it would appear that access to this ideal 
transition-state geometry is more restricted for the 
Pd(II)-S-Pt(IV)-$ ring than for the cor- 
responding Pt(II)-S-Pt(IV)-S system. 

High-temperature ‘H NMR studies 

Platinum-methyl equilibration. Warming sol- 
utions of complexes 14 in either d-chloroform or 
d,-nitrobenzene caused the ‘H NMR signals of the 
methyl-platinum protons to broaden and eventu- 
ally coalesce to a sharp singlet at lOO”C, with associ- 
ated Pt(IV) satellites retained. Further, while these 
changes were taking place, no alteration of the 
methyl-sulphur resonances occurred and all 
‘95Pt(IV)-S-C-‘H couplings were retained 
unaltered. These spectral variations are fully tem- 
perature-reversible, although some decomposition 
of 6 does take place at the higher temperatures. 

The above changes are indicative of intra- 
molecular scrambling of the platinum methyl 
groups, and the variable temperature spectra can 
be simulated using the ‘H spin problem described 
in Scheme 2, where the labels R and S refer to 

R&S + RX&SX 
(66.3%) (33.7%) (X = ‘9sPt) 

Scheme 2. 
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T/K 

181.2 

223.2 

233.2 

243.2 

248.2 

253.2 

k, s-’ 

0.01 

0.01 

0.01 

22.5 

44.0 

94.0 

175.0 

265.0 

400.0 

610.0 

900.0 

k, s-’ 

0.0 I 

I8 .O 

32.0 

51.0 

83.0 

129.5 

215.0 

3680 

585.0 

860.0 

1280.0 

Fig. 4. Variable-temperature experimental and computer-simulated 3’P NMR spectra of 
[Pd(dppe)&-SMe),PtBrMe,] showing the effects of pyramidal sulphur atom inversion. 
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383.2 .-__../L 

Fig. 5. Variable-temperature experimental and computer-simulated ‘H NMR spectra 
pd(dppe)&,-SMe),PtBrMe,] showing the effects of platinum-methyl group scrambling. 

Table 7. Arrhenius and Eyring activation parameters for platinum-methyl scrambling 

Complex (kJ t%- ‘) 
AG+ AH’ ASS 

log, ,, [A (s- ‘)] (kJ mol- ‘) (kJ mol-‘) (J K-’ mol-‘) 

1 79.6k3.0 12.4 f0.4 81.7kO.8 76.4* 3.0 - 17.5 & 8.0 
2 81.2+ 1.7 13.OkO.2 79.7 f0.3 78.2f 1.7 -5.2j14.7 
3 77.4kO.5 12.6kO.l 78.4kO.l 74.3 f0.6 - 13.6+ 1.7 
4 89.5 f 1.9 13.4kO.3 86.1 f0.4 86.4 + 1.9 l.Of5.0 
5 86.4+ 1.2 13.4kO.2 82.9 f0.2 83.3k1.2 l.lk3.1 
6 79.0 f 1.4 13.0f0.2 77.7f0.2 76.0 f 1.3 -5.7k3.7 

Table 8. Arrhenius and Eyring activation parameters for ligand rotation in [Pd(dppe)&- 
SMe),PtXMe,] complexes 

+ AH* AS’ 
Complex (kJ :l- ‘) log,, [A (s- ‘)I (kJA:ol-r) (W mol- ‘) (J K- ’ mol- ‘) 

4 75.Ok1.2 12.8 + 0.2 74.9 f 0.2 72.0+_ 1.2 -9.9k3.2 
5 69.3k1.4 11.9f0.2 74.5 +0.2 66.4+ 1.4 -27.2k4.1 
6” 6O.Ok3.5 11.4kO.5 68.3 kO.5 57.2k3.5 - 37.0 + 10.2 

LI These parameters only approximate, due to the overlap of the sulphur-methyl signal with 
the H 2O resonance. 

k 5“ 

0.01 

4.0 

9.5 

19.0 

41.0 

81.0 

of 
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37&2 

373.2 

366.2 

3632 

353.2 

343.2 

k s-’ 

97.5 

69.5 

51.0 

X0 

Fig. 6. Variable-temperature experimental and computer-simulated ‘H NMR spectra of 
[Pd(dppe)@,-SMe),PtClMe,] showing the effects of the rotation of the Pd(dppe) moiety. 

implies that any rotation of the [dppePt(II)] frag- 
ment is slow on the NMR time scale, even at 150°C. 
The energies of the ligand rotation fluxion for the 
Pd(II)-Pt(IV) complex are 8-11 kJ mol- ’ lower 
than for the methyl scrambling process, suggesting 

Fig. 7. Individual metal moiety“rotations” about the pz- 
SMe bridges. 

that the two fluxions are non-concerted and involve 
different transition states (Fig. 7). 
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Abstract-The bis (thiocyanatemercury)tetracarbonyliron, [Fe(CO),(HgSCN),], was pre- 
pared from [Fe(CO),] and Hg(SCN)2, and studied by IR spectroscopy and X-ray diffraction. 
The compound crystallizes in the tetragonal space group 14,/a. The unit cell, with dimen- 
sions of a = 13.778(3), c = 13.234(3) A, V = 2512.3(9) A3, contains four molecules. The 
iron atom is octahedrally coordinated by four carbonyl groups and two mercury atoms in 
cis positions. The coordination of the mercury atoms is distorted square-planar, since, 
besides mercury-iron and mercury-sulphur bonds, there are also mercury-mercury and 
mercury-nitrogen interactions. The Fe-Hg distance is 2.506(5) A and the Hg-Fe-Hg 
angle is 78.0( 1)“. 

Reactions of transition-metal complexes with mer- 
cury salts have yielded a number of complexes in 
which there are metal-mercury bonds. Among the 
first ones described in the chemistry of metal car- 
bonyls are those compounds with Fe-Hg bonds, 
like [HgFe(CO)&’ a typical example of a cluster. 
It has been suggested that this compound has a 
structure analogous to that of [CdFe(CO),], which 
consists of an almost square-planar centrosym- 
metric eight-membered ring of alternating Cd 
and [Fe(CO),] units.* An other important example 
is given in the series [Fe(CO),(HgX)d (X = Cl, 
Br or I), prepared by Hock and Stuhlmann3 and 
subjected to investigations by Lewis,4’5 who have 
also shown that these complexes react with amines, 
without displacement of the CO groups, giving 
adducts where the nitrogen ligands are coordinated 
to the mercury atoms. Metal-metal interactions 
also occur in the series [Fe(CO),L2HgX2] 
(L = PPh3, AsPh, or SbPh,; X = Cl or Br) 
obtained from reactions of [Fe(CO),LJ with 
HgX2.6 We are interested in the chemistry of car- 

* Author to whom correspondence should be addressed. 

bonyls containing this type of bonding; and in con- 
tinuing the studies with compounds that have 
Fe-M bonds (M = Zn, Cd or Hg)7-g we now wish 
to report our results concerning the synthesis and 
structure of [Fe(CO),(HgSCN)J. The coordination 
geometry of the iron atom is cis-octahedral, but 
that of the mercury is not simple because of strong 
interactions involving the HgSCN groups. 

EXPERIMENTAL 

Synthesis 

All operations involved in the synthesis, except 
the weighings, were carried out in an atmosphere 
of purified nitrogen in a Schlenk apparatus. To a 
solution of 0.236 g (0.745 mmol) of Hg(SCN)2 in 
12 cm3 of H20, containing a small amount of 
NH4SCN to facilitate the dissolution of the salt, 0.1 
cm3 (0.745 mmol) of [Fe(CO),] was added. The 
mixture was stirred for 3 h at room temperature 
causing a yellow solid to appear. The insoluble 
product was filtered off, washed thoroughly with 
water and diethylether, and then dried in vacua. 
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IR spectrum 

The IR spectrum, at room temperature, was re- 
corded as a Nujol mull between CsI plates on a 
Carl Zeiss Specord 75 IR spectrophotometer. 

Determination of the crystal and molecular structure 

of [WW4UWCN)21 

Yellow single crystals, suitable for X-ray analysis, 
were obtained from acetone solution. They were 
found to be stable to air and X-ray exposure. The 
elemental analysis results were in agreement with 
the formula. 

Crystals of [Fe(CO),(HgSCN),] are tetragonal, 
a = 13.778(3), c = 13.234(3) A, V = 2512.3(9) A3, 
space group 14,/a, 2 = 4, dcalc = 1.812 Mg rnm3. 

The cell parameters were determined by least- 
squares fit from 28 values of 25 reflexions, using a 
Nonius CAD-4 diffractometer. Three-dimensional 
intensity data were collected using graphite-mono- 
chromated MO-& radiation (1 = 0.71069 A) up 
to 20 = 46”. 

The ~28 scanning mode with varying intervals 
was used. Of the 863 recorded independent reflec- 
tions, 559 were observed above background 
[I 2 30(Z), where a(Z) was based on counting stat- 
istics]. The data were reduced to structure factors 
with absorption corrections (p = 124.58 mm-‘). 

A Patterson map showed the Fe atom to be in 
the special position (0, 4, z) on the two-fold axis, 
and the Hg atom in a general position. All the 
remaining atoms appeared clearly on the difference 
Fourier map. Refinement was carried out by full- 
matrix least-squares calculations with anisotropic 
thermal parameters for all atoms. The function 
minimized was I: wi(k]J’o] --IF,])* where wi = 1 for 
the observed and wi = 0 for the unobserved reflec- 
tions. The atomic scattering factors used was taken 
from International Tables. lo The final refinement 
cycle gave R = 0.059 for the observed reflections 
and R = 0.076 with inclusion of the unobserved. 

Lists of atomic parameters, observed and cal- 
culated structure factors, and anisotropic thermal 
coefficients for all atoms have been deposited with 
the Editor as supplementary material.* 

RESULTS AND DISCUSSION 

The metal-metal-bonded species of general for- 
mula [Fe(CO),(MX),] (X = Cl, Br or I) are well 
known for M = Hg ;4,5 only one was reported for 
M = Zn, [Fe(CO),(ZnCl),],” and none containing 

*Atomic coordinates have also been deposited with 
the Cambridge Crystallographic Data Centre. 

cadmium have yet been described. In this paper we 
report our data concerning with the IR and X-ray 
diffraction studies of [Fe(CO),(HgSCN)& The CO 
stretching vibrations are generally the most charac- 
teristic ones for the carbonyl compounds and while 
four IR-active modes (2A, + B, + &) are expected 
on the basis of group theory for the cis- 
[Fe(CO),(HgSCN),] structure only one (E,) is 
expected for the trans structure. 

The cis structure with Cz,-symmetry around the 
iron atom is in agreement with the experimental 
data, since, as expected, four v(C0) are observed in 
the IR spectrum (Fig. 1) of [Fe(C0)4(HgSCN)2] at 
2083(m-s), 2025(m-s), 2008(m-s) and 1980(sh) cm- ’ 
(m = medium, s = strong, sh = shoulder). Taking 
the average v(C0) stretching frequencies of the 
compounds [Fe(C0)4(HgSCN)2] (mean 2024 cm- ‘) 
and [Fe(C0)4(HgI)2] (mean 2042 cm- ‘) it is shown 
that the HgSCN group has a lower electronegativity 
than HgI. The strong band at 595 cm- ’ in the IR 
spectrum is assigned to the bending mode G(FeCO), 
which in the IR spectrum of [Fe(CO),Hg] appears 
at 599 cm- ‘. * 

The three characteristic modes of the thio- 
cyanate’* were assigned to the bands observed at 
2118(m-s) [v(CN)], 765(w) [v(CS)] and 495 cm- ’ (w) 
[S(SCN)] (w = weak). 

The solid-state structure of [Fe(C0)4(HgSCN)2] 
determined by X-ray diffraction shows that the iron 
atom is coordinated by the four carbonyl groups 
and the two mercury atoms in cis positions, in a 
slightly distorted octahedral arrangement. The iron 
atom lies on a crystallographic two-fold axis and 
thus the complete molecule has a two-fold 
symmetry. The structure of the compound with the 
atom-numbering scheme is shown in Fig. 2. Per- 
tinent bond lengths and angles are given in Table 1. 

Within experimental error, average Fe-C 
[1.85(5) A] and CO [1.14(5) A] distances cis and 
trans to mercury atoms are identical. The average 
Fe-C-O angle is 176( 1)“. 

The Fe-Hg distances are equal to 2.506(5) A, 
and it is interesting to compare this value with those 
of related compounds. In the [Fe(CO),(HgBr),] 
molecule two different Fe-Hg bond lengths (2.44 
and 2.59 A) were observed.13 For the 
[Fe(CO),(HgCl),] four independent molecules were 
observedI in the asymmetric unit with different 
Fe-Hg distances, the average value being 2.49(8) 
A. A greater value, 2.552(8) A, was found in 
[Fe(CO),(HgCl),(py)J, and this may be a conse- 
quence of the higher coordination number of the 
mercury atom in this compound. * 5 

The coordination of the mercury atoms is not 
simple because there are other interactions besides 
their bonding to the iron and sulphur atoms. The 
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Fig. 1. IR spectrum of [Fe(CO),(HgSCN)J. 
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Fig. 2. Molecular structure of [Fe(CO),(HgSCN)J. 
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Table 1. Relevant distances (A) and angles (“) for 

[Fe(CO) ,(HgSCN) 21 

Hg-Fe 2.506(5) 
S-C 1.70(4) 
Fe-Cl 1.83(S) 
Cl-01 1.16(6) 
Hg-Hg’ 3.154(2) 

Hg-Fe-Hg’ 78.0( 1) 
Hg-Fe-Cl’ 91(l) 
Hg-Fe---C2 85(l) 
Hg-F+Cl 168(l) 
Hg-Fe-C2 85(l) 
Cl-Fe-C2 95(l) 
C2--Fe---C2 166(l) 
Cl-Fe-Cl’ 101(l) 
Cl--Fe-C2 94(l) 
Fe-Hg-S 168.9(2) 

Hg-S 2.48(l) 
C-N 1.13(6) 
Fe-C2 1.87(4) 
c2-02 1.12(5) 
Hg--N” 2.66(3) 

S-Hg--N” 
Fe-Hg--N” 
Hg’-Hg-Fe 
Hg’--Hg--N” 

Hg’-Hg-S 
Hg-S-C 
S-C-N 
Fe-Cl-01 
Fe-C2-02 

85.9(8) 
105.2(S) 
51.0(l) 

149.1(8) 
118.5(2) 

98(l) 
172(l) 
176(l) 
175(l) 

“Symmetry codes: (i) -x, i-y, z; and (ii) 4-y, 4+x, 
1 4+z. 

distance between the mercury atoms in the molecule 
of [Fe(CO),(HgSCN),] is 3.154(2) A, which agrees 
well with the distances observed in other clusters : 
3.142 8, in [Hg,Rh4(PMeJ,2],‘6 and 3.171(4) 8, in 

[Fe(CO),(HgCl) 2(py) 4. ’ 5 This suggests a metal- 
metal bond involving the mercury atoms and is 
reinforced by the small Hg-Fe-Hg angle 
[78.0(l)“] in the [Fe(C0)4(HgSCN),] molecule. 

In the solid state the molecular packing can allow 
interactions between atoms of neighbour molecules. 
In this compound each mercury atom has, at 2.66(3) 
A, a nitrogen atom of a thiocyanate group of 
another molecule (j-y, a+~, d+z symmetry oper- 
ation). This suggests a Hg-N bond, since this dis- 
tance is 2.81(l) 8, in Hg(SCN)2, where this bond is 
believed to exist. ” 

Thus the effective coordination number of the 
mercury atoms is four and its coordination poly- 
hedron is distorted square-planar, as shown in Fig. 
3. The mean plane is defined by the constants 

Fig. 3. Coordination of the mercury in the crystal of [Fe(CO),(HgSCN),]. 
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A = - 0.4940, B = 0.8506, C = -0.1802 and 
D = 2.1904, the largest distance to this plane being 
0.304(2) 8, for the mercury (2, i--y, z symmetry 
operation) atom. 

The angle S-C-N is 177.5(13)” in Hg(SCN)2 
and 172(1)O in [Fe(C0)4(HgSCN)J The distortion 
from linearity may be due to the strong inter- 
molecular interactions between mercury and ni- 
trogen atoms. Thus the compound [Fe(CO), 
(HgSCN),] can be considered as an infinite polymer 
due to these Hg-N bonds in the direction of the 
c-axis of the crystal, which is the developed needle 
axis. 
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Abstract-The stability constants of Ni(I1) complexes containing alcoholamines were deter- 
mined by potentiometric titration in aqueous solutions at several ionic strengths. The 
influence of temperature and ligand substituents are examined. 

Studies of the formation of Ni(IIkalcoholamine 
complexes in aqueous solution have been relatively 
common. I-9 The results have nevertheless been con- 
tradictory as regards the composition of the com- 
plexes, their stability constants, and the effects 
of variables such as ionic strength, temperature 
or the nature of the ligand substituents. This 
article reports the equilibria in aqueous solution 
of Ni(I1) complexes with alcoholamines of form 
HOCH2CH2NR1R2 (R, and R2 = CH3 or 
CH,CH,). 

EXPERIMENTAL 

Reagents 

Merck p.a. ethanolamine (MEA), N-methyl- 
ethanolamine (NMEA), N-ethylethanolamine 
(EMEA), N,N-dimethylethanolamine (NNMEA) 
and N,N-diethylethanolamine (EEMEA) were pur- 
ified by standard procedures. Alcoholamine sol- 
utions were prepared with C02-less water and pro- 
tonated by adding Merck p.a. HCl solution, and 
their concentration was determined by titration 
against mercury oxide. 

Ni(I1) solutions were prepared from the nitrate 
(Merck p.a.) and their concentration determined by 
titration against EDTA. 

Ionic strength was maintained at 1.0,0.7,0.5,0.3 
or 0.2 with Merck p.a. KN03 desiccated at 100°C 
for at least 24 h. 

Method 

The formation constants of the metal complexes 
were determined by potentiometric titration in a 

*Author to whom correspondence should be addressed. 

250-cm3 glass cell thermostatted by a Crison Visco- 
bath 54 at 298.0,305.5 or 313.0 K. Nitrogen purified 
by Fieser solutions” was used to provide an inert 
atmosphere within the cell and to stir the complex 
solution during titration. The pH of solution was 
measured with a Beckman 4500 pH-meter equipped 
with a Radiometer GK 4501B electrode and cali- 
brated using standard buffers of pH 7.0 and 10.0 
(experimental points lay within this range). 

The solutions determined contained known 
quantities of metal ion, alcoholamine, acid (enough 
to guarantee the total protonation of the alco- 
holamine) and KNO, (to control ionic strength). 
The ranges of initial concentrations of the various 
components are listed in Table 1 (solutions with 
various ~i(II)]/[alcoholamine] ratios were studied). 
The titration agent was the same alcoholamine as 
in the complex being studied, but a concentration 
some 25-30 times its initial concentration in the cell, 
and was 0.01 cm3 added at a time from a Crison 
738 microburette equipped with a l-cm3 Hamilton 
syringe accurate to an estimated f 0.005 cm3. Each 
titration was performed at least twice, and the rep- 
licate values differed in each case by less than 0.01 
pH units. In no case did the fall in ionic strength 
during titration exceed 2%. 

Table 1. Initial concentrations of solutions of Ni(IIk 
alcoholamine complexes 

MEA 
NMEA 
EMEA 
NNMEA 
EEMEA 

Ligand Ni(I1) 

0.1561 7.549E-3-3.020E-2 
0.1561 7.549E-3-3.020E-2 
0.1057 4.529E-3-9.814E-3 
0.1015 4.529E-3-9.814E-3 
0.0818 2.265E-3-7.549E-3 
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Table 2. Influence of ionic strength on the stability constants of the complex system 

System 
PH 

T I P 4 loi% B s x2 R n range 

MEA 298.0 1.0 

0.7 

0.5 

0.3 

0.2 

NMEA 298.0 1.0 

0.7 

0.5 

0.3 

0.2 

EMEA 298.0 1.0 

0.7 

0.5 

0.3 

0.2 

NNMEA 298.0 1.0 
0.7 

0.5 

0.3 

EEMEA 298.0 1.0 

1 1 
1 2 
1 3 
1 1 
1 2 
1 3 
1 4 
1 1 
1 2 
1 3 
1 4 
1 1 
1 2 
1 3 
1 4 
1 1 
1 2 
1 3 

1 1 
1 2 
1 3 
1 1 
1 2 
1 1 
1 2 
1 1 
1 2 
1 1 
1 2 

1 1 
1 2 
1 1 
1 2 
1 1 
1 2 
1 1 
1 2 
1 1 
1 2 

1 2 
1 1 
1 2 
1 1 
1 2 
1 1 

1 1 
1 1 

3.22 
5.65 
7.40 
3.18 
5.66 
7.21 
8.12 
3.17 
5.65 
7.18 
8.27 
3.09 
5.53 
6.97 
8.02 
3.24 
5.60 
7.15 

2.96 
5.08 
5.85 
3.12 
5.11 
2.95 
4.82 
2.91 
4.77 
2.88 
4.88 

2.53 
5.03 
2.49 
4.98 
2.49 
4.73 
2.42 
4.99 
2.37 
4.90 

2.94 
0.50 
2.84 
0.85 
3.16 
0.48 

2.03 
1.76 

0.44E-04 98.9 0.0022 133 6.9Ck9.39 

0.32E-04 40.6 0.0018 134 6.9Ck9.40 

0.4OE - 04 75.1 0.0021 134 6.80-9.40 

0.60E - 04 166.5 0.0021 135 6.85-9.40 

0.42E - 05 26.9 0.0008 86 6.4&9.32 

O.llE-04 8.2 0.0018 86 6.58-9.53 

0.67E-04 19.8 0.0035 90 6.58-9.43 

O.l2E-04 15.7 0.0019 82 6.43-9.38 

O.l3E-04 18.3 0.0018 91 6.50-9.36 

0.20E-04 22.7 0.0025 75 6.9g9.40 

0.20E-05 80.2 0.0010 94 6.79-8.61 

0.20E-05 92.9 0.0010 94 6.58-8.59 

0.74E-06 142.7 0.0010 39 6.55-8.62 

0.97E-06 127.9 0.0006 121 6.63-8.51 

0.31E-06 49.9 0.0004 109 6.55-8.56 

0.80E-04 167.7 0.0057 116 6.50-8.65 
0.73E-04 157.4 0.0054 116 6.52-8.65 

0.83E-04 191.3 0.0055 125 6.45-8.80 

0.95E-04 138.8 0.0062 114 6.57-8.69 

0.22E - 04 70.0 0.0005 76 6.39-8.62 
0.48E - 06 53.0 0.0009 53 6.7Ck8.63 
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For each ionic strength, the stability constants of 
the complexes were determined using the program 
MINIQUAD 75. I1 For each set of curves, various 
models chosen on the basis of published data for 
similar systems were tested and refined until total 
convergence was achieved. Criteria such as mini- 
mum x2 (chi-square) value, R (crystallographic) fac- 
tor or sum of square residuals were used to identify 
the correct model. All calculations were performed 
on a Univac 1100 computer. 

RESULTS AND DISCUSSION 

The aim of this study was to establish the stoi- 
chiometry of the various Ni(II)-alcoholamine 
complexes formed, to determine their stability con- 
stants, and to investigate the influence of ionic 
strength, temperature and substituents on these 
constants. In order to achieve the first of these goals, 
the experimental results were compared with those 
predicted by various different stoichiometries con- 
sidered to be possible a priori, i.e. with those 
expected for various different equilibria of form : 

pM + qL + rOH e M,L,(OH),, (1) 

where M is the metal ion and L the alcoholamine 
ligand. 

For none of the alcoholamines studied were any 
except mononuclear complexes observed (p = l), 
hypothetical complexes withp 2 1 being rejected by 
the program, and the stability constants determined 
separately from each of the pertinent curves were 
in all cases identical. It was also found that r was 
in all cases zero. Thus under the conditions of the 
present study, only simple ML, complexes are 
formed, with q depending on the nature of the 
ligand, the temperature and the ionic strength of 
the medium. 

Table 2 shows that the value of K, falls with in- 
creasing substitution in alcoholamines, in the order 
MEA > NMEA N EMEA > NNMEA N EEMEA, 
which may be attributed to increasing steric hin- 
drance as the space occupied by the ligand grows. 
For a given degree of substitution, however, stab- 

Table 3. Thermodynamic stability constants of Ni(II)- 
alcoholamine complexes 

l-l 1-2 1-3 l-4 

MEA 2.98 5.59 7.02 8.10 
NMEA 2.83 4.80 5.85 
EMEA 2.34 4.89 
NNMEA (0.50) 2.90 
EEMEA 1.50 

Fig. 1. Variation with pH of the distribution of the several 
species present in aqueous solution of Ni(II)-MEA 
I = 0.70: (A) Ni(II), (B) Ni-MEA, (C) Ni-(MEA)2, 

(D) Ni-(MEA)3, (E) Ni-(MEA),. 

ility is not determined by the size of the ligand, but 
rather by its basicity, as is shown by the fact that 
whereas the stability constants of NMEA and 
EMEA are, like their KH+, very similar, those of 
NNMEA and EEMEA differ considerably, again 
like their KH+. 

In all the systems studied the stability of the com- 
plexes increased with the degree of coordination. 
At the same time, the constants of the successive 
steps ML,_, ES ML,, decreased. Thus the increase 
in steric hindrance with increasing coordination 
tended increasingly to offset the gain in stability due 
to the formation of successive metal-ligand bonds. 

Reducing the ionic strength of the medium also 
reduced the stability of the complexes. Although its 
cause is not known for sure this effect has been 
observed in various kinds of metal-ligand system. I2 
Table 3 lists the thermodynamic constants obtained 
by extrapolating to Z = 0 and using the expression 
pK = constant * Z112, which is derived from the 
Debye-Huckel equation and has proved useful in 
similar systems. ’ 3 

The stability constants of Ni(II)-MEA com- 
plexes were calculated at three different tempera- 
tures. The differences being within the experimental 
error, it is not possible to use them to calculate the 
thermodynamic parameters of the complexation 
process. This agrees with the results of others,‘T14 
and confirms that the potentiometric method is not 
suitable for determining such parameters for sys- 
tems like those of the present study. 

Figure 1 shows the changing distribution of the 
various complexes observed as pH varies. As pH 
rises, the degree of coordination of predominant 
species increased as the result of the shift in the 
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LNR,RrH+ OH- =LNRiRz+OHz 

it 
Ni(II) 

(LNR,R,)Nie (LNR,Rr)rNie... 
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Abstract-The hydrolysis equilibria of the La(II1) ion have been studied at 60°C by 
measuring, with a glass electrode, the hydrogen ion concentration of a series of lanthanum 
perchlorate solutions. The [La(III)] of the test solutions, which were made to contain 3 m 
(molal) ClO; by adding LiC104, varied from 0.03 to 1 m. Hydrolyzed solutions were 
prepared by generating OH- by constant-current coulometry. The potentiometric data, 
which indicate that at most 3% of the metal ion can be transformed to reaction products 
without the formation of a precipitate, can be explained by assuming the mononuclear 
LaOH’+ ion and the polynuclear La,OH’+, La,(OH):+ and Le,(OH)$+ ions. Their 
formation constants in the inert 3 m LiC104 medium are reported and the effects of medium 
changes, caused by the replacement of Li+ with La3+, estimated by the specific interaction 
theory. 

The evidence of numerous, accurate inves- 
tigations’*2 on the hydrolysis of Me’+ cations sug- 
gests the formation of polynuclear Me,(OH)T-P 
species with q > 1. Though, in principle, the array 
of (p, q) values may vary in a wide range, in each of 
the investigated systems the number of polynuclear 
complexes has been found to be small, usually not 
greater than 2 or 3, and often the complexes have 
a high nuclearity : Bi6(0H)f:, Pb,(OH):+, 
Pb,(OH)i+, Ce,(OH):+ and AI,,(OH Of 
course we cannot exclude the existence of inter- 
mediate species. These are present in undetectable 

t This work is dedicated in memoriam of the late Pro- 
fessor Georg Biedermann, K.T.H., Stockholm. 

$ Notation used in this paper : a,, water activity ; A, 
concentration of Cl- ; B, concentration of La(II1) ; 6, 
concentration of La’+ ; *&, equilibrium constant for the 
formation of La&OH)?-P, regarding Hz0 and not OH- 
as the reagent ; yB, yH and yW, activity coefficients of La3+, 
H+ and La,(OH)T-P, respectively ; H, proton analytical 
excess ([ClO;] + A - [Li+] - 3B) ; h, equilibrium con- 
centration of H+; A*H,, formation enthalpy of La, 
(OH)?-P considering H,O and not OH- as the reagent ; 
K,, formation constant of all species containing p OH- 
groups [eqn (8)] ; Z, average number of OH- bound 
per lanthanum atom. Concentrations and equilibrium 
constants are expressed on the molal scale {m [mol (kg 
of water)- ‘I}. 

0 Author to whom correspondence should be addressed. 

amounts in the solutions studied, most often at 
25°C in a 3 M NaClO., ionic medium ; however, 
they may become important under different exper- 
imental conditions of temperature, pressure, or 
ionic medium. 

The objective of the present work was that of 
exploring at 60°C the intermediate species of the 
La(II1) ion hydrolysis which at 25°C in 3 M 
(Li)ClO, has been interpreted3 in terms of 
LaOH2+, La20H5+, La,(OH)g+ or La,(OH)f$. 
The starting point was Arnerk’s4 systematic inves- 
tigation on the enthalpies of hydrolytic reactions. 
For qMe’+ +pOH- e Me,(OH)iq-P Arnek found 
AIY&, c 0 and, moreover, for a given cation AHp9/p is 
a constant to within f 1.7 kJ. It is easily shown 
by applying the vant’Hoff equation that of two 
complexes (p’, q’) and (p”, q”) with p’ < p”, the @‘, 
q’) one is favoured by a temperature increase. 

As to the choice of temperature, we were guided 
by the results of a previous study on the hydrolysis 
of the Be(I1) ion at 60”C.5 At this temperature we 
found evidence for Be2(0H):+, a species not 
detected at 25°C,6s7 where the predominating com- 
plex is Be,(OH):+. 

METHOD 

To study the hydrolysis equilibria the hydrogen 
ion concentration of lanthanum perchlorate sol- 
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utions was measured with a glass half-cell. The 
[La(III)] varied between 0.03 and 1 m. At each 
[La(III)J the acidity was decreased from a level, 
where the hydrolysis is negligible, to low enough 
values for solid lanthanum hydroxide to start to 
form. All of the test solutions were prepared to 
contain 3 m ClO; by adding LiClO,. This salt has 
been preferred to the more popular NaClO, because 
it is conveniently purified by recrystallization. 

As exploratory experiments indicated, the 
hydrolysis is negligible at logh > - 5.5 and less 
than 3% of B can be transfo~ed into reaction 
products before precipitation. Thus we were con- 
fronted with the problem of investigating poorly 
buffered solutions, and considerable effort had to 
be taken to keep protolyticcontamination to a mini- 
mum. The experience gained in previous studies3*8*g 
on the hydrolysis of cations, which behave as weak 
acids, was of great value. Test solutions in a state 
of high purity were prepared by generating OH- 
by coulometric methods. Stable and reproducible 
EMF data could be measured even in solutions 
where the concentration of OH- bound to hydro- 
lytic species was as low as 5 x lo- ’ m. 

The test solutions, abbreviated in the following 
as TS, had the general composition : 

B m La(III), H m II+, A m Cl-, 

(3-3B-H-t A) m Li+, 3 m CIO;. 

The auxiliary chloride ion, whose concentration 
ranged from 5 x 10e3 and 0.05 m, was chosen, first, 
as a reference in cells without liquid junction for 
measurements of h and, second, to enable us to 
decrease the acidity of TS by electrolysis cells using 
no bridges. It is easily imaginable what sort of 
experimental difficulties bridges cause when oper- 
ating at values higher than room temperature. 

The hydrogen ion concentration in TS was deter- 
mined with cell (I) : 

- Ag-AgCl/TS/GE + (I) 

where GE denotes glass electrode. At 60°C the 
EMF of (I) is expressed as : 

E = E~+66.10log(hA)+66.lOlogy&,, (1) 

where E:, is a constant and y stands for the activity 
coefficient. The standard states are so defined that 
activity coefficients tend to unity as the composition 
of TS approaches 3 m LiClO+ In each series of 
measurements, where 3 was constant, since only 
low Z values were available, we may neglect vari- 
ations of yHCl and calculate h with the simplified 
form of eqn (1) : 

E = Eb+66.1010g(hA). (2) 

The value of E,, which is constant at constant B, 
must be determined in each experiment, by poten- 
tiometric titration, by measuring E in solutions 
where the hydrolysis is negligible and, conse- 
quently, h can be set equal to H. The E, as well as 
the H of the starting solution were simultaneously 
assessed by constructing a Gran diagram. ” In each 
case E, could be calculated to within & 0.1 mV, 
while the initial H was evaluated with an uncer- 
tainty of less than 0.3%. 

The presence of chloride ions enabled us to alkal- 
ify TS by constant-current coulometry. For this 
purpose two additional electrodes were immersed 
into TS giving rise to the electrolysis circuit (II) 

- Pt/TS/Ag + , (11) 

which was connected to a constant-current supply. 
By electrolysis reaction (3) occurs on the right : 

A&s)+- H,O+Cl- --) A&l(s)+ OH- +0.5Hz(g). 

(3) 

Though the test solution contains the redox couples 
H+-H2 and Ag(I)-Ag, no spontaneous reaction 
seems to take place between H2 and AgCl as indi- 
cated by the constancy within + 0.1 mV of the 
EMF of cell (I) for 24 h or more. 

The current efficiency was studied by poten- 
tiometric acid-base titration of exactly stan- 
dardized 2 x 10e3 m HClO+ Several analyses, car- 
ried out with current intensities between 1 and 5 
mA, showed results higher than 1%. After inspec- 
tion of various factors the origin of the error was 
identified in the reduction on the cathode of small 
amounts of silver. These turned out to be nearly 
proportional to the electrolysis duration but almost 
independent of chloride in the 5 x low3 < A < 0.05 
m range. 

At the end of each titration, the cathode was 
withdrawn from TS and the silver deposited on it 
analysed so that the moles of silver reduced per 
second (x) could be ascertained. In experiments 
with lanthanum two or three platinum gauze elec- 
trodes were immersed into TS and each was 
employed as a cathode in different stages of the 
electrolysis. In this way the unappreciable influence 
of acidity on x could be established. 

The x values were found to fall between 3 x lo- lo 
and 5 x lo- lo mol s- ‘. Therefore a 99.9% efficiency 
can be achieved only with current intensities exceed- 
ing 50 mA. On the other hand, high intensities make 
problematic the avoidance of a local excess of base 
which might promote the premature precipitation 
of lanthan~ hydroxide. As a compromise, we 
employed current intensities between 2 and 10 mA, 
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and corrected the moles of electrons, passed during The results (back titration in Table 1) are seen in 
the electrolysis time t, as Xt. For x we assumed the Fig. 1 to agree, within the limits of experimental 
value found in the same experiment. The results of uncertainty, with data obtained by alkalification. 
HC104 analyses coincided, then, to 0.3% or better This fact also demonstrates, besides a real equi- 
with the values calculated from dilution of the stock librium, the negligible effect of chloride ions on the 
solution. hydrolysis reaction. 

The lanthanum titrations hitherto presented were 
performed by decreasing gradually the acidity of 
TS. Doubts may, therefore, arise whether a true 
equilibrium was attained. To answer this essential 
question a series of measurements was made by 
acidification of partially hydrolysed solutions : 0.1 
m La(III), -1.5x 1O-3 m H+, 5x 10m3 m Ag+, 
2.697 m Li+, 3 m CIO;. Acid was generated coul- 
ometrically according to the electrolysis reaction 

(4) : 

EXPERIMENTAL 

Materials and analysis 

2Ag++H20 + 2Ag(s)+0.502(g)+2H+. (4) 

Lanthanum perchlorate solutions were prepared 
from lanthanum oxide (99.99% purity), furnished 
by K.E.K., and HC104 (p.a. Merck). The oxide was 
added in a slight excess to a concentrated (3.2 M) 
HC104 solution and the pH of the resulting sus- 
pension was adjusted to 7. Consequently, the heavy 
metal ions present in HCIO, precipitated as a 

Table 1. Z(log h)B data 

B = 0.9946 m 

Zx 103(-log h) series a: 2.02(6.840); 3.27(6.053); 5.32(6.215); 
6.62(6.267); 8.56(6.336); 10.2(6.397); 11.9(6.435); 13.q6.462); 
15.3(6.500); 17.2(6.525); 19.2(6.543); 23.1(6.575). 
Series b: 2.58(5.966); 4.24(6.132); 5.96(6.266); 7.98(6.321); 
10.0(6.384); 12.0(6.436); 14.3(6.485); 18.6(6.534); 21.15(6.560). 

B = 0.6274 m 

Zx 103(-log h): 0.84(5.637); 1.37(5.900); 2.03(6.066); 5.16(6.375); 
7.00(6.450); 8.84(6.515); 13.8(6.615); 16.6(6.658); 19.6(6.696); 
22.5(6.722); 25.45(6.743); 28.4(6.759); 28.8(6.761); 31.4(6.771). 

B = 0.4008 m 

Zx 103(-log h): 1.36(6.026); 2.23(6.240); 3.33(6.379); 4.295(6.462); 
5.67(6.530); 7.16(6.591); 8.66(6.642); 10.5(6.685); 12.9(6.727); 
15.7(6.760). 

B = 0.2004 m 

Zx 103(-log h): 0.975(6.034); 2.21(6.383); 3.45(6.521); 5.12(6.623); 
7.21(6.700); 9.305(6.772); 11.4(6.813); 14.0(6.862); 16.5(6.898); 
19.1(6.924); 21.65(6.945); 24.2(6.956). 

B = 0.1002 m 

Zx 103(-log h) series a: 1.58(6.333); 2.55(6.501); 2.92(6.576); 
4.57(6.716); 6.485(6.797); 8.73(6.#64); 11.5(6.931); 14.6(6.983); 
18.2(7.025); 22.4(7.056). 
Series b : 1.26(6.230); 2.13(6.480); 3.25(6.632); 4.61(6.728); 
5.99(6.789) ; 7.36(6.831); 8.97(6.871); 10.6(6.911); 12.7(6.947); 
14.75(6.979); 16.8(7.006); 18.9(7.030). 
Series c (back titration) : 14.9(7.005); 13.5(6.972) ; 11.4(6.924); 
9.26(6.869); 7.16(6.825); 5.29(6.757); 3.90(6.669); 3.75(6.657); 
3.34(6.619); 2.92(6.578); 2.51(6.526); 2.11(6.456); 1.70(6.372); 
1.30(6.249); 0.89(6.168). 

B = 0.03004 m 

Zx 103(-log h) : 2.97(6.690); 4.56(6.855); 7.13(6.970); 10.2(7.045); 
13.8(7.109); 18.15(7.172); 22.8(7.221); 27.3(7.262); 31.8(7.282). 
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-1ogh 7 

Fig. 1.2, the average number of OH- bound per lanthanum atom, as a function of log h. The curves 
were calculated using the constants given in Table 3 and expressions (12) and (13) for medium 

hydroxide or silicate. The excess La,O, was 
removed by filtration and the acidity was regulated 
at lo-* m to minimize absorption of CO*. The 
exact hydrogen ion concentration was analysed by 
coulometric titration, the end-point being deter- 
mined by potentiometry with a glass electrode. 

The [La(III)] was established both by titration 
with EDTA, using xylenol orange as visual indi- 
cator, ’ ’ and by precipitating the oxalate which then 
was oxidized with KMnO+ ’ * The results coincided 
to 0.1%. 

Perchloric acid solutions were standardized 
against KHCOS and T12C03 which are considered 
primary standards in this laboratory. The analyses, 
performed with methyl red, agreed better than 
0.1%. 

Lithium chloride was obtained as described pre- 
viously. ’ 3 

To prepare lithium perchlorate the method 
described earlier’ was employed with the modi- 
fication that small amounts of protolytic impurities, 
contaminating the final product, were determined 
with the following potentiometric procedure. Sol- 
utions of composition lo-* m H3B03, Hm H+, A 
m Cl-, (3 -H+ A) m Li+, 3 m ClO:, were alkalified 
at 60°C with cell (II) while h was measured with cell 
(I). From data with h > 10-4.5 m, E, and H,,, the 
initial H, were established as usual on the basis of 
Gran plots. The data in the lop6 3 h 2 10-7.5 m 
interval were employed to get a preliminary value 
of the dissociation constant of H3B03 (Q and, 
then, to construct the graph l/(h+&) vs moles of 
OH- generated. Since the result is linear for all the 
h available, it was concluded that weak acids (HB) 

present as impurities are almost completely 
protolyzed at h < lo- 6 m. Extrapolation to 
1 /(h + KJ + 0 gave H, + [HBltot, and consequently 
[HB],,,. The impurities in 3 m LiC104 amounted 
to (34 + 3) x 10F6 m, in substantial agreement with 
previous preparations. I4 

The Z(log h)B data in lanthanum solutions were 
corrected for the impurity by assuming its complete 
protolysis in solutions with log h c - 6. This cor- 
rection makes the 2 values of the lowest B uncertain 
to _+ 10e4 units. 

Experimental details 

The EMF measurements were carried out in a 
silicone oil thermostat at 60.00+0.05”C. The Ag- 
AgCl electrodes were prepared according to 
Brown. l5 Pt gauze electrodes (2 x 2 cm) were boiled 
in 1 : 1 HN03 and ignited in alcohol flame. Ag- 
coated Pt nets, used for electrolysis with cell (II), 
were prepared by cathodic reduction from 0.03 m 
AgCl in 16 m LiCl. The silver layers were washed 
with concentrated ammonia and then they were 
soaked for several days with water. Glass 
electrodes, manufactured by Jenaer Glasswerk, 
were employed. The E values were read with a pre- 
cision of 0.01 mV with a Keithley 195 System DMM 
multimeter. To measure the potential of the mem- 
brane electrode a preamplifier (Analog Device 
309K) had to be used. The constant-current source 
was a 220 Programable Current Source 
(Keithley). This instrument furnished intensities 
constant and accurate to within 0.02%. 

Prior to each experiment with cell (I) a stream of 
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purified and presaturated nitrogen gas was passed 
overnight through TS, kept at room temperature, 
to purge it of dissolved oxygen. Throughout the 
measurements at 60°C the solution was protected 
by atmospheric contamination by placing it in a six- 
necked vessel fitted with high-vacuum ground glass 
stoppers. If the vessel is not hermetically closed, 
oxygen from the atmosphere may cause drifts in 
the potential of the Ag-AgCl half-cell. With our 
apparatus the EMFs of cell (I) remained constant 
to within 0.1 mV for several hours. The repro- 
ducibility of E-E, was within 0.1 mV. 

preliminary calculations by putting : 

[La3+] = b - B. (5) 

Assuming the formation of a series of hydrolysis 
products, LaJOH)?-+, the concentration of hydro- 
gen ions set free by hydrolysis (BZ) is expressed by : 

BZ = h-H = Xp[La,(OH),3’-ql 

To analyse silver deposited on Pt cathodes of cell 
(II), it was anodically stripped in 50 cm3 3 m 
LiC104. The Ag+ that formed was poten- 
tiometrically titrated with Ag+ generated coul- 
ometrically, while the end-point was localized on 
the basis of Gran plots. Metal (1 pmol) was ana- 
lysed with error of 2%, which is sufficient for our 
purposes. 

where the exponent 4p, to which a,,, is elevated, 
stems from the assumption that H+ in solution is 
solvated by 4H20, as suggested by experimental L8,‘9 
as well as theoretical” evidence, and that La3+ 
maintains its coordination unchanged in the 
hydrolysis complexes. At constant B the activity 
coefficients and water activity may be regarded as 
constant; consequently, eqns (5) and (6) can be 
written as : 

BZ = Q$,h-P, 

where for brevity : 

(7) 

DETERMINATION OF THE 
~OMPOS~ION OF THE 

HYDROLYSIS PRODUCTS 

The Z(logh), data, which are the basis of the 
following calculations, are collected in Table 1 and 
are graphically represented in Fig. 1. Since less than 
3% of La(II1) can be transformed into reaction 
products, the determination of the hydrolysis mech- 
anism may be carried out in two steps. In the first 
[Section (l)] each set of data, pertaining to a par- 
ticular B level, was treated with the self-medium 
approach of Hietanen and Sill&n. ’ 6 By this method 
one obtains the number of OH- (p) bound to the 
hydrolysis products and the homoligand equi- 
librium constants (K,). Subsequently [Section (211 
the number of lanthanum ions in the complexes (4) 
and the equilib~~ constants (*&J were deter- 
mined by analysing the K,(B) functions. Medium 
changes caused by the replacement of Li+ with 
La3+ were estimated by the specific interaction 
theory (SIT). ” 

K, = Z BP*j3,,ygy;Py,l.‘a$p. (8) 

We attempted, first, to explain the data in the sim- 
plest way by assuming a singlep value. This hypoth- 
esis was tested by comparing the experimental 
BZ(log h) data with model functions calculated on 
the basis of eqn (7). In the entire BZ range no 
satisfactory agreement was found with any p 
between 1 and 5. The shape of the BZ(log h) graphs 
was intermediate between model curves calculated 
with p = 1 and 3. Then the family of Yflog z& 
curves [eqns (9) and (lo)] was calculated for P = 2, 
3and4: 

Finally [Section (3)] in order to check whether 
any significant error was introduced by a number 
of approx~ations in Sections (1) and (2), all the 
data were treated by numerical procedures founded 
on the principle of the least-squares method. 

Y = log(BZh)-logK, = log(l+Pu’-I), (9) 

logu = [l/(P- l)]log(K,/K,)-logh. (10) 

The experimental data could satisfactorily be fitted 
to the model fiction with P = 3, whereas sys- 
tematic deviations were found with both P = 2 and 
4. Therefore data of the present level of accuracy 
can be explained by the complexes ( 1, q) and (3,q’). 

The K, and K, values, given in Table 2, were 
calculated from the log h + log u and log (BZh) - Y 
differences read off in the position of best agree- 
ment. The errors represent maximum deviations 
from mean values. 

(1) Evaluation of the preuailing p values 

The results so far presented rest on the validity 
of eqn (5). To gain an idea of the uncertainty intro- 
duced by this approximation the computations were 
repeated putting p = q, hence : 

When we consider data at constant B and of Z 
b = B(1 -Z). (11) 

values not exceeding 0.03, then, without intro- It is evident from Table 2 that the constants evalu- 
ducing an appreciable error, we may simplify the ated using eqn (5) or (11) are very similar. The 
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Table 2. Survey of determined K, and K3 values 

-Log K, -Log K, 

b=B 

-Log K, -Log K3 

b = B(l -Z) 

0.030 10.81 f0.03 25.51 f0.03 10.83 +0.03 25.46kO.03 
0.100 10.19+0.03 24.48 + 0.03 10.19~0.02 24.49 + 0.03 
0.200 9.78 f 0.03 23.84f0.03 9.79 f0.03 23.8OkO.03 
0.401 9.34+ 0.03 23.2OkO.03 9.35kO.03 23.17kO.03 
0.627 8.98 + 0.03 22.68 f 0.02 8.99+0.03 22.64* 0.02 
0.995 8.57kO.02 22.11 kO.03 8.58f0.02 22.07 f 0.03 

Table 3. Calculated values of the equilibrium constants 

Method -Log */I,, -Log *B** -Log */I32 -Log *833 

Dependence 
onBofK, 

Least-squares 
9.29 f 0.03 8.93 +0.05 22.47 f 0.05 22.9kO.2 
9.28kO.015 8.92 +0.02 22.47 + 0.02 22.87kO.06 

values obtained from eqn (11) were selected for the 
following treatment. 

(2) Estimation of the most probable q values 

To evaluate q in the hydrolysis products the 
dependence on B of K, and K, was examined. 
Clearly, correct conclusions on q and *B,, depend 
on the estimation of changes in the activity 
coefficients as well as of the water activity caused 
by the substitution of Li+ with La3+. Corrections 
for medium effects were based on SIT. ’ 7 According 
to the theory, since all participants to the hydrolytic 
equilibria are positively charged and the anionic 
composition of the medium remains essentially 
unchanged, the activity coefficient of a species “i” of 

I I I I 

1 2 

Fig. 2. K,B-‘ai4 x 104D [eqn (14)] as a function of 
Bx 10LzD. The line represents: 5.13x 10-‘“+1.17x 

10-9Bx lOlaD. 

charge zi, defined so that yi + 1 as [z] + 0 in 3 m 
LiC104, may be expressed as a function of the ionic 
strength (Z) as : 

logyi = -~;[0.54521~.~/(1+ 1.5Z”.5)-0.2624] 

= -z;D. (12) 

Concerning the water activity the theory predicts a 
linear variation between the values relevant in 3 m 
LiC104 and 1 m La(C104)3 at 60°C. On the medium 
scale a,,, + 1 as the composition of TS tends to 3 m 
LiC104. We estimate from data published by 
Pitzer ” that : 

log a, = 0.0199B. (13) 

With these assumptions eqn (8) for p = 1 may be 
written as eqn (14) : 

K, = *fl,,Bx 10-4Da~+*~12B2x 10sDaz. (14) 

We consider improbable the species with 3 La3+ so 
that no higher terms were included in the series (14). 
The plot K1 x 104DB-‘a;4 against B x 10lzD is 
shown in Fig. 2. It is seen that the points lie, within 
the limits of experimental error, on a straight line. 
This means that the LaOH’+ and La20H5+ ions 
are formed with equilibrium constants given in 
Table 3. 

Equation (8) for p = 3 can be rearranged to : 

K3 = *fi3*B2 x 10-6DaA2 

+*/j33B3~ 10’2Da~2+ ... (15) 

In writing eqn (15) the formation of La(OH)3 was 
assumed to be negligible. From the plot of K3 x 106D 
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Fig. 3. K3B-*a;‘* x 106D [eqn (15)] as a function of Bx 10”“. The straight line was calculated with : 
3.39x 1O-23+1.26x 10-23B~ IO”=‘. 

a; “B-* against Bx 10iso, shown graphically in 
Fig. 3, it appears that the points fall, within the 
limits of estimated error, on a straight line, indi- 
cating the presence of Lar(OH)i+ and La,(OH);+. 
The intercept and slope of the best line through the 
points gave the constants in Table 3. The error of 
the slope is fairly large due to the fact that 
La,(OH)!+ is a minor species. 

(3) Rejinement of the equilibrium constants 

The calculations of the previous sections have 
furnished evidence for the formation of LaOH’+, 
La30H5+, La,(OH)i+ and La,(OH)$+. The 
results were attained by methods based on eqns (5) 
and (11) which are of approximate validity. It was 
therefore desirable to refine the constants with more 
exact procedures. 

The experimental data were treated by numerical 
approaches founded on the principle of least 
squares. The computation consisted in the mini- 
mization of the sum : 

where (BZ), denotes an experimental datum and 
(BZ), a calculated value with a certain set of *BP,. 
Medium effects were accounted for by eqns (12) 
and (13). 

The minimum was found with the constants given 
in Table 3. These are seen to agree well with the 
graphical evaluation. The uncertainty represents 3 
times the standard deviation, as defined by the D- 
boundary, ** and is lower than the maximum error 
estimated by curve fitting. 

As a measure of the fit between experimental 
data and the proposed model we may consider the 
distribution of the relative error [ 1 - (BZ)iC/(BZ)i]. 
From a total 103 points 50 are found to have a 

positive deviation while 53 have a negative 
deviation. The average of the positive ones amounts 
to 4.1%, the average of the negative ones to 3.5%. 
The magnitude and sign of the deviations do not 
exhibit an appreciable trend with B and Z. 

DISCUSSION 

We may summarize the results of this work by 
saying that the La 3+ hydrolysis at 60°C is explain- 
able in terms of La,OH’+, La2(OH)?, 
La,(OH)!+ and LaOH*+ which link the simple 
La3+ ion with the final hydrolysis products, col- 
loidal lanthanum hydroxide. According to expec- 
tation the intermediate species La*(OH):+ and 
La,(OH)$+, that escaped detection at 25°C are pre- 
sent. The absence of La,(OH)c+ or La,(OH)f,+ is 
readily understood on the basis of the arguments 
that follow. 

From the *fl, , and *PI2 of Table 3 and those 
determined at 25°C in 3 M LiC10a3 we estimate the 
heats associated with the formation of LaOH*+ 
and La20H5+, A*H,, = 40.6k7.1 kJ mall’ and 
A*H, 2 = 56 f 8 kJ mall I. If the mentioned hypoth- 
esis, namely A*H,,/p is constant for a given cation, 
is valid we calculate A*H,, = 377 kJ mall ‘, which 
gives at 60°C log*/&,, = -64.2. La5(OH)$+ with 
such an equilibrium constant would reach, at the 
highest Z studied, a concentration influencing BZ 
by less than 1%. 

The formation of polynuclear complexes may be 
easier to visualize when it is expressed in terms of 
polymerization from the mononuclear species. We 
obtain : 

LaOH*+ +La3+ % La,OH’+ 

[log(*@,, x *fl;i’) = 0.4&0.1], 
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3LaOH*+ % La,(OH):+ + La3+ REFERENCES 

[log(*j& x */3;,3) = 5.3750.153, 

3LaOH*+ s La,(OH)!+ 

[log (*/I33 x */I;?) = 4.9 * 0.31. 

From comparison of these with values of various 
cations ‘** it may be inferred that, within the large 
limits of error, *j& x */?;p is approximately 
constant, independent of the nature of the metal. 
Therefore polymerization is primarily a property of 
the oxygen atom and the hydroxide ion. 

In any case, the question arises why Me2(OH)if 
is readily formed by cations of the same 3a group, 
Sc3+ and Y3+ but not by La 3+. Presumably the 
greater stability of La*(OH):+ than of La2(0H):+ 
is attributable to the effect of charge distribution. 
Pauling’s postulate of the essential neutrality of 
atoms23 suggests that charges on atoms in stable 
substances are generally near zero or at least 
between - 4 and + 4. Therefore the La3+ ion would 
not reach in La,(OH):+ a sufficient electrical neu- 
trality for stability as, on the contrary, the more 
electronegative Y 3 + ion does. Obviously, the intro- 
duction of another OH- bridge in La2(0H):+ fur- 
ther neutralizes charges on the metal and, conse- 
quently, causes the resulting La2(0H):+ to be 
stable. On the other hand, in the attempt to make 
Y,@W:+, a more negative charge will pass to 
Y(II1) which is apparently more than required for 
stability. 

The tendency to electrical neutrality may also 
account for the higher stability of La,OH’+ than 
of Y *OH’+. If one tries to replace in La30H5+ 
the more electronegative Y 3+, in the attempt to ren- 
der less negative the oxygen atom, more charge will 
be transferred to Y(II1). This, evidently, is more 
than can be accepted for Y20H5+ to be stable. 
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MACROCYCLIC TETRAAMINES FROM REACTION OF THE 
(l,lO-DIAMINO4,7-DIAZADECANE)COPPER(II) CATION 

WITH FORMALDEHYDE AND THE CARBON ACIDS 
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Abstract-Reaction of (l , lO-diamino-4,7-diazadecane)copper(II) in basic methanol with 
formaldehyde and the carbon acid nitroethane leads to the facile and high-yielding synthesis 
of the (lo-methyl- IO-nitro- 1,4,8,12-tetraazacyclopentadecane)copper(II) cation. The similar 
reaction with diethylmalonate, a weaker carbon acid, yields the (lO,lO-dicarboxyethyl- 
1,4,8,12-tetraazacyclopentadecane)copper(II) cation in only low yield. 

Recently, metal-directed syntheses of multidentate 
and macrocyclic ligands employing formaldehyde 
and nitroalkane carbon acids around labile metal 
ions have been developed. 1,2 These studies sup- 
plement earlier studies of inert octahedral amine 
complexes, where similar reactions have led to the 
development of a range of macrobicyclic hexa- 
amine ligands. g-5 In each case, the nitro group intro- 
duced into the new ligand from the nitroalkane 
carbon acid can be chemically or electrochemically 
reduced to a pendant amine. This produces a new 
class of macromonocyclic amine ligands, some of 
which are capable of penta- or hexa-coordination 
by employing the pendant primary amine group(s) 
as donor atoms. 2*6 In addition to the chemistry 
based on nitroalkanes, it was of some interest to us 
to investigate similar condensation reactions with 
other carbon acids. While nitroethane is a strong 
carbon acid (pK, - 8.6),7 it is apparent that other 
simple organic molecules may be sufficiently acidic 
to participate in similar reactions. We have noted 
that diethylmalonate is acidic (pK, - 13.3),7 and 
may be reactive. With the latter carbon acid, there 
is the prospect of forming cyclic molecules with 
pendant acid groups. 

The general reaction with nitroalkanes [eqn (l)] 
is currently being explored in detail for a range of 
chelate ring sizes and metal ions, and one particular 
example is described here. 

* Authortowhomcorrespondenceshouldheaddressed. 

RCHINOl 
* 

CH,O,base 

With diethylmalonate, there is the initial oppor- 
tunity for macrocyclization [eqn (2)] although 
hydrolysis and decarboxylation reactions involving 
the formed gem diester, as well as alternate initial 
reactions, suggest that the reaction may be com- 
plicated. Details of this reaction are described and 
compared with the nitroethane reaction. 

UN NH. HN. *NH, ,cOOE' . . . . . 
‘-.--s CH2(COOEt)2 

(____ x 

(2) 

EXPERIMENTAL 

Syntheses 

[Cu(L ,)](NO,),. The tetraamine 1, IO-diamino- 
4,7-diazadecane (35 g, 0.2 mol) was added to 
CU(NO~)~ - 3H20 (48 g, 0.2 mol) in methanol (1.5 
1). The resulting dark blue solution was warmed, 
and triethylamine (22 g, 0.22 mol), nitroethane (37 
g, 0.49 mol) and formaldehyde (100 cm3, 37% aq, 
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1.34 mol) were added. After heating at N 55°C for 
30 min, the solution was left to crystallize at room 
temperature overnight. Filtration gave glistening 
blue crystals of the complex (68 g, 74%). Found: 
C, 31.1; H, 6.0; N, 21.0. Calc. forC12H27CuN708: 
C, 31.3; H, 5.9; N, 21.3%. IR(KBrdisc): v&NO,) 
1530 cm- ‘, v&NO,) 1340 cm-‘. Electronic spec- 
trum (water) : Iz,,, 572 nm (E 99 M- ’ cm- ‘), 263 (E 
7440). The complex can be readily recrystallized 
from water as perchlorate or chloride salts. Found 
(chloride salt) : C, 32.8 ; H, 7.2 ; N, 16.3. Calc. for 
ClzH&lzCuNS02. l:H,O: C, 33.1; H, 6.9; N, 
16.1%. 

[Cu(L,)](ClO,),. The tetraamine l,lO-diamino- 
4,7-diazadecane (3.5 g, 0.02 mol) was added to 
Cu(NO&* 3Hz0 (4.8 g, 0.02 mol) in methanol (200 
cm’). The resulting dark blue solution was warmed, 
then diethylmalonate (3.2 g, 0.02 mol), tri- 
ethylamine (3 cm3, 0.02 mol) and formaldehyde (10 
cm3, 37% aq, 0.13 mol) were added. After heating 
for a further 1 h, the solution was left at room 
temperature overnight. The solution was diluted 
with water, sorbed onto SP Sephadex C-25 resin 
(25 cm x 4 cm column) and eluted with 0.25 M 
NaC104 adjusted to pH - 3. Three significant blue 
bands were collected. The first failed to crystallize 
readily, proved to be acid-sensitive and hence non- 
cyclic, and was discarded. The third band on con- 
centration and standing gave a blue powder (1.44 
g). Rapid and essentially complete loss of colour 
of a solution of this material on acid addition is 
indicative of a non-cyclic product; the diester 
macrocycle does not decolourize readily in aqueous 
acid. Spectroscopy (IR and UV-vis) indicated a 
similarity to the precursor, and the microanalysis 
indicated a C : N ratio of 9 : 4, although an accept- 
able fit for all elements to presumed structures was 
not forthcoming. Clearly, this material does not 
arise from a condensate involving diethylmalonate, 
and complete identification was not pursued. The 
second band, on concentration, gave blue needles 
which were collected, washed with alcohol and 
ether, and air dried to give the diester product (40 
mg, < 2%). Found: C, 31.9; H, 5.4; N, 8.9. Calc. 
for C17H34C12C~N4012*HZO: C, 31.9; H, 5.7; N, 
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8.8%. IR (KBr disc) : 1726 cm- ’ (ester). Electronic 
spectrum (water) : A,, 568 mn (E 105 M-’ CII- I), 
268 (E 7030). 

Physical methods 

Electronic spectra were recorded in aqueous sol- 
ution using a Hitachi 220A spectrophotometer. IR 
spectra were recorded on complexes dispersed in 
KBr discs using a Nicholet MX-1 Fourier-trans- 
form spectrometer. Electrochemical measurements 
were performed with either a Bioanalytical Systems 
Inc. CV-27 controller and a glassy carbon working 
electrode, or with an AMEL Model 473 controller 
linked to an EG&G PAR Model 303A static mer- 
cury drop electrode. A conventional three-electrode 
system, with Ag-AgCl reference electrode and 
argon or nitrogen purge gas was employed. 

RESULTS AND DISCUSSION 

Reaction of copper(I1) nitrate, 1, IO-diamino-4,7- 
diazadecane, formaldehyde and nitroethane pro- 
ceeds readily in warm methanol containing tri- 
ethylamine as a non-coordinating base, with the 
product macrocycle 1 O-methyl- 1 O-nitro- 1,4,8,12- 
tetraazacyclopentadecane (L ,) actually crystallizing 
as the copper(I1) complex during reaction. Without 
any extensive attempts to refine conditions, yields 
of the isolated solid of N 75% have been obtained 
routinely. Chromatography of a reaction mixture 
on SP-Sephadex C-25 cation exchange resin indi- 
cated that [Cu(L,)]*+ accounts for 2 90% of cop- 
per in the product mixture. The product exhibits 
characteristic IR vibrations for the nitro group, 
with v,, at 1530 cm- ’ and v, at 1340 cm- ‘. Vol- 
tammetry in water defined a Cu(IIk(1) couple at 
-0.67 V (vs Ag-AgCl) and a multielectron irre- 
versible nitro group reduction at -0.94 V. The 
product is also extremely resistant to dissociation 
in aqueous acid. Spectroscopic and electrochemical 
properties are similar to those reported for other 
well-characterized analogues, ‘,* and preliminary 
results of an X-ray crystal structure analysis con- 
firm the structure assigned. Evidently, reaction via 
Scheme 1 proceeds to the essential exclusion of 
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other reactions, the formation of the new six-mem- 
bered ring being favoured entropically. We are cur- 
rently pursuing this type of reaction with a range 
of nitroalkanes and amine complexes, as well as 
looking at complexes of the pendant amine ligands 
resulting from nitro group reduction. It is clear that 
the experimental method represents a facile and 
probably general route to a new range of macro- 
monocyclic ligands. 

When the identical reaction to that described 
above was performed with diethylmalonate as car- 
bon acid, it was not possible to crystallize any pro- 
duct directly. Chromatography on SP-Sephadex C25 
resin indicated that several products were present. 
The major band, from which a blue solid was cry- 
stallized, did not contain a cyclic ligand, decom- 
posing readily in aqueous acid. Spectroscopy and 
microanalysis best fit a simple structure such as L3, 
rather than the required compound LZ. A complex 
of the latter compound was isolated in low yield 
from a second band ; despite attempts to vary the 
outcome by altering reaction conditions, the result 
was always similar. The only macrocyclic complex 
isolated, which amounted to less than 10% of total 
copper and was crystallized in no better than 2% 
yield, proved to contain the macrocycle L2. The 
IR spectrum showed a strong band at 1726 cm- ’ 
characteristic of an ester. The complex was stable in 
aqueous acid, indicative of a macrocyclic complex. 
Voltammetry yielded a well-defined reversible 
Cu(II)(I) couple at a potential of -0.82 V, with 
an irreversible wave at - 1.34 V associated with 
electron addition to the ester substituents and in a 

similar position to waves assigned to this process 
in several macrobicyclic cobalt(II1) complexes with 
ester substituents.8 There was no evidence for any 
amide species such as Lq, analogues of which have 
appeared in similar reactions around inert 
cobalt(II1) amines.g The diamide Ls which can 
form by condensation in the absence of metal ion 

L4 L 

and formaldehyde ’ O was also absent. While decar- 
boxylation or hydrolysis of the gem diester isolated 
had been anticipated, neither apparently occurred 
under the experimental conditions employed. 

The likely reaction of the putative monoimine 
intermediate (product of the first step in Scheme 1) 
with hydroxide ion to ultimately form L3, rather 
than reaction with the (EtOOC)&H- nucleophile, 
is not unreasonable since there was no attempt to 
exclude water from the reaction mixture. The p& 
of (EtOOC)iCH2 is about 5 units higher than that 
of CH&HzN02, strictly limiting the concentration 
of the anion in the former case. Even assuming like 
nucleophilicity for the two carbon acid reactants, 
there will clearly be far greater opportunity for com- 



1294 G. A. LAWRANCE 

petition by OH- in the case of the diethylmalonate 
reaction. Possibly in stringently anhydrous con- 
ditions, reactions involving carbon acids with 
higher pK, values may prove more successful. We 
are pursuing this prospect. Evidently nitroalkane 
carbon acids are far more successful reactants than 
diester alkane carbon acids under the conditions 
described. 
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Abstract-The preparation of the ortho-substituted aryldiIluorophosphines 2-MeGC6H4PF2 
and 2-Me2NC6H4PF2 by chlorine-fluorine exchange from the corresponding dichlorophos- 
phines using sodium fluoride in acetonitrile in the presence of a crown ether is described. 
The ortho-substituted aryldichlorophosphines 2-MeOC,H,,PCl, and 2-Me2NC6H4PC12 
were prepared from the respective bis(N,N-dimethylamino)phosphines by cleavage of the 
P-N bonds with hydrogen chloride. The reaction of 4-fluoroanisole and 2-methoxy- 
phenyllithium with phosphorus trichloride did not yield the expected chlorophos- 
phines, i.e. 2-MeG-5-F-C6H3PC12 and 2-MeGC6H4PClz, but led to formation of 4-fluoro- 
phenyldichlorophosphite in the former, and to tris(2-methoxyphenyl)phosphine in the 
latter case. The difluorophosphine 2-MeGC6H4PF2 was found to undergo a spontaneous 
oxidation-reduction reaction with formation of the tetrafluorophosphorane 2- 
MeGC6H4PF, and the cyclotetraphosphine (2-MeGC6H,P)4. A single-crystal X-ray struc- 
ture determination of the latter indicated the presence of a strongly puckered four-membered 
ring with P-P bond lengths ranging between 222 and 223 pm, and endocyclic bond angles 
of 84”. Vicinal MeGC6H4 groups were found arranged tram to each other. Dichloro- 
platinum(I1) complexes were prepared, involving the two new fluorophosphines, 2- 
XC6H4PF2 (X = Me0 or Me$I), as ligands. In neither case was any evidence found for 
coordination between platinum and oxygen or nitrogen, and the fluorophosphines were 
found to function solely as phosphorus donors. The absence of interaction between platinum 
and the oxygen atom in the ortho position of the ligand 2-MeGC6H4PFz was confirmed 
in a single-crystal X-ray determination of the complex C12(2-MeGC6H4PF&Pt. The com- 
pound was found to exist as a planar, cis-coordinated species with Pt-Cl bond lengths 
between 232 and 234 pm, and a Pt-P bond length of 218 pm. All compounds were 
characterized by NMR spectroscopy (‘H, “P and “F, where applicable). 

Phosphorus(II1) compounds, involving aromatic some time. 
groups bearing an ortho substituent with potential 

a 

XR 

donor atoms, e.g. N, 0 or Sb, have been known for 
I= 

PR; 

*Author to whom correspondence should he addressed. X = 0, NR, SbR, etc; R, R’ = alkyl or aryl groups. 
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Numerous coordination compounds involving such 
ligands, displaying interesting catalytic properties 
in some cases, have been synthesized. I-4 

Phosphorus(II1) compounds of the above type 
are expected to coordinate, primarily, via the phos- 
phorus atom, but may give rise to chelate formation 
on account of the potential donor function of the 
heteroatom. Even though in many cases a proper 
bond between the metal and the heteroatom may 
not exist, evidence has been obtained which suggests 
that, in the course of catalytic reactions, a weak 
interaction between platinum and the heteroatom 
may serve to stabilize vacant coordination sites. 

In our own previous work concerning the coor- 
dinating potential of o&o-substituted aryl- and 
alkyl-phosphines with metals such as Rh(1) or 
Ir(I),’ or Pd(I1) and Pt(II),6 such interactions were 
demonstrated. Thus, it was shown that phosphorus 
(III) ligands, involving 2-N,N-dimethylamino sub- 
stituents in an aromatic group form chelate com- 
plexes of composition (L)PtC12 (M = Pd or Pt), 
involving coordination of the ligand to the metal 
via phosphorus as well as nitrogen.’ In contrast, the 
related complexes with o&o-alkoxy-phenyl groups 
seem to be bonded to the metal solely via phos- 
phorus. These findings are in agreement with 
reports by other authors.2,8 Oxygen does get 
involved in bonding or interacts strongly with the 
metal in the case of metallic centres of higher oxi- 
dation number.4’b),g 

The coordinating ability of a heteroatom in the 
ortho position of an aromatic substituent at phos- 
phorus(II1) is strongly affected by its basicity, 
according to the concept of Pearson : nitrogen, as a 
“softer” atom is expected to coordinate to a “soft” 
metallic centre, rather than the “hard” oxygen. In 
addition, the + I-effect of a further methyl group at 
nitrogen was found to be favourable. 5 In an attempt 
to affect the interaction between the metal and the 
ortho substituent in an aryl group at phos- 
phorus, the following possibilities were considered : 
(a) Elimination of ligands, e.g. chlorine, using silver 
salts, generating vacant coordination sites, or coor- 
dination sites to which solvent molecules are loosely 
bound. (b) Increase of the electrophilic character of 
the metal through the introduction of ligands which 
reduce the electron density at the metal, e.g. CO, 
PF3 or PF20-, isoelectronic to PF3. (c) Modi- 
fication of the phosphorus ligand, e.g. through the 
introduction of fluorine. The considerations listed 
under (b) also apply. 

A ligand of the general type 
XMe 

(X = 0,NMe) 

on account of the superior back-bounding qualities 
of the PF2 grouping is expected to be capable of 
withdrawing electron density from the metal, in 
contrast to a PRz group (R = alkyl or aryl). Thus, 
an increase in the electrophilic character will result, 
facilitating the coordination of a heteroatom. The 
compounds under discussion are considered to rep- 
resent novel ligand systems which provide access to 
a variety of interesting coordination compounds. 

An additional feature of difluorophosphines, 
RPFz (R = alkyl or aryl), is their pronounced 
tendency to undergo oxidation-reduction 
reactions, with formation of tetrafluoro- 
phosphoranes and cyclopolyphosphines. “3’ ’ The 
synthesis of two ortho-substituted difluoro- 
phosphines, their coordination compounds with 
platinum(II), and the redox disproportionation of 
one of the two compounds, 2-MeOC6H4PF2, will 
be described in what follows. 

RESULTS AND DISCUSSION 

Preparation of substituted aryldichlorophosphines 

According to Michaelis,12 anisole and N,N- 
dimethylaniline may be converted to the corres- 
ponding para-substituted dichlorophosphines under 
Friedel-Crafts conditions. It is known I3 that, in 
the case of substituted aryl precursors, mixtures of 
isomers (predominantly para, and some ortho) may 
be formed. 

First, the synthesis of 2-methoxy-5-fluoro- 
phenyldichlorophosphine was attempted via the 
reaction of 4-fluoroanisole with phosphorus tri- 
chloride in the presence of aluminium chloride. 
Cleavage of the intermediate complex formed 
initially with phosphorus oxychloride,‘4 however, 
only furnished 4-fluorophenyldichlorophosphite (1) 
as a result of the cleavage of the ether linkage [eqn 
(l)], 1 has not previously been described in the 
literature and was characterized by elemental analy- 
sis and NMR spectroscopy. 

OMe OPC 12 

9 + PCL3 s 8 + MeCl (1) 

F 

1 

Next, an attempt was made at synthesizing 2- 
methoxyphenyldichlorophosphine by the reaction 
of 2-lithioanisole with phosphorus trichloride at 
low temperature [eqn (211. The main reaction prod- 
uct here was the tertiary phosphine, tris(Zmethoxy- 
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phenyl)phosphine, which has previously been 
reported by Mann and Chaplin. ’ 5 

OMe OMe \ 
3 ‘, a PCLp 

_3 0 ) c 
P (2) 

Li (- 40°) 3 

The synthesis of 2-methoxyphenyldichloro- 
phosphine in a yield of lo%, using a diazonium 
intermediate, was first reported by Quin. I6 It 
was thought that a more efficient route to this 
dichlorophosphine might be the cleavage of the 
appropriate bis(N,N-diethylamino)phosphine with 
dry hydrogen chloride, A number of para-substi- 
tuted aryldichlorophosphines have previously been 
obtained by this route. I7 The same principle 
has been employed by Shawl’ and, later, by 
McEwen, ’ 9 in the synthesis of o&o-substituted 
aryldichlorophosphines. 

The synthesis of the dichlorophosphines required 
in the present research was accomplished in accord- 
ance with eqns (3) and (4). 

XMe 

2a X = 0 

3a X = NMe 

x e 

I= 
Y 

+ Mg or 

The aryl compounds, 2b and 3b, react with bis(di- 
ethylamino)chlorophosphine according to eqn (3b). 
The P-N bond in the aminophosphines, 4 and 5, 
is cleaved by anhydrous hydrogen chloride with 
formation of the dichlorophosphines, 6 and 7, in 
good yield. The NMR data for compounds 4-7 are 
listed in Table 1. 

Preparation of 2-methoxy- and 2-N,N-dimethyl- 
aminophenyldjborophosphine, 8 and 9 

It has been demonstrated that the unsubstituted 
compound, C&PFz, may be obtained in good 
yield by chlorine-fluorine exchange with sodium 
fluoride from the dichlorophosphine. ‘O 

It was found that the 2-substituted aryl- 
dichlorophosphines, 6 and 7, may be converted into 
the corresponding difluorophosphines, 8 and 9, 
using sodium fluoride in acetonitrile, in the presence 
of catalytic quantities of crown ether (15-crown-5), 
in accordance with eqn (5). 

c 

+ n-BuLi (-n-BuBr) 

2b X = 0; Y = MgBr 

3b X = NMe; Y = Li 

XMe 
hexane 

+ CLP(NEt& 
z?i 

P(NEt& 

4 x=0 
5 X = NMe 

r(xw 
e 

I’ + 4HCL 

=P(NEtz)r 

6 x=o 
7 x = NMe 

(3d 

(3) 

(4) 

XMe 

PC12 

CH&N 
+ 2 NaF - 

15.crown-5 
- 2 NaCL 

XMe 

PFz 

8 x=0 

9 X=NMe 
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All the compounds are distillable liquids which were rodifluorophosphine does not, therefore, react 
characterized by elemental analysis, and by NMR more selectively than phosphorus trichloride [cf. 
spectroscopy (Table 1). eqn (2)]. Part of the PFzCl was recovered unreacted. 

The possibility was considered that compounds 8 
and 9 may result from the direct reaction of PF2C12’ 
with a suitable aryllithium compound. Thus, 2- 

Spontaneous oxidation-reduction reaction of 2- 

methoxyphenyllithium was allowed to react with 
methoxyphenyldjluorophosphine (8) 

PFzCl at low temperature in a sealed, heavy-wall The difluorophosphine (8) could be kept 
glass tube [eqn (6)]. unchanged over periods of several months at 

OMe 

+ PFXL 
he=;--Mot0 --SOY 

* 

- LiCL; - LiF 
P (6) 

Li 

It was found, however, that both P-F bonds and - 30°C. It was found, however, that a spontaneous 
the P-Cl bond in PF$l reacted, with formation disproportionation reaction commences at room 
of the tertiary phosphine (2-MeOC,H&P as the temperature, and is accelerated at elevated tem- 
only product which could be isolated. Chlo- perature. Thus, a sample of 8 kept in a sealed NMR 

Table 1. ‘H, 19F and 3 ‘P NMR data for compounds 4-9 

Compound ‘H NMR 19F NMR 3’P NMR 

4* 6 cH, = 1.4 (t, 12 H) ; 3 J(HH) = 7 Hz 
6 c% = 3.4 (dq, 8 H) 3J(HP) ; = 9 Hz 

35(HH) = 7 Hz 
6 OCH, = 3.9 (s, 3 H) 
6 c6H4 = 6.9-7.8 (m, 4 H) 

NMe, 5* 6 cH, = 3 1.0 (t, 12 H); J(HH) = 7 Hz 
6 CH, = 2.9 (dq, 8 H) 3J(HP) ; = 9 Hz 

‘J(HH) = 7 Hz 

P CNE~~ 6 NCH, = 2.7 6, 6H) 

6 C6H4 = 6.7-7.5 (m, 4 H) 
OMe 

PCL2 

OMe 

PF2 

NMe2 

PFz 

eb 6 OCH) = 4.0 (s, 3 H) 
6 chHA = 6.9-8.2 (m, 4 H) 

Tb 6 NCH, = 2.4 (S, 6 H) 
s ceH, = 6.8-7.8 (m, 4 H) 

8& 6 ocH, = 3.90 3 (s, H) 6 = -99.5 (d), 
6 c& = 6.94 (dd, 1 H) J = 4.8 Hz ; ‘J(FP) = 1166 Hz 

= 7.06 (t, 1 H) ; J = 7.5 Hz 
7.47-7.55 (m, 2 H) 

YJ 6 NcHj = 2.80 (s, 6 H) 6 = - 100.5 (d), 
6 c,H, = 7.32 (dt, 1 H) ; J = 4, 7.5 Hz ‘J(FP) = 1143 Hz 

= 7.41 (br, t, 1 H); .I = 7.5 Hz 
= 7.59-7.72 (m, 1 H), 
= 7.77 (ddd, 1 H); J = 2,7.5, 16 Hz 

6 = 92.3 

6 = 96.9 

6 = 163.3 

6 = 150.2 

6 = 208.3 (t), 
‘J(FP) = 1176 Hz 

6 = 197.1 (t), 
‘J(PF) = 1147 Hz 

’ ‘H NMR; instrument JEOL JNMC-60. 
b 19F and 31P NMR; instrument JEOL JNMC-60 HL. 
’ ‘H NMR, in CDCl, ; instrument Bruker AM 300. 
d “P NMR; instrument Bruker WM 400. 
e ‘H NMR, in CDC13 ; instrument Bruker WM 400. 
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tube for 48 h at 80°C was found to be converted fluoride, in analogy to the unsubstituted parent 
into the corresponding cyclotetraphosphine (10) compound, C6HSPF4.27 
and tetrafluorophosphorane (11) in a yield of 90% The separation of 11 from SbC17 by distillation 
[eqn (711. proved difficult, and 11 could not be obtained in a 

8 10 

Oxidation-reduction reactions of the above type 
have been known for a few years, and were first 
observed in the case of methyldifluorophos- 
phine. ‘O*** Such reactions will be catalytically 
affected by traces of hydrogen fluoride, formed in 
the presence of moisture. 23 

Besides tetrafluorophosphoranes, cyclopoly- 
phosphines [(RP), (n = usually 4, 5 or 6)] are 
formed.24,25 The number n depends on the size and 
electronegativity of the organic group.25,26 From 
mass-spectroscopic (parent ion, m/z 552) and NMR 
spectroscopic investigations the presence of the 
four-membered ring (2-MeOC6HdP)4 is clearly indi- 
cated. The high-field shift, 8r = - 55.6, in 10 is con- 
sidered typical of cyclopolyphosphines (RP)4.25 

The ‘H NMR spectrum of 10 suggests that the 
state of the compound in solution is not simple. 
Several Bn values for the protons of the CH30 
groups (6, = 3.7-3.9) ; besides, unresolved multi- 
plets in the phenyl region are observed. It is as- 
sumed, therefore, that the orientation of the phenyl 
rings (and the methoxy groups connected to them) 
is different, and/or that the molecule dissociates 
or rearranges in solution. 

The second product, formed during the dis- 
proportionation of the difluorophosphine 8, 2- 
methoxyphenyltetrafluorophosphorane (11) was 
also formed in the oxidative fluorination reaction 
of the dichlorophosphine 6 with antimony tri- 

a OMe \ 
3 ‘/ 

PCLz 

6 

11 

pure state. It was, however, characterized unam- 
biguously by its NMR data. Further evidence for 
its identity has been provided by the hydrolysis of 
II [eqn (9% 

The phosphonic acid, previously reported in the 
literature,28 has been characterized by analysis and 
by its melting point. NMR data could not be 
obtained, on account of its poor solubility. 

Syntheses of the platinum(I1) complexes, 13 and 14 

Dichloro-( 1 ,5-cyclooctadiene)platinum(II)29 was 
found to react in dichloromethane solution with 
two equivalents of the difluorophosphines 8 and 9 
with displacement of the cyclooctadiene ligand. 
The complexes cis-dichloro-bis((2-methoxyphenyl) 
difluorophosphine}platinum(II) (13) and cis-di- 
chloro - bis((2 - dimethylaminophenyl)difluoro - 
phosphine}platinum(II) (14) are thus readily 
obtained. 

The cis structure of complexes 13 and 14 is sug- 
gested by their IR and NMR spectra ; it has also 
been established by a single-crystal X-ray diffrac- 
tion study of 13 (vide infra). 

In the IR spectra of both complexes, 13 and 14, 
a weak absorption due to vpt-_ct is observed at 280 
and 335 cm-‘, respectively ; this is typical of cis- 
chlorine substitution at platinum.30 Furthermore, 

OMe 

+ 4 SbF3 - 3 + 2 Sb + 2 SbCL3 (8) 

11 

+ 3 Hz0 - + 4HF (9) 
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XMe 

PtCL2 + cod (10) 

8 x=o 
9 X = NMe 

two characteristic strong bands for v~__~~’ at 770 Single-crystal X-ray structure determination of com- 
and 845-865 cm- ’ are observed. pounds 10 and 13 

The NMR spectra (cf. Table 2) display sym- 
metrical higher-order spin systems of type 
A,XA;X’M (A and A’ = “F, X and X’ = 3*P, 
M = Pt). In the ‘H NMR spectra single lines are 
observed for the -OCH3 and -N(CH& groups 
ortho to phosphorus. This confnms that the hetero- 
atom, 0 or N, is not coordinated with platinum, 
as otherwise platinum satellites should be observed. 
The platinum-phosphorus coupling constants 
‘J(PPt) (5268 Hz for 13 and 5613 Hz for 14) are of 
a magnitude expected for PF ligands bonded to 
platinum. 32 They indicate the presence of cis com- 
pounds, the Pt-P coupling constants of tram 
complexes being smaller, because of the larger 
tram effect of phosphine ligands compared to 
chloride. From the “F and “P NMR spectra 
only the sum of the PF coupling constants 
[I ‘J(PF)+ 3J(PF)j = 1136 for 13 and 1117 for 141 
can be obtained directly. The situation in these spin 
systems involving “F and 31P nuclei, of which 
“virtual coupling” 3 3 is characteristic, is different 
than for systems with ‘H and 31P nuclei. In the cis 
complexes which are under investigation here the 
coupling constant *J(PP’) is large, because of the 
very large coupling constant ‘J(PPt). Further, the 
“virtual coupling” between fluorine of one of the 
PF ligands to the phosphorus of the second (cis) 
ligand [3J(FP’)] must be rather large. A simulation 
of this spectrum should be informative but could 
not be realized, thus far, because of the difficulty of 
assigning the coupling constants. 

The cyclotetraphosphine 10 has a geometry very 
similar to that of the other cyclotetraphosphine 
derivatives that can be found in the literature. The 
P-P bond lengths (mean 222.5 pm) compare well 
with 221.7 pm in (t-BuP)4,34 222.4 pm in 
(H, IC6P)4,35 222.2 pm in (F3CP)4,36 and 223.4 pm 
in (FSC6P)4.37 As in these compounds the four- 
membered ring in 10 is not planar. This is reflected 
in the mean P-P-P bond angle of 84.1”. While 

Fig. 1. Molecular structure of tetra(2-methoxyphenyl)- 
cyclotetraphosphine. 

13 x = 0 
14 X = NMe 

cod = cyclooctadiene - 1 .S 

Table 2. ‘H, ’ 9F and 3 ‘P NMR data of complexes 13 and 14 

Compound ‘H NMR” 19F NMRb 3’P NMR” 

13 

14 

BOCH, = 3.93 (s, 6 H) 6 = -67.0, *J(FPt) = 501 Hz 6 = + 133.5, ‘J(PPt) = 5268 Hz 
6 cbHH4 = 7.02-7.96 (m, 8 H) J(PF)’ = 1136 Hz 

6 NCH, = 2.89 (s, 12 H) 6 = -71.4, ‘J(FPt) = 518 Hz 6 = + 122.7, ‘J(PPt) = 5613 
6 c6H4 = 7.258.42 (m, 8 H) J(FP)” = 1117 Hz 

’ ‘H NMR, 3’P NMR in CDCl,; instrument Bruker WM 400. 
b 19F NMR in CH,Cl,; instrument Varian EM 390. 
’ IJ(PF)I = I’J(PF)+ 3J(PF)I. 
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Table 3. Bond lengths (A) in compound 10 

P(1wv) 2.226(l) P(l)-P(3) 2.232( 1) 
P(l)-C(ll) 1.834(3) P(2)-P(4) 2.221(l) 
P(2>--c(21) 1.830(3) P(3)-P(4) 2.222( 1) 
P(3)--c(31) 1.832(3) P(4)-C(41) 1.825(3) 
C(1 l)-C(l2) 1.383(5) C(1 l)--c(l6) 1.388(4) 
C(l2)-w3) 1.396(5) C(l3)-C(l4) 1.371(6) 
C(l4)-C(l5) 1.369(6) C(l5)-C(l6) 1.384(5) 
C(l6W(l) 1.372(4) W)--c(l) 1.421(4) 
WlGC(22) 1.391(4) CWtcW3 1.404(5) 
c(22jj(23 j 
C(24)--c(25) 
C(26)--0(2) 
C(3l>-c(32) 
C(32)--c(33) 
C(34)--c(35) 

.384(5j C(23:(24) 1.356(7) 

.382(6) C(25)--c(26) 1.379(6) 

.359(4) 0(2)--C(2) 1.415(5) 

.387(4) C(3l>--c(36) 1.395(5) 

.382(5) C(33)-C(34) 1.351(6) 

.383(S) C(35>-c(36) 1.385(5) 
CW9-W) 1.368(4) 0(3)--c(3) 1.433(5) 
C(4l)-C(42) 1.382(5) C(4l)-C(46) 1.392(4) 
C(42)-C(43) 1.389(5) C(43)--w4) 1.367(6) 
C(44)-C(45) 1.373(6) C(45)-C(46) 1.394(S) 
C(46)--0(4) 1.363(4) 0(4)--C(4) 1.427(4) 

1301 

the lengths of the P-C,, bonds in these compounds 
are around 187 pm the P-&Z bond lengths in 10, 
and in the pentafluorophenyl derivative, (FSC6P)437 
are near 183 pm (mean value of the P-C bond 
length in 10, 183.0 pm). 

The bonding geometry at the platinum atom in 13 
is distorted square planar with bond angles between 
85” (P-Pt-Cl) and 99” (P-Pt-P) (sum of the 
angles between cis bonds 359.9”). The observed dis- 
tances between platinum and the methoxy-oxygen 
atoms (347 and 349 pm) prove that there is no 
increase in the coordination number of platinum. 

Whereas the Pt-Cl bond distances of 232 and 
234 pm in 13 are very close to similar values found 
in the literature36 (e.g. terminal Pt-Cl in 
~t(Cl)(P(:O)F,}(PEt,)1,, the Pt-P bonds in the 
molecule are amongst the shortest such bonds 
described in the literature. Very short bond lengths 
between phosphorus and the transition metal are 

generally found in complexes of fluoro-substituted 
phosphines with transition metals. In the complex 
[Pt(Cl){P(:O)F,}(PEt,)], the Pt-P(Et)3 bond 
length is 225.7 pm whereas the Pt-P(:O)F2 bond 
length is only 216.8 pm.39 

The ortho substitution at the phenyl ring causes 
rather short non-bonded distances between the 
methoxy oxygen and the phosphorus atoms in both 
compounds (276-283 pm). These values are about 
50 pm shorter than the sum of the van der Waals’ 
radii (332 pm). The fact that such a short non- 
bonding distance is possible is probably due to a 
certain degree of acceptor character of the phos- 
phorus atom. This interaction causes changes in the 
bonding geometry around phosphorus. The equiv- 
alence of the P-P-C&z angles which is found in 
the other cyclotetraphosphines is lost in 10 where 
two groups of such angles can be found, one with 
a mean value of 104.7(7)“, the other with a mean 

Ct24) 

Fig. 2. Molecular structure of c~-dichloro-bis{(2-methoxyphenyl)difluorophosp~ne}platinum(II), 10. 
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Table 4. Bond angles (“) in compound 10 

P(3)-P(L)-P(2) 
C(ll)_P(l)-P(3) 
C(21)-+(2~P(L) 
P(4)-P(3)_P(l) 
C(31WY3WYl) 
C(4l)_P(4V’(2) 
C(12k-W 1)-P(l) 
C(16)-C(ll)-W2) 
C(L4)-C(l3)-+12) 
C(l%-W6)--c(ll) 
WI--W6~C(l1) 
C(1)-Wk--C(16) 
C(26)-C(2 1 M’(2) 
C(23)--~(22>-c(2 1) 
C(25)--c(24)-C(23) 
C(26)--C(25)-C(24) 
0(2)--c(26-(25) 
C(32)-C(31)-P(3) 
C(36)--C(31)-C(32) 
C(34)-C(33)-C(32) 
C(35)--C(36)-C(31) 
0(3)-C(36FC(31) 
C(3>--0(3)-C(36) 
C(46)-C(4l)_P(4) 
C(43)--c(42)-C(41) 
c(45)-c(44)---c(43) 
C(46)--c(45)--c(44) 
0(4>--c(46)-C(45) 

84.1(O) 
102.1(l) 
100.6( 1) 
83.9(O) 

104.3( 1) 
101.9(l) 
124.9(2) 
118.6(3) 
120.0(4) 
121.2(3) 
114.6(3) 
119.7(3) 
116.8(2) 
121.3(3) 
121.3(4) 
119.5(4) 
124.9(3) 
124.5(2) 
118.1(3) 
119.8(4) 
121.1(3) 
114.6(3) 
118.6(3) 
117.3(2) 
121.0(3) 
121.3(4) 
118.7(3) 
124.0(3) 

cc1 lHYll-P(2) 
P(4k-P(2+P( 1) 
C(2L>-P(2)+4) 
P(3)_P(4>-P(2) 
C(3 1)-P(3)---P(4) 
C(4 1 WY4WY3) 
C(l6>--c(llW’(1) 
C(l3)-C(12)-C(ll) 
C(15)--c(14>--c(l3) 
C(l6)-W5-(14) 
W)--c(l6kC(15) 
C(22>--c(2 1 )-P(2) 
C(26)--c(2 1 )-C(22) 
C(24)--C(23)-C(22) 
C(25)-C(26)-C(21) 
0(2>--c(26tiC(2 1) 
G9--W)--c(26) 
W2-W I)_-p(3) 
CW)--cW9-W 1) 
C(35)-4X34)--+33) 
C(36)-C(35)-C(34) 
0(3)--c(36)--c(35) 
C(42)-C(41 )-P(4) 
C(46)-C(41)-C(42) 
C(44)_C(43>-c(42) 
C(45)--c(46)--c(41) 
0(4)-C(46)--c(41) 
C(4)-0(4)--c(46) 

104.9(l) 
84.1(O) 

103.9(l) 
84.4(O) 

100.4( 1) 
105.6( 1) 
116.2(2) 
120.1(3) 
120.6(4) 
119.4(4) 
124.2(3) 
125.3(2) 
117.8(3) 
119.4(4) 
120.6(3) 
114.5(3) 
119.7(3) 
117.4(2) 
120.8(3) 
121.7(4) 
118.4(3) 
124.2(3) 
124.6(2) 
118.0(3) 
119.7(4) 
121.3(3) 
114.7(3) 
118.9(3) 

value of 101.3(g)“. A similar observation can be These values can be explained by the fact that the 
made in the platinum complex where two groups bonding geometry at phosphorus is between the 
of C-P-F and C-P-Pt angles are found. The normal pyramid and a pseudo-trigonal bipyramid 
0 .- * P-P angles involving the phosphorus atoms where one of the equatorial positions is occupied 
most nearly rruns to 0 . .. P are all between 153 by the non-bonding electron pair and the oxygen 
and 158”, whereas to the cis-P-P bonds they are donor atom is at an axial position. Similarly the 
between 84 and 90”. 0 * * * P-F angles in 13 are 156.0 and 156.4”. The 

Table 5. Bond lengths (A) in compound 13 

Pt-Cl(2) 
Pt-P(2) 
P(l)-E(12) 
C(1 l)-C(12) 
C(12)--0(12) 
0(12>--c(l7) 
C(14)--c(l5) 
C(16)-H(16) 
P(2)_F(22) 
C(2L>--c(22) 
C(22>--0(22) 
0(22+C(27) 
C(24)-C(25) 

2.315(4) 
2.181(4) 
1.551(11) 
1.402(21) 
1.350(20) 
1.459(21) 
1.400(33) 
1.080(25) 
1.551(15) 
1.390(21) 
1.379(21) 
1.439(24) 
1.410(27) 

Pt-Cl( 1) 
pt-P( 1) 
P(l)_-F(lL) 
P(l)-W 1) 
C(1 l)-C(l6) 
C(12>-c(l3) 
C(l3)--c(l4) 
C(15VW6) 
P(2)_-F(21) 
P(2)-C(21) 
C(21)-C(26) 
C(22+~(23) 
C(23)--c(24) 
C(25)-C(26) 

2.339(5) 
2.180(5) 
1.546(11) 
1.745(14) 
1.435(21) 
1.366(23) 
1.378(28) 
1.360(25) 
1.559(12) 
1.788(14) 
1.341(24) 
1.397(21) 
1.324(28) 
1.403(23) 
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Table 6. Bond angles (“) in compound 13 

1303 

c1(2)-Pt-c1( 1) 
P( I)-Pt-cl(2) 
P(2)-P+c1(2) 
F(ll)-P(l)-Pt 
F(IZ)-P(l)-F(ll) 
C(ll)-P(l)-F(ll) 
C(l2)-W)_P(l) 
C(l6)-W l-(12) 
~(l3>--c(l2)--c(ll) 
c(l7W(l2>--c(l2) 
W5)-W4)--c(l3) 
C(16>--c(l5W(l4) 
H(16W(l6WW5) 
F(22)-P(2)-Pt 
C(21)-P(2)--Pt 
C(21)-P(2bF(22) 
C(26W(21)-P(2) 
0(22_(22W(2 1) 
~(23)--c(22)-0(22) 
C(24>-c(23)--c(22) 
C(25W(26W(21) 

91.4(2) 
84.5(2) 

176.1(2) 
113.1(5) 
98.6(7) 

103.2(7) 
119.5(12) 
116.7(14) 
122.4(15) 
120.2(14) 
121.4(20) 
119.1(20) 
119.4(20) 
116.9(5) 
121.7(5) 
104.5(7) 
122.6(12) 
114.8(13) 
125.9(14) 
119.6(16) 
118.9(16) 

P(l)-P&cl(l) 
P(2)-P+cl( 1) 
P(2)-Pt-P(l) 
F(lZ)-P(I)-Pt 
C(1 l)-P(l+Pt 
C(ll)-P(leF(12) 
C(l6)-C(ll)-_P(l) 
0(12>--c(12)--c(11) 
c(l3)--c(l2)--0(12) 
C(l4WW3)-W2) 
C(l5)--C(l6)--c(ll) 
H(l6W(l6W(l1) 
F(21)-P(2bPt 
F(22)--P(2)--F(21) 
C(21)-P(2)-F(21) 
C(22)--c(2 1 )-P(2) 
C(26-(2 1 M(22) 
c(23-(22)--c(2 1) 
c(27+0(22)--c(22) 
C(25)-+24W(23) 
C(26~(25)--c(24) 

175.9(2) 
84.9(2) 
99.1(2) 

115.7(5) 
118.8(5) 
104.9(7) 
123.8(12) 
112.7(14) 
124.9(15) 
119.1(18) 
121.2(17) 
119.4(18) 
111.9(5) 
97.5(7) 

100.5(7) 
115.5(11) 
121.8(15) 
119.3(14) 
118.9(13) 
121.6(17) 
118.8(17) 

geometry around the phosphorus atom is between 
tetrahedral and trigonal bipyramidal, with axial 
P-O and P-F bonds, where the bond angles 
between the pseudo-equatorial Pt-P and C-P 
bonds, respectively, and the pseudo-equatorial 
P-F bond [to F(12) and F(22)] are about 3-4” 
larger than those to the pseudo-axial P-F bond. 

EXPERIMENTAL 

All manipulations were carried out in an atmos- 
phere of dry oxygen-free nitrogen, using standard 
techniques. Magnetic stirring was employed 
throughout. Literature procedures were employed 
for the synthesis of 2-bromo-N,iV-dimethyl- 
aniline,40 bis(diethylamino)chlorophosphine4’ and 
dichloro- 1,5_cyclooctadieneplatinum. ” 

NMR spectra were recorded using the following 
instruments and conditions : 

JEOL JNMR-60 HL: ‘H (60 MHz), “F (56.4 
MHz), 3’P (24.3 MHz); 

Varian EM 390 : “F (84.6 MHz) ; 
Bruker WM 400: ‘H (400 MHz), 3’P (162.0 

MHz) ; 
Bruker AM 300 : ‘H (300 MHz). 
References : TMS internal (‘H), CC13F external 

(“F), 85% H3P04 external (3’P). 
Mass spectra : A.E.I. instrwnents MS 9 and MS 

902 S at 70 eV. 

Attempts directed at the synthesis of 2-methoxy- 
phenyldichlorophosphine 

Reaction of 4-Juoroanisole with phosphorus tri- 
chloride : formation of 4$uorophenyldichlorophos- 
phite (1). 4-Fluoroanisole (26 g, 0.2 mol) was 
added to 30 g (0.23 mol) of aluminium tri- 
chloride at such a rate that the temperature 
of the mixture was kept below 90°C (4 h). 
Over a period of 30 min, 30 g (0.23 mol) of 
phosphorus trichloride was then added, so that the 
temperature was kept between 60 and lOO”C, and 
that the mixture remained liquid. Stirring was con- 
tinued for 5 h at 60°C and for 12 h at room tem- 
perature. A white solid was precipitated upon 
addition of 51 g (0.33 mol) of phosphorus oxy- 
chloride. The mixture was subsequently kept 
for 1 h at lOO-110°C. Upon cooling and addi- 
tion of 100 cm3 of petroleum ether (40-60) the 
mixture was reflexed for 2 h. Fractional distilla- 
tion of the liquid product remaining after removal 
of the solid yielded 11.5 g (27%) of 1 [b.p. 70°C 
(0.5 mm)]. 

NMR spectra: ‘H, 8ceH, = 6.7-7.1 (m, 3H); 
CHIClz as an internal reference. 6 ‘H (TMS) = 6 
‘H (CH,C13 - 5.35 ; “F, 6 = - 111.5 (s), CFC13 
as an external reference; 31P, 6 = 178.2 (s). 

Analysis : C6H3C12FOP (211.97). Found : C, 
34.0; H, 1.9; P, 14.8. Calc.: C, 34.0; H, 1.4; P, 
14.6%. 
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Reaction of 2-methoxyphenyllithium with phos- 
phorus trichloride : preparation of tris(2-methoxy- 
phenyl)phosphine. I5 A solution of n-butyllithium 
(0.134 mol as 57.3 g of a 1.38 M solution in hexane) 
was added to 25 g (0.134 mol) of 2-bromoanisole. 
After the mixture had been stirred at room tem- 
perature for 8 h, it was cooled to - 78°C and stirred 
for 2 h at this temperature, after addition of 18.3 g 
(0.134 mol) of phosphorus trichloride. After the 
mixture had been allowed to warm up to room 
temperature the lithium chloride precipitated was 
removed by filtration. Tris(2-methoxyphenyl) 
phosphine was precipitated upon slow evapora- 
tion of the remaining liquid in uacuo (12 mm). 
The product was recrystallized from dichloro- 
methane. Yield 9.8 g (71%) (m.p. 186°C). 

NMR spectra: ‘H, 8oMe = 3.85 (s, 9H); 
dAr = 6.8-7.5 (m, 12H) in CDCl,; CH2C12 as an 
internal reference ; 31P, 6 P = -36.5 (CH2C12 as 
solvent). 

Preparation of 2-methoxyphenyl-bis(N,N-diethyl- 
amino)phosphine (4) 

A Grignard reagent was prepared from 28.1 g 
(0.15 mol) of 2-bromoanisole (2a) and 3.65 g 
(0.15 mol) of magnesium in 50 cm3 of diethylether. 
After 2 h reflux bis(diethylamino)chlorophosphine 
(31.6 g; 0.15 mol) was added over a period of 0.5 h 
at - 15°C. The mixture was refluxed for 6 h, and the 
magnesium halide mixture formed was separated by 
filtration. Distillation of the liquid product fur- 
nished 24.9 g (59%) of 4 [b.p. 115°C (0.2 mm)]. 

Analysis : CL 5H2,N,0P (282.36). Found : C, 
63.8; H, 9.7. Calc.: C, 63.8; H, 9.6%. 

Preparation of 2-N,N-dimethylaminophenyl-bis(di- 
ethylamino)phosphine (5) 

A mixture of 0.115 mol of n-butylhthium (as 60 
g of a 1.38 M solution in hexane) and 23.1 g (0.115 
mol) of 2-bromo-N,ZV-dimethylaniline (3a) was pre- 
pared at - 10°C and was stirred for 12 h at room 
temperature. Upon cooling to - 30°C 24 g (0.115 
mol) of bis(diethylamino)chlorophosphine in 20 
cm3 of hexane was added over a period of 0.5 h. 
The mixture was subsequently refluxed for 5 h. The 
lithium chloride was removed by centrifugation at 
room temperature, and the supernatant liquid was 
fractionally distilled. The product (5) was obtained 
inayieldof21.8g(64%)[b.p. 138-14O”C(1.Omm)]. 

Analysis : C16H3,,N30P (295.41). Found : C, 
65.1 : H. 10.5. Calc.: C. 65.0: H. 10.2%. 

Preparation of 2-methoxyphenyldichlorophosphine 

(6) 

A solution of 14.5 g (0.05 mol) of 2-methoxy- 
phenyl-bis(N,N-diethylamino)phosphine (4) in 40 
cm3 of petroleum ether (40-60) was placed in a 200- 
cm3 heavy wall glass tube, fitted with a TEFLON@ 
stopcock, and was cooled to - 196°C. Anhydrous 
hydrogen chloride (7.8 g, 0.21 mol) was than con- 
densed onto the mixture via a vacuum line. The 
sealed reaction tube was allowed to reach room 
temperature with continuous shaking over a period 
of 1 h. The tube was opened in an atmosphere of 
nitrogen, and the diethylammonium chloride pre- 
cipitated was filtered off, using a sintered glass disc, 
and was washed repeatedly with small portions of 
petroleum ether (40-60), totalling 50 cm3. The clear 
liquid product was fractionally distilled, and 6 was 
obtained in a yield of 8.69 g (82%) [b.p. 83-85°C 
(0.3 mm)]. 

Analysis : C7H,C120P (290.01). Found : C, 40.2 ; 
H, 3.4. Calc.: C, 40.2; H, 3.4%. 

Preparation of 2-N,N-dimethylaminophenyldichloro- 
phosphine (7) 

As described in the preceding experiment, a 
mixture of 18.8 g (0.064 mol) of the amino- 
phosphine 5 and 9.65 g (0.265 mol) of dry hydro- 
gen chloride was allowed to react, yielding 10.5 g 
(74%) of 7 j&p. 71°C (0.1 mm)]. 

Analysis : CBH1 ,C12NP (222.05). Found : C, 
43.1 ; H, 4.6. Calc. : C, 43.3; H, 4.5%. 

Preparation of 2-methoxyphenyldfluorophosphine 

(8) 

A suspension of 3.8 g (0.09 mol) of carefully dried 
sodium fluoride in 30 cm3 of acetonitrile and 8.0 g 
(0.038 mol) of the chlorophosphine 6 to which 
two drops of the crown ether 15-crown-5 had been 
added, was stirred for 24 h at room temperature. 
The solids were removed by filtration, using a sin- 
tered glass disc, and were washed with 5 cm3 of 
acetonitrile. Fractional distillation of the liquid 
product furnished the fluorophosphine 8 in a yield 
of 5.1 g (76%) [b.p. 62264°C (1.5 mm)]. 

Analysis : C7H7FzOP (176.10). Found : C, 46.1; 
H, 3.9; F, 22.6. Calc.: C, 47.7; H, 4.0; F, 21.6%. 

The deviation of the analytical data from the 
calculated values may be accounted for as a result 
of the presence of some 2_methoxyphenyltetra- 
fluorophosphorane (11) resulting from the dispro- 
portionation of 8. 
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Preparation of 2-N,N-dimethylamino-phenyldiJluaro- Hydrolysis of 11: preparation of 2-methoxy- 

phosphine (9) phenylphosphonic acid (12) 

As described in the preceding experiment, 6.0 g 
(0.027 mol) of the dichlorophosphine 7 were 
fluorinated during a reaction time of 3 days, employ- 
ing 3.0 g (0.073 mol) of sodium fluoride, in the pre- 
sence of two drops of the crown ether 15crown-5 
Distillation furnished 9 as a colourless liquid of 
b.p. 6266°C (2.0 mm). Yield 4.2 g (82%). 

A mixture of 1.5 g (0.007 mol) of 11 and 1.0 g 
(0.056 mol) of water was stirred for 1 h. The result- 
ing white solid was dried in uacuo (1 mm) and 10 
cm3 of hot water was added. After 2 days at room 
temperature the product (12) crystallized as 
needles from the filtered solution (m.p. 207°C). 

Analysis: CsHlOFZNP (189.14). Found: C, 50.6; 
H, 5.4; P, 16.6. Calc.: C, 50.8; H, 5.3; P, 16.4%. 

No NMR data were obtained because of the poor 
solubility of the product. 

Analysis : C7H904P (188.12). Found : C, 43.5 ; H, 
4.7; P, 16.3. Calc.: C, 44.7; H, 4.8; P, 16.5%. 

Oxidation-reduction reaction of 0 

NMR experiment. A mixture of 0.53 (0.003 mol) 
of 8 with ca the same amount of CDC13 was sealed 
into a 5-mm NMR tube, and was maintained at 
80°C for 2 days. Inspection of the 3’P NMR spec- 
trum revealed that 8 had been transformed to a 
mixture of the cyclotetraphosphine 10 and the 
tetrafluorophosphorane 11. 

Preparation of cis-dichloro-bis(2-methoxyphenyl- 
difluorophosphino)platinum(II) (13) 

On a preparative scale, the reaction was con- 
ducted as follows. A sample of ca 1.3 g of the 
difluorophosphine 8 was found to change to a crys- 
talline solid on standing at room temperature over 
a period of 334 weeks. The crude product was first 
washed with small amounts of dichloromethane, 
followed by recrystallization from acetonitrile [solu- 
bility of 10 ca 1 mg (1 cm3 of acetonitrile))‘1. M.p. 
253-255°C. 

Analysis : (C7H70P), (552.42 for n = 4). Found : 
C, 59.4; H, 5.1; P, 22.4. Calc.: C, 60.9; H, 5.1; P, 
22.4%. 

Mass spectrum : M+, 552 ; base peak 107 
(C6H40Me+). 

To a solution of 0.722 g (0.0019 mol) of the 
complex, dichlorobis-( 1,5-cyclooctadiene)platinum 
in 8 cm3 of dichloromethane was added a solution 
of 0.680 g (0.0039 mol) of 8 in 2 cm3 of dichloro- 
methane. The mixture was stirred at room tern 
perature for 10 min. A white precipitate was formed 
which was removed by filtration and was repeatedly 
washed with 5-cm3 portions of ether and pentane. 
The precipitate was dissolved in ca 30 cm3 of di- 
chloromethane. Subsequently, a 1: 1 mixture of 
toluene and methylcyclohexane was added until 
the solution remained clear (ca 10 cm3). During 
a period of 5 days the formation of a crystalline 
product was observed when a gentle stream of nitro- 
gen was passed over the solution at room tempera- 
ture. Upon further evaporation of the solid-liquid 
mixture, a total of 1.04 g (87%) of 13 was obtained 
(m.p. 221-223”(Z). 

Analysis : C i qH 1 .+ClzF402PzPt (618.20). Found : 
C, 27.6; H, 2.4; P, 10.4. Calc.: C, 27.2; H, 2.3; P, 
10.0%. 

Preparation of 2-methoxyphenyltetrafluorophos- 
phorane (11) 

Preparation of cis-dichloro-bis(2-N,N-dimethyl- 
aminophenyldzfluorophosphine)platinum(II) (14) 

A mixture of 7.3 g (0.035 mol) of the dichloro- 
phosphine 6 and 9.8 g (0.055 mol) of carefully 
dried antimony trifluoride was stirred for 3 h at 
50°C. The liquid product thus formed was collected 
by pumping in uacuo (ca 20 mm), and was sub- 
sequently redistilled to give 4.5 g (60%) of the 
tetrafluorophosphorane [b.p. 84°C (15 mm)]. 
Elemental analysis (C, H, Cl and P) revealed that 
the sample contained ca 12% of antimony tri- 
chloride which proved unseparable by fractionation 
from 11. It may be assumed that, as an alternative, 
AsF, should be the reagent to be preferred over 
SbF3. 

As described in the preceding experiment 0.680 g 
(0.00 18 mol) of dichloro-( 1,5-cyclooctadiene) 
platinum was dissolved in 5 cm3 of dichloro- 
methane. To this solution a solution of 0.690 g 
(0.0037 mol) of the fluorophosphine 7 in 4 cm3 
of dichloromethane was added. The solid product 
formed after 15 min of stirring at room temperature 
was collected and washed with ca 10 cm3 of pentane. 
A total of 1.13 g (96%) of complex 13 (m.p. 185- 
187°C) was obtained. 

Analysis : Ci6H&12F,N2P2Pt (644.28). Found : 
C, 29.6; H, 3.3; P, 9.9. Calc.: C, 29.8; H, 3.1; P, 
9.6%. 
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X-ray analysis 

Crystals of 13 obtained by recrystallization from 
CH$l,-toluene-methylcyclohexane have triclinic 
symmetry, space group Pf. The unit cell which 
has the parameters a = 765.1(2), b = 1037.0(2), 
c = 1242.5(2) pm, a = 93.32(3), j? = 92.67(3), 
y = 104.02(2>0 contains two molecules, yielding a 
calculated density of 2.154 g cm- 3. 

Crystals of 10 obtained by recrystallization from 
CH3CN have monoclinic symmetry, space group 
F2,/n. The unit cell which has the parameters 
a = 1192.27(11), b = 1517.16(13), c = 1541.74(16) 
pm, B = 100.303( 13)” contains four molecules, 
yielding a calculated density of 1.337 g cm- 3. 

The data were collected at room temperature on 
a Syntex P2 1 diffractometer using graphite-mono- 
chromated Cu-K, radiation (,I = 154.178 pm) in 
the f&28 mode in the range 3” < 20 < 135, at a scan 
speed between 2.93 and 29.30” min- ‘, depending 
on the intensity of the reflection. 

The data were corrected for Lorentz, polarization 
and absorption effects b = 18.47(2.675) mm-‘].* 
The structures were solved by direct methods 
and difference.-Fourier syntheses. The refinement 
using 3070 (3389) out of 3411 (4247) measured 
independent reflections [Z 2 2.0a(Z)] converged at 
R = 0.075 (0.049). A final difference map displayed 
no electron density higher than 0.36 (0.98) x lo6 
e pme3. The program SHELX-7637 and our own 
programs were used. Complex atom-scattering fac- 
tors43 were employed.? 

Acknowle&ements-We are indebted to Bayer AG 
20. 
21. 

R. Schmutzler, Chem. Ber. 1965,!& 552. 
(a) W. Kruger, M. Sell and R. Schmutzler, Z. Natur- 
forsch. 1983, 38B, 1074; (b) W. Albers, W. Kruger, Chemmetall, and DEGUSSA for gifts of chemicals. 

The support of Fonds der Chemischen Industrie is grate- W. Storzer and R. Schmutzler, Synth. React. Znorg. 
fully acknowledged. MS. acknowledges a studentship Met.-Org. Chem. 1985, 15, 187. 
awarded by Verband der Chemischen Industrie. Thanks 22. F. See1 and K. Rudolph, Z. Anorg. Allg. Chem. 1968, 

3. 

4. 

5. 

6. 
7. 

8. 

9. 

10. 

11. 
12. 

13. 
14. 

15. 

16. 

17. 

18. 

19. 

J. C. Jeffrey and T. B. Rauchfuss, Znorg. Chem. 1979, 
18, 2658. 
(a) R. Graziani, G. Bombieri, L. Volponi, C. Pan- 
attoni and R. J. H. Clark, J. Chem. Sot. 1969, 
1236 ; (b) M. Visinkin, G. Bombieri, L. Volponi, C. 
Panattoni and R. J. H. Clark, J. Mol. Catal. 1984, 
24, 277. 
E. Meintjies, E. Singleton, R. Schmutzler and M. 
Sell, S. Afr. J. Chem. 198538, 112. 
M. Sell and R. Schmutzler, unpublished results. 
H. P. Fritz, I. R. Gordon, K. E. Schwarzhans and 
L. M. Venanzi, J. Chem. Sot. 19655210. 
B. Zarli, L. Volponi and G. DePaoli, Znorg. Nucl. 
Chem. Lett. 1973,9,997. 
M. M. de V. Steyn, R. B. English, T. V. Ashworth 
and E. Singleton, J. Chem. Res. 1981, 3146. 
V. N. Kulakova, Yu. M. Zinov’ev and L. Z. 
Soborovskii, Zh. Obshch. Khim. 1959,29, 3957. 
L. Maier, Fortschr. Chem. Forsch. 1967,8, 1. 
(a) A. Michaelis, Liebigs Ann. Chem. 1896,293,249 ; 
(b) A. Michaelis and A. Schenk, Liebigs Ann. Chem. 
1890,260,l. 
G. M. Kosolapoff, J. Am. Chem. Sot. 1952,74,4119. 
B. Buchner and L. B. Lockhardt, J. Am. Chem. Sot. 
1951,73, 755. 
F. G. Mann and E. J. Chaplin, J. Chem. Sot. 1937, 
527. 
L. D. Quin and J. S. Humphrey Jr, J. Am. Chem. 
Sot. 1961,83,4124. 
K. S. Yudina, T. Ya. Medved’ and M. I. Kabachnik, 
Zzv. Akad. Nauk. S.S.S.R., Ser. Khim. 1966, 154. 
E. M. Miller and B. L. Shaw, J. Chem. Sot., Dalton 
Trans. 1974,480. 
W. E. McEwen and B. D. Beaver, Phosphorus and 
Sulfur 1985, 24,259. 

are due to Drs L. Ernst and V. Wray (Stockheim) for 
some NMR spectra. 23. 

REFERENCES 

1. W. S. Knowles, M. J. Sebacky and B. D. Vineyard, 
Am. Chem. Sot., Adu. Chem. Ser. 1974,132,274. 

2. T. B. Rauchfuss, F. T. Patino and D. M. Roundhill, 
Znorg. Chem. 1975, 14,652. 

* Values for compound 10 in parentheses. 
tFina1 atomic positional and thermal parameters, 

bond lengths and angles and FO/F, values have been 
deposited as supplementary material with the Editor, 
from whom copies are available on request. Atomic 
coordinates have also been submitted to the Cambridge 
Crystallographic Data Centre. 

24. 

25. 

26. 

27. 
28. 

29. 

30. 

31. 
32. 

363, 233. 
R. Schmutzler, 0. Stelzer and J. F. Liebman, J. Flu- 
orine Chem. 1984,25,289. 
H. G. Ang and R. Schmutzler, J. Chem. Sot. 1969, 
702. 
E. J. Wells, H. P. K. Lee and L. K. Peterson, J. Chem. 
Sot., Chem. Commun. 1967,894. 
L. R. Smith and J. L. Mills, J. Chem. Sot., Chem. 
Commun. 1974,808. 
R. Schmutzler, Znorg. Synth. 1967,9, 63. 
V. L. Bell Jr and G. M. Kosolapoff, J. Am. Chem. 
sot. 1953,75,4901. 
H. C. Clark and L. E. Manzer, J. Organomet. Chem. 
1973,59,411. 
D. A. Dudell, P. L. Goggin, P. J. Goodfellow, M. G. 
Norton and J. G. Smith, J. Chem. Sot. 1970,545. 
J. F. Nixon, Endeavour 1973,32, 19. 
(a) J. Grosse and R. Schrnutzler, J. Chem. Sot., 
Dalton Trans. 1976, 405 ; (b) S. Hietkamp and R. 
Schmutzler, Z. Naturforsch. 1980,35B, 548. 



Preparation of o&o-substituted aryldifluorophosphines, 2-XCsH,PF, 1307 

33. (a) J. G. Verkade, Coord. Chem. Rev. 1972/1973, 9, 
1; (b) P. S. Pregosin and R: W. Kunz, In NMR Basic 
Principles and Progress, Vol. 16, p. 40. Springer, 
Berlin (1979). 

34. W. Weigand, A. W. Cordes and P. N. Swepston, 
Acta Cryst. 1981, B37, 1631. 

35. J. C. J. Bart, Acta Cryst. 1969, B25,762. 
36. G. J. Palenik and J. Donohue, Acta Cryst. 1962, 15, 

564. 
37. F. Sanz and J. J. Daly, J. Chem. Sot. (A) 1971, 

1083. 

38. S. Neumann, D. Schomburg and R. Schmutzler, J. 
Chem. Sot. Chem. Comm. 1979,848. 

39. D. Schomburg, unpublished. 
40. H. Gihnan and I. Banner, J. Am. Chem. Sot. 1940, 

62,344. 
41. J. R. van Wazer and L. Maier, J. Am. Chem. Sot. 

1964,?36,811. 
42. G. M. Sheldrick, unpublished. 
43. D. T. Cromer and J. T. Waber, in International 

Tables for Crystallography, Vol. IV, pp. 99ff and 149. 
Kynoch Press, Birmingham (1974). 



Polyhedron Vol. 6, No. 6, pp. 13O!W311,1987 
Printed in Great Britain 

0277-5387187 S3.OC+.OO 
0 1987 Peqnmon Journals Ltd 

SYNTHESIS AND PROPERTIES OF TETRAGONAL 
SILVER(I,III) OXIDE, AgO 

P. TISSOT 

Departement de Chimie Minerale, Analytique et Appliquee, Universitt de Geneve, 30, 
quai E. Ansermet, 1211 Geneve 4, Suisse 

(Received 26 September 1986 ; accepted 10 November 1986) 

Abstract-The pure tetragonal AgO modification was obtained by ozonation of a sus- 
pension of Ag,O or Ag in stirred water. The oxidation proceeds in two steps from Ag, with 
the intermediary formation of Ag,O. An oxygen content corresponding to the formula 
AgO,, 1 5 is obtained when the bubbling of ozone is maintained for a long time. The thermal 
decomposition of tetragonal AgO is complex and has been studied by thermogravimetry 
and differential thermal analysis. 

In a previous article’ we have described the syn- 
thesis of monoclinic AgO by oxidation with ozone 
of a suspension of Ag or Ag,O in an aqueous sol- 
ution of sodium hydroxide. The same procedure, 
using a suspension of Ag or Ag,O in pure water 
instead of a sodium hydroxide solution, affords an 
other form of AgO. The structure of this silver(I,III) 
oxide has been determined by neutron powder 
diffraction ;2 all reflexions could be indexed on a 
body-centered tetragonal cell with a = 6.833 8, and 
c = 9.122 A. 

The existence of a second AgO modification was 
a matter of controversy for a long time. Early X- 
ray diffraction data on samples which were syn- 
thesized by oxidation of Ag by ozone3 were inter- 
preted in terms of a tetragonal structure built up by 
an unusual combination of Ag(I), Ag(II), OS- and 
02- atoms.4 Its existence was questioned by some 
workers5 but confirmed by others on samples 
obtained by electrochemical oxidation of silver with 
asymmetrical current. 6-8 Its structure and properties, 
however, were never investigated in detail, pre- 
sumably because of difficulties to obtain samples of 
sufficient quantity and quality. 

EXPERIMENTAL 

The experimental details of the synthesis and the 
analytical methods have been described 
previously. ’ As already mentioned, the only differ- 
ence consists in the substitution of the 2 N sodium 
hydroxide solution by distilled water. 

RESULTS AND DISCUSSION 

Figure 1 shows the evolution of the concentration 
of Ag, Ag,O and AgO as a function of time during 
the synthesis. From the outset of the oxidation, the 
tetragonal modification of AgO is formed ; only 
traces of the monoclinic form (less than 3%) have 
been detected by X-ray analysis at the end of the 
synthesis. Figure 1 clearly demonstrates that the 
oxidation proceeds in two successive steps. The 
maximum concentration of Ag,O reached is about 
18% ; this is much less than the 50% obtained in 
the case of the monoclinic form. ’ 

After 22 h, all the silver is oxidized in AgO, but 
the oxygen content of the product increases slowly 
when the bubbling of ozone is continued ; after 40 
h, a maximum excess of oxygen of lO-15% with 
respect to the stoichiometry of AgO is reached. The 
thermogravimetry of the compound obtained after 
40 h is shown in Fig. 2, and is compared with the 
monoclinic AgO. The tetragonal AgO decomposes 
to Ag,O at a lower temperature than the monoclinic 
form. All the oxygen in excess is released during this 
first step, which correspond to a complex reaction as 
shown in Fig. 3. The DTA curves seems to cor- 
respond to the superposition of an endothermic 
reaction over the exothermic decomposition of AgO 
to Ag,O. This endotherm could be due to the 
decomposition of an oxygen-rich phase, since it 
increases with the oxygen content; however, 
diffraction methods have not allowed to see an 
impurity phase, and this point remains to be clari- 
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II 

IO 

3 

0 
I 

7 Q 

6 

5 

Time (h) 

Fig. 1. Evolution of the concentrations and pH during the synthesis. Total flow (0, + O,), 150 1 h- ’ ; 
flow of OS, 2.6 g h- ’ ; temperature, 20°C ; reaction mixture, 100 g of Ag in 10 1 of water. 

fied. The small endothermic effect at 19CL2OO”C is 
due to the decomposition of Ag,C03 which is for- 
med progressively with the CO2 contained in the 
air. 

Figure 4 shows a scanning electron micro- 
photograph of the tetragonal AgO ; it appears as 
homogeneous small crystals of l-3 pm, and is com- 
pletely different from the large flakes obtained in 
the sodium hydroxide solution. ’ The poor stability 
of the tetragonal AgO in hot 7 N KOH solution is 
probably due to the small size of the particles. 

The comparison of the structure of the two modi- 
fications of AgO shows that no single shear oper- 
ation appears to exist which allow to transform one 
structure into the other ;’ as a matter of fact, we 
have not observed a transformation after 1 week at 
60°C and 1 b, nor after 2 h at 25°C and 10 kb. 

D r Tetragonal Ago, ,, \\ 

I I I 

200 300 400 

Temperature Co0 

Fig. 2. Thermogravimetry of AgO. Sample weight, 61.5 
mg ; heating rate : 4°C min- ’ ; atmosphere : static air. 

CONCLUSIONS 

The oxidation of several silver salts in aqueous 
solution with ozone has been studied by Selbin and 
Usategui,’ who obtained either pure monoclinic 
AgO or a complex compound which decomposes 
to monoclinic AgO in water. The oxidation by ozone 
of a suspension of silver in an aqueous solution of 
sodium hydroxide leads also to monoclinic Ago.’ 
On the other hand, this work shows that pure tetra- 
gonal AgO is obtained when water is used instead 
of an alkaline solution. In both cases the oxidation 
takes place in two steps, with the intermediary for- 
mation of Ag,O. Now this compound is ampho- 
teric ; it is slightly soluble as Ag+ below pH = 12 
and as AgO- above pH = 12. lo The pH of water 
saturated with Ag,O is 10.1 (see Fig. l), so that the 

I I I I I 
140 160 180 200 220 

T coo 

Fig. 3. Differential thermal analysis of tetragonal AgO. 
Samples weight, 46 mg ; heating rate, 6°C min ; atmo- 

sphere, static air. 
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From the low concentration of Ag,O (Fig. 1) one 
can deduce that the first reaction is faster than the 

second. 
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3. 

4. 
Fig. 4. Scanning electron microscope photography of 

tetragonal AgO. 5. 
6. 

main species present in these conditions is Ag+. 7. 
Though the mechanism of formation of both modi- 
fications of AgO is not known, the two following 8. 
equations can be written : 

Ag+ ” - tetragonal AgO, 

AgO- ” + monoclinic AgO. 

9. 

10. 
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Abstract-Nickel(I1) perchlorate and nitrate complexes containing dimethyl, di-n-propyl, 
di-n-butyl, di-i-butyl and di-t-butyl sulfoxides have been synthesized and characterized 
by IR and electronic spectroscopies, magnetic-susceptibility and electrolytic-conductance 
measurements. In the complexes containing perchlorate, the metal : sulfoxide molar ratio is 
1 : 6 and the perchlorate groups are ionic. In the nitrate compounds, the molar ratio 
decreases from 1 : 6 to 1 : 2 according to the increase in the steric bulk of the alkyl group 
from methyl to t-butyl. The nitrate group may either be non-coordinating or behave as a 
monodentate or bidentate ligand. All the complexes contain O-bonded sulfoxide molecules 
and are characterized as high-spin, with an octahedral or distorted octahedral geometry. 
The dialkyl sulfoxides studied in this work fall in the same position as dimethyl sulfoxide 
in the spectrochemical and nephelauxetic series. Electrolytic conductivities suggest that the 
compounds containing ionic nitrate exhibit sulfoxide-nitrate exchange in nitromethane 
solutions. 

Reports of nickel(I1) dimethyl sulfoxide (Me,SO) 
complexes are extremely numerous. ’ Little atten- 
tion, however, has been focused in nickel(I1) coor- 
dination by dialkyl sulfoxides different from 
Me,SO. Currier and Weber2 have synthesized com- 
plexes of type [NiL6](C10J2, where L = di-n-pro- 
pyl or di-n-butyl sulfoxide, while Kolosnitsyn et aL3 
have obtained the compounds Ni(N03)2 * XL, where 
L = di-n-hexyl sulfoxide and x = 2 or 4. 

This paper deals with nickel(I1) nitrate complexes 
of the sulfoxides R,SO, where R = methyl, n- 
propyl, n-butyl, i-butyl or t-butyl. These sulfoxides 
were selected for study owing to their different 
basicities and stereochemistries. A nickel(I1) per- 
chlorate complex of i-Bu,SO was obtained for the 
first time and the corresponding compounds with 
n-Pr2S0 and n-Bu2S0, described by Currier and 
Weber,2 were prepared in order to determine the 
ligand field spectroscopic parameters. 

Chemicals 

EXPERIMENTAL 

Me2S0 (Carlo Erba) was dried over 4 A mo- 
lecular sieves. Me2SO-ds (Aldrich, isotopic purity 

*Author to whom correspondence should be addressed. 

99.5%), n-Pr,SO and n-Bu,SO (K & K Lab- 
oratories) were used as such. t-Bu,SO was prepared 
by oxidation of the corresponding sulfide with H202 
in methanol,4 the reaction time being 15 h. 

The hydrated nickel nitrate was obtained from 
Merck and nickel perchlorate was prepared from 
the metal carbonate (Carlo Erba) and perchloric 
acid. 

Nitromethane and diethyl ether were purified by 
conventional procedures. 

Preparation of the complexes 

All the complexes were prepared by dissolving the 
hydrated nickel salt in triethylorthoformate (molar 
ratio 1 : 10 or more) and adding the sulfoxide in 
slight excess (neat when liquid or dissolved in a 
minimum amount of triethylorthoformate and 
ethanol when solid). The nickel perchlorate com- 
plexes with Me,SO and n-Pr,SO precipitated at 
room temperature. In the other cases, cry- 
stallization was achieved by adding anhydrous 
diethyl ether and cooling off or by concentrating 
the solution in a rotatory evaporator, adding anhy- 
drous ether and cooling. The solid obtained after a 
few days was collected, washed with anhydrous 
ether and dried at room temperature over silica gel 
and paraffin, until constant weight. Typical yields 
ranged from 70 to 90%. 

1313 
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Analysis 

The Ni content was estimated by titration with 
EDTA. ’ Analyses for C and H were carried out by 
the Microanalytical laboratory at this Institute. 

Instrumentation 

The IR spectra were recorded with a Perkin- 
Elmer model 180 spectrophotometer, using Nujol 
mulls of all the solid compounds, films of the liquid 
ligands between KBr and polyethylene plates and 
Fluorolube mulls of the nitrate complexes between 
NaCl plates. The electronic spectra were obtained 
as described in an earlier paper. 6 

The magnetic-susceptibility measurements (solid 
samples) were carried out at room temperature, 
25 + 5°C by Gouy’s method. 

Conductance measurements were carried out on 
lo- 3 M solutions of the complexes in nitromethane, 
at 25.0 + OYC, with a bridge composed of a resist- 
ance box No. 4760 and an A.C. galvanometer No. 
2370, both from Leeds and Northrup Co., and a 
conventional cell calibrated with aqueous KC1 sol- 
ution. 

The compounds were handled in a dry box, owing 
to their hygroscopic nature. 

RESULTS AND DISCUSSION 

Perchlorate compounds 

As can be seen from Table 1, the metal-sulfoxide 
molar ratio is 1 : 6 for these compounds. The IR 

spectral features associated with the perchlorate 
group (unsplitted bands at 620 and 1090 cm-‘) as 
well as the electrolytic-conductance data in nitro- 
methane solutions (Table 1) are indicative of the 
ionic nature of the complexed nickel-perchlorate 
bond. The lower frequencies of vso (Table 2) relative 
to the corresponding free sulfoxide indicate the 
coordination of sulfinyl group to Ni(I1) ion by the 
oxygen atom. The observed magnetic moments and 
electronic spectra (Table 2) are typical of Ni(I1) 
compounds in high-spin octahedral stereo- 
chemistries. The ligand field parameters (Table 2) 
were calculated’ from the a*-band (at about 13,000 
cm- ‘) and the cr,-band (at about 24,000 cm- ‘). The 
or-band, which gives directly the 1ODq value, was 
hampered by ligand overtones. In spite of the 
different basicities and stereochemical requirements 
of the sulfoxides investigated, they are placed at 
about the same position in the spectrochemical and 
nephelauxetic series. During the synthesis of the 
complexes, however, sterical hindrance plays an 
important role. The general procedure described in 
Experimental gave products with n-Bu,SO/Ni and 
i-Bu,SO/Ni ratios of about 5.5. Only after recry- 
stallization in the presence of a lo-fold excess of 
R&SO (Table 1) could the hexakis(sulfoxide)nickel 
complexes be obtained. In the case of MeSO and 
n-PrrSO, the use of a slight excess of R$O (5-15%) 
in the synthesis was enough to produce directly the 
stoichiometric 1 : 6 complexes. Moreover, all the 
attempts to obtain nickel perchlorate complexes 
with the bulkier di-i-propyl, di-sbutyl and di-t- 
butyl sulfoxides were unsuccessful. 

Table 1. Analytical results, conductivity data and melting points of the complexes 

Complex 

R$O” 

Ni 

Analysis : found (talc.) (%) 

Ni C H A.wb 

M.p. 

(“C) 

Ni(Me2S0)6(C10.J2 
Ni(n-Pr2S0)6(C10J2 
Ni(n-BuzSO),(C10J2d 
Ni(&BuzS0)6(C104)2d 

Ni(Me,SO),(NO& 
Ni(Me,SO)@O& 
Ni(Me,SO),(NO& 
Ni(Me,SO-d,),(N03)2d 
Ni(n-PrzSO)z(N09)2d 
Ni(n-Bu$O),(NO& 
Ni(i-Bu,SO),(NO,), 
Ni(i-Bu,SO),(NO,), 
Ni(t-Bu,SO),(NO,), 

7.0 8.1 (8.1) 20.3 (19.8) 
6.3 5.5 (5.5) 41.2 (40.7) 

11.1 4.9 (4.8) 46.2 (46.9) 
10.1 4.7 (4.8) 46.7 (46.9) 
6.1 9.1 (9.0) 20.7 (22.1) 
5.0 11.6 (11.9) 18.6 (19.4) 
4.1 14.1 (14.1) 16.5 (17.3) 
4.0 13.6 (13.5) 16.3 (16.6) 
2.2 13.0 (13.0) 32.4 (32.0) 
4.8 8.8 (8.8) 42.8 (43.1) 
4.0 11.5 (11.6) 38.3 (37.9) 

10.0 9.0 (8.8) 43.7 (43.1) 
6.0 11.7 (11.6) 37.4 (37.9) 

5.2 (5.0) 
8.0 (8.0) 
9.3 (8.9) 
9.3 (8.9) 
6.0 (5.6) 
5.0 (4.9) 
5.0 (4.4) 

- 

6.5 (6.3) 
8.2 (8.1) 
7.6 (7.2) 
8.6 (8.1) 
7.2 (7.2) 

171 
164 
147 
169 

14 
12 
11 
9 

11 
14 
5 
7 
3 

e 

142-147 
85-93 

1 lo-125 
4wJ4 

88-93 
87-93 
58-74 
4470 
93-99 
3&87 

148-155 (dec) 

a Molar ratio employed in the synthesis or recrystallization of the compound. 
b Molar conductance (S cm* mol- ‘) of 10M3 M solution in nitromethane. 
‘The compound did not melt up to 250°C. 
dObtained after recrystallization. 
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Table 2. Magnetic susceptibilities, IR data, electronic spectral bands and ligand field parameters of the complexes 
lNiLe](CIO,), in solid state 

Complex 
L 

IR bands (cm- ‘) in 

‘%I0 %O 
region region 

Electronic 
bands 
(cm- ‘) 

Possible 1ODq B 
assignments= (cm- ‘) (cm- ‘) B 

Me,SO 3.4 440m 99os, 940s N 8000b Q’ 786 920 0.89 
13,170, 14,770 Q2, c4 

‘975s 
20,810, 24,210 05, Q3 

n-Pr$O 3.4 447m N 7800’ Q’ 779 910 0.88 
13,050, 14,740 02304 

22,630, 24,040 65, b3 

n-Bu,SO 3.1 455m 970s N 7800’ fJ1 778 910 0.88 

13,010, 14,710 ~21~4 

20,450, 23,750 Qs, 03 
i-Bu,SO 3.3 455m 975s N 7800b QI 788 890 0.86 

13,150, 14,720 02, *4 

20,580,23,830 6% Q3 

“CT, = ‘T, + 3A2g; a2 = 3T,,(F) t ‘A,; b3 = 3T,,(P) + 3A,; o4 = ‘E, +- 3A2g; us = ‘Tti ,- ‘A.. 
b Band hampered by ligand overtones. 
‘Band positions determined after decomposition of the spectrum by a SPECSOLV program.’ 

Fredrick and Johnson9 reported perchlorate 
compounds with Me,SO/metal ratios > 6, which 
they attributed to the incorporation of additional 
quantities of Me,SO and HC104. We did not 
observe such incorporation even by intentionally 
adding HC104 to the reaction medium. We could 
neither obtain an adduct between Me,SO and 
HC104. The protonated Me,SO cation, 
[(Me,SO),H]+, is known’G’2 to form compounds 
with anions such as [AuCl,]-, [RhC14(Me2S0)2]- 
and [ClHCl]-, but none with ClO;. However, 
excess of Me,SO can be held, as solvation 
molecules, in complexes. In fact, the compound 
Ni(ClO& * 8Me2S0 has been known since 1960, ’ 3 
the same year of the publication of Cotton’s sys- 
tematic study of Me,SO complexes, I4 reporting the 
compound Ni(C104)2 * 6Me2S0. By heating the 1: 8 
compound in UUCUO, at 50°C the 1: 6 complex can 
be obtained.15 

increase of the Ni : R$O molar ratio from 1 : 2 to 
1 :6. 

Complexes with Ni: Me$O ratios of 1: 813*15 
and 1: 4l 6 have already been synthesized, as well 
as the compounds with 1: 6l 7 and 1: 3 ‘5,18 ratios, 
which were obtained by decomposition of the 1 : 8 
compound, in vacua, instead of by a direct cry- 
stallization as reported here. 

The results of magnetic measurements and elec- 
tronic spectra (Table 3) indicate that octahedral 
symmetry is closely approximated in all the com- 
pounds. IR spectral data (Table 3) show that the 
sulfoxide molecules are O-bonded to the Ni(I1) ion. 
The NO3 bands are not easily assigned, since IR 
spectra of these complexes are highly complicated. 
Table 3 shows some fundamental bands while Table 
4 gives the combination bands in the 170&1800- 
cm-’ region, useful as a criterion of the mode of 
coordination of the nitrate group. I9 

Nitrate compounds 

In the case of these compounds, a variety of stoi- 
chiometries were observed (Table 1) as a result 
of the competitive ligand abilities of the neutral 
sulfoxide molecules and the nitrate ions. In some 
instances, products with no integer R,SO/Ni ratios 
were obtained and recrystallization was necessary in 
order to obtain compounds of definite composition. 

The nitrate complexes with Ni : sulfoxide molar 
ratios of 1 : 2 and 1: 3 are non-conducting in nitro- 
methane (Table 1) and contain bidentate nitrate 
and both mono- and bidentate nitrate, respectively, 
as evidenced by IR data (Tables 3 and 4). 

The Me2S0 complex of 1: 4 stoichiometry con- 
tains both ionic and bidentate nitrate, instead of 
only monodentate groups as previously sug- 
gested, ’ 6 and can be formulated as [Ni(Me,SO), 

(NWlN03. The non-conducting nature of 
The decreasing of the steric bulk of the alkyl this compound and of [Ni(Me,SO),](NO,), in 

radical from t-Bu,SO to Me,SO promotes an nitromethane (Table 1) is, therefore, anomalous 
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Table 3. Magnetic susceptibilities, electronic bands and IR spectral data of the complexes NiL,(NO& in solid state 

Complex 
L X 

Electronic bands” vso bands 
(cm- ‘) (cm- ‘) 

Tentative assignment of 
NO, bands (cm- ‘) 

Me,SO 6 3.5 13,200, 14,780, 24,290 1ooovs, 955vs 134Ovs, br, 1040sh, 833mb 
4 3.1 13,200, 14,670, 24,290 998vs, 955vs 1338~s 83Owb 

1470sh, 1288sh, 81W 
3 3.2 12,800, 14,170, 24,390 995vs, 955vs 1435sh, 1320sh,815shd 

1468s 1285sh, 810m’ 

Me,SO-d, 3 3.3 12,670, 14,230, 24,220 965~s 1435s 1315~s 815shd 
1468m, 1295sh, 808m’ 

n-Pr,SO 2 3.7 12,740, 14,450, 24,220 985s 965~s 1485s 1278vs, 102Ow, 808m’ 

n-Bu,SO 3 3.1 12,860, 14,450, 23,740 1008s 967~s 1483m, 1350m, 812md 
1518sh, 1280s 808sh 

i-Bu,SO 2 3.2 12,450, 13,990, 23,530 998s, 975s 1513~s 1270~s 1020sh, 808m’ 
3 3.4 12,690, 14,310, 23,530 998s 978~s 1502s 1350m, 805md 

1513~s 1272~s 805m’ 

t-Bu,SO 2 3.3 12,770, 14,390, 23,530 985s 968s 1495s, 1275~s 102Om, 805~’ 

a Band positions at 12,000-15,000 cm- ’ determined after decomposition of the spectra by a SPECSOLV program.’ 
b Ionic NO;. 
’ Bidentate nitrate mode. 
dMonodentate nitrate mode. 

and most likely arises as a result of sulfoxide-nitrate 
exchange. The exchange reaction can be reversed by 
adding Me,SO to the solution. The molar con- 
ductances of mM solutions of both complexes in 
90: 10 (v/v) MeN02-Me$O rise to 150-160 S cm2 
mol- ‘, falling therefore in the accepted range for 
2 : 1 electrolytes in nitromethane. ** Electronic spec- 
tra (Table 5) give further support for the above 
hypothesis. The spectrum of the nitrate complex in 
Me$O solution approaches those of the per- 
chlorate complex in Me,SO and MeNO, solutions, 
which contain the [Ni(Me,S0),12+ species, while 
the nitrate complexes in MeNO solution exhibit 
higher values of extinction coefficients, in accord- 
ance with the decrease in symmetry accomplished 

by the presence of Me2S0 and nitrate groups in 
the Ni(I1) coordination sphere. The replacement of 
monodentate ligands by ionic nitrate, in solution, 
has already been observed with other ligands.21*22 

CONCLUSIONS 

One can conclude that the ease of formation of 
non-stoichiometric products in the synthesis of sul- 
foxide complexes is a general characteristic of the 
coordination chemistry of this class of ligand. This 
feature has been more emphasized in the literature 
about 4f metal complexes,23,24 but it also occurs 
with O-bonded sulfoxide complexes with 3d metals. 
Several factors can contribute to it, e.g. the weak- 

Table 4. IR bands of representative nitrate complexes in the 1700-1800~cm-’ region 

Complex 
V 

(cm- ‘) 
Av 

(cm- ‘) 
Nitrate 
mode 

N(Me~WNWh 
[Ni(MeW)~(NWlNO~ 

[Ni(MeK%(NWJ 

[Ni(n-Pr&%(NO&l 
IWt-BGOMNOJ21 

1738~ - Ionic 
1738~ - Ionic 

172Ovw, 1755sh (or 177Osh) 35 (or 50) Bidentate 
1723w, 1748~~ 25 Monodentate 
1723w, 1778~~ 55 Bidentate 

17OOw, 1715w, 1765sh, 1770~~ 65, 55 Bidentate 
1713w, 1770vw 57 Bidentate 
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Table 5. Visible spectral data for dimethyl sulfoxide-nickel complexes in solution 

1317 

Band position (cm- ‘) and extinction 
coefficient (in parentheses) 

Molar 
Complex concentration Solvent fl*O o‘la Q3 

NW2W61(C~O& 0.0950 Me,SO 12,940 (3.1) 14,630 (1.2) 24,040 (10.2) 
0.0990 MeNO, 13,060 (3.7) 14,730 (1.8) 24,100 (10.6) 

l?WMe2W61(N03)2 0.0705 Me$O 12,960 (3.4) 14,680 (1.4) 23,810 (10.9) 
0.0260 MeNO, 12,910 (8.2) 14,530 (4.7) 24,110 (29.2) 

INi(Me~SOMNWIN03 0.0487 MeNO, 12,970 (9.0) 14,550 (5.7) 24,100 (33.5) 

‘Component position and extinction coefficient determined after decomposition of the spectra by a SPECSOLV 
program. ’ 

ness of the metal-ligand interaction, the com- 
petition between sulfoxide and anions or solvent 
molecules in the coordination sphere of the metal, 
the incorporation of sulfoxide as solvation 
molecules, the possibility of sulfoxide molecules act- 
ing as bridging ligands, or the possibility of cry- 
stallization of a mixture of complexed species. The 
synthetic procedure plays, therefore, an important 
role in obtaining well-defined compounds. 
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REACTIONS OF CYANOACETYLHYDRAZINE COMPLEXES 
WITH SALICYLALDEHYDE AND CONSEQUENT METAL- 

PROMOTED REACTIONS 
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M. M. MOSTAFA”? 

Chemistry Department, Faculty of Science, Mansoura University, Mansoura, Egypt 
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Abstract-The reactions of salicylaldehyde with a suspension of cyanoacetylhydrazine 
and/or malonic acid amido-hydrazide complexes in aqueous ethanolic solutions afford novel 
complexes. The structures of the isolated complexes have been elucidated by conventional 
physical and chemical measurements. The absence of the cyano group band at 2270 cm-’ 
in the IR spectra of all complexes, except those of Co(I1) and Ni(I1) complexes, suggests 
the promotion of H,O to the cyano group (GN) forming amido group. Several structures 
have been proposed in which salicylaldehyde behaves differently toward the cyanoace- 
tylhydrazine complexes. Also, I-salicylhydrazo-3-imino-3-(o-formyl) phenoxy propionic 
acid hydrazide is synthesized either by extraction from the isolated solid complexes using 
disodium ethylene-diaminetetraacetate or during refluxing of Co(I1) and/or Fe(I1) com- 
plexes with salicylaldehyde. This novel compound is confirmed by elemental analysis, 
spectra (IR and ‘H NMR) and mass spectra. 

The synthesis and characterization of some metal 
complexes derived from cyanoacetylhydrazine and 
some divalent metal ions have been reported 
earlier.’ Also, the role of metal ions and salicy- 
laldehyde on the promotion of water to the cyano 
group was discussed. l-5 As a consequence of our 
interest in the complexes containing cyano group, 
we report herein some studies on cyanoace- 
tylhydrazine and/or malonic acid amido-hydrazide 
complexes with salicylaldehyde in aqueous etha- 
nolic solution. Also, the action of salicylaldehyde 
on the promotion process was studied. Moreover, 
the condensating products of salicylaldehyde with 
cyanoacetylhydrazine and/or malonic acid 
amidohydrazide complexes were isolated and eluci- 
dated. Accordingly, several structures have been 
proposed and discussed in which salicylaldehyde 
behaves differently. 

The starting complexes of cyanoacetylhydrazine 
and malonic acid amido-hydrazide are described 
in Ref. 1. The complexes under investigation were 
synthesized by refluxing a suspension of the starting 
complexes in aqueous ethanol solution with excess 
salicylaldehyde for 2 h. The reaction mixture was 
dissolved completely at the beginning of reflux and 
the new solid complexes started to precipitate at the 
end of the reaction. The structures of the isolated 
solid complexes depend on the type of starting com- 
pound, the preparation conditions and the type of 
metal ion present. Analytical data, together with 
colours and magnetic moments, are given in Table 
1. Different structures of complexes were isolated 
according to the following procedures : 
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complexes ’ ~&,L)~~L”)] AC, * Hz0 and [F$HL+,fi;F$G 
(H2L = cyanoacetylhydrazine, HL+ = malonic 
acid amido-hydrazide, H2L” = salicylaldehyde) 
were isolated from the reactions of [Ni(H2 
L),(Ac)JH,O’ and/or [CO(HL)~(H~O)JH~O’ 
with salicylaldehyde in ethanol. Salicylaldehyde 

EXPERIMENTAL 
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behaves as a mixed ligand towards Co(I1) and Ni(I1) 
complexes together with cyanoacetylhydrazine. 
Also, salicylaldehyde affords an amido group in the 
case of the Co(I1) complex only. 

(ii) The reactions of salicylaldehyde with the com- 
plexes of Zn(II), [Zn(HL),(H20)JH20,’ and 
U(VI)O*, [UO,(HL),],’ gave complexes with for- 
mulae [Zn(HL*),] and [U02(HL*)&H50H] 
[H*L* = malonic acid amido-salicoylhydrazone 
(l)]. The analyses of those two complexes showed 
that salicylaldehyde has been condensed with the 
amino graoup of the hydrazide moiety together with 
the promotion of Hz0 to the cyano-forming amido 
group. 

I (H,L’) 

(iii) 1-Salicylhydrazo-3-imino-3-(o-formyl) 
phenoxy propionic acid hydrazide (2) was obtained 
from the reaction of [CO(H~L)~(H~O)~]C~~’ and/or 
[Fe(HzL)Z(H20)2]C12’ with excess salicylaldehyde. 
The yellow shiny crystals (m.p. = 236°C) were iso- 
lated in a very pure state (structure 2). The analysis 
and spectral measurements (IR and ‘H NMR) con- 
firm structure 2. 

/\ Q- 0-C--HZ--CC-NH-N=C 
- II CHO 0 

2 (HpL”) 

(iv) The Cd(I1) complex, [Cd(H2L**)&12], was 
obtained from the reaction of [Cd(I-12L)JC1~’ with 
excess salicyaldehyde in ethanol. On mixing 
[Cd(H,L**),Cl,] with a suspension of disodium 
ethylenediaminetetraacetate in water, a yellow pre- 
cipitate was formed on the surface of the reaction 
mixture. The product was filtered off and cry- 
stallized from acetonitrile. All physicochemical 
analyses indicate that the yellow material is similar 
to compound 2 synthesized by method (iii). 

(v) The reaction of [Cu(H,L+)Cl] (H2L+ = ma- 
ionic acid amido-hydrazide) with salicylaldehyde 
gave a new solid complex with formula 
[Cu(H2L*)H20]C1 in which the coordinated ligand 
(H,L*) is similar to those obtained from method(I1) 
but differs in its mode of complexation. On the 
other hand, the complex with formula 
[Cu2(L*)H20* gC,H=,0H]Br2 was obtained from 
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the reaction of [Cu(H,L)Br]’ with excess salicy- 
laldehyde. The reaction of the Cu(1) chloride and 
bromide complexes with salicylaldehyde is followed 
by oxidation to Cu(I1). The existence of Cu(I1) is 
confirmed from the values of magnetic moments 
and the appearance of a dd transition band. 

All the isolated solid complexes were filtered hot, 
washed several times with hot ethanol, and dried 
in a vacuum desiccator over anhydrous calcium 
chloride. 

Physical measurements 

The preparative techniques of the starting com- 
pounds as well as the instruments used in this study 
were identical to our previous work. ’ 

RESULTS AND DISCUSSION 

The new solids prepared in this study are shown 
in Table 1. The complexes are microcrystalline or 
powder-like, and stable in atmospheric conditions. 
They are insoluble in common organic solvents but 
quite soluble in DMF and DMSO. The molar con- 
ductivities of the complexes in DMF at 25°C are in 
the l-20 R- ’ cm* mol- ’ range, indicating a non- 
electrolytic nature6 for all complexes except 
[Cu(HL*)H,O]CI and [Cu2L*H20*&H50H]Br2, 
which have values of 35 and 90 R-’ cm* mall ‘, 
suggesting 1 : 1 and 1 : 2 electrolytes,6 respectively. 

I-Salicylhydrazo-3-imino-3-(o-formyl) phenoxy 
propionic acid hydrazide (structure 2, H2L**, 
m.p. = 236°C) has not been reported before. This 
novel compound was synthesized during the 
attempt to prepare the hydrazone complexes of 

[CoWzU2(HPWL’ or [WH2L)2W20)21C12’ 
with salicylaldehyde. Also, compound 2 was 
obtained by warming the Cd(I1) complex 
[Cd(H2L**)&12] with a suspension of disodium 
ethylenediaminetetraacetate in water. The solution 
became yellow and a yellow precipitate appeared 
on the surface of the reaction mixture. The yellow 
compound was filtered off, washed with hot 
ethanol, crystallized from acetonitrile and pre- 
served in a vacuum, desiccator over anhydrous 
CaCl,. The products (compound 2) from both 
methods are identical and have the same melting 
point (236°C) and IR spectra. 

The IR spectrum of compound 2 shows charac- 
teristic bands at 1615, 1580 and 1320 cm- ’ assign- 
able to the azomethine (C&N) of imidate7 and 
hydrazone, and C-O-C moieties, ‘v9 respectively. 
The observation of a broad band centred at 3440 
cm-’ indicates the existence of the OH of salicy- 
laldehyde group. Also, the broadness of this band 
suggests the presence of a hydrogen bond between 

the azomethine nitrogen of the hydrazone and the 
OH groups (structure 3). Moreover, the two strong 
bands at 1710 and 1685 cm- ’ were assigned to the 
carbonyl oxygen of the hydrazide and salicy- 
laldehyde groups, respectively. Those two bands are 
strong enough to suggest that the carbonyl groups 
are free from hydrogen bonding (structure 3). 

0-C-CH, - 

ii 

-NH-N=C 
\\ 

0 

3 

The ligand H2L ** contains several coordination 
sites but the IR spectrum of the Cd(I1) complex 
indicates that the ligand behaves as a monodentate 
via the carbonyl oxygen of the hydrazide moiety. 
Undoubtedly the negative shift (20 cm- ‘) of the 
carbonyl group of the hydrazide moiety indicates 
the participation of this group in bonding. All of 
the other bands remain more or less unchanged. 
The presence of only one band at 330 cm- I, due to 
Cd-Cl,” suggests that the two chloride ions are 
trans to each other. 

The IR spectra of the Co(II), [Co(HL*),(H,L”)], 
and Ni(II), [Ni(H2L),(H2L”)]Ac2 - H20, complexes 
show that both the carbonyl and the OH groups of 
salicylaldehyde are coordinated to the metal ion 
beside the bidentate nature of H2L and HL+ in the 
Co(I1) and Ni(I1) complexes as reported in Ref. 1. 
The appearance of new bands at 1720, 1240 and 
1155 cm- ‘, attributable to v(C=O), v(C-0) ’ ’ and 
&OH) ’ ’ vibrations, respectively, can be taken as 
evidence for the participation of salicylaldehyde in 
bonding. The existence of the OH (phenolic) was 
checked qualitatively using fresh FeCl, solution 
which gives a brown colouration. Salicylaldehyde 
replaces two water molecules in the original Co(I1) 
complex, ’ but it replaces two acetate ions in the 
Ni(I1) complex. ’ 

The stereochemistries of those two complexes, 

[Co(HL+),(H,L”)I and [Ni(H2L)2(H2L”)]A- 
c2 * H20, are identical to the original complexes 
which were prepared from them’ but different from 
each other. The differences between the two struc- 
tures are that the Ni(I1) complex exists in the keto 
form and the Co(I1) complex in the enol form. Also, 
the former shows the cyano group which has dis- 
appeared in the latter. 

The electronic spectrum of the Co(I1) complex 
[Co(HL+),(H,L”)] in Nujol mulls shows two bands 
at 18,900 and 16,900 cm-‘, assigned to 4T1, + 
4T,,(P) and 4T,, + 4A29, suggesting an octahedral 
structure around the cobalt ion. ’ * The magnetic- 
moment value (3.27 BM) is lower than those 
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reported for the octahedral structure but similar 
to [Co(PBI),]I,’ 3a14 [PBI = pyridine-2,6-dialdehyde 
bis(benzylimine)] which is reported as an octahedral 
structure with an anomalous magnetic moment 
(3.72 BM). The spectrum of the Ni(I1) complex 
[Ni(H2L)2(H&“)]Ac2*Hz0 in Nujol mulls shows 
two bands at 26,300 and 18,500 cm-‘, assigned to 
3A2g(F) --, 3T,,(F) and ‘A&I;3 + 3T,,(P), respect- 
ively, in an octahedral symmetry. ’ 5 Also, the band 
at 20,800 cm- ’ may be assigned to the ‘A ,g + ‘A, 
transition in a square planar geometry. ” The 
anomalous magnetic moment (2.12 BM) is also 
reported for Ni(I1) complexes with a mixed 
stereochemistry. ’ ‘3 ’ ’ 

The reaction of salicylaldehyde with the Zn(I1) 
and IJ( complexes, [Zn(HL)~(H*O~~H*O’ 
and [UO,(HL)d’, affords new complexes with for- 
mulae [Zn(HL*)J and [(U02(HL*)JCzHSOH, 
respectively, with promotion of water to the cyano 
group, forming an amido group. Also salicy- 
laldehyde condensed to the NH2 hydrazide group 
forming hydrazone. The condensation product 
(H,L*) coordinates to the Zn(II) and U(vI)O, ions 
in a tridentate manner via the azomethine nitrogen, 
the carbonyl oxygen of the amide group and the 
enolized carbonyl oxygen of the hydrazide moiety 
with displacement of a proton from the latter group. 

The IR spectra of those two complexes are ident- 
ical and show no bands at 2270 cm- *, indicating 
the promotion of water to the cyano group. The 
new bands at 1710 and 1615 cm-’ were assigned to 
the ~((30) and /3(NH,) vibrations of the amide 
group formed from the promotion of water to the 
cyano group. Also, the existence of a broad band 
centred at 3480 cm- ’ due to the v(OH) vibration of 
salicylaldehyde may indicate the presence of hydro- 
gen-bonded structure between the azomethine of 
the hydrazone and the OH groups. Moreover, the 
new bands at 1445, 1410 and 1240 cm-’ are 
assigned to v~,(C-O),‘~ v,(C-O)‘~ and &OH) 
vibrations, respectively. 

The band at 930 cm- ’ assigned to the asymmetric 
stretching frequency (v3) of the dioxo~a~~ ion” 
in the U(VI)O, complex before condensation, 
[UO,(HL),], is shifted to a lower wavenumber (900 
cm-‘) after condensation, [U02(HL*)JC2H50H, 
with sa~cylaldehyde. The negative shifts (30 cm- ‘) 
may suggest the participation of a third coor- 
dination site in the bonding in the latter case and 
coordination via N, 0 and 0 instead of N and 0 
before condensation. Also, it suggests the fo~ation 
of coordination number 8 around the uranium in 
the case of [UOz(HL*)&H50H but 6 in the case 

of WWHL~21- 
The ‘H NMR spectrum of the U(VI)O, complex 

[U02(HL*)JC2HsOH shows signals at 6 t0.25, 

9.35, 8.65 and 3.4 ppm (downfield of TMS) in & 
DMSO at room temperature (25°C). These signals 
are assigned to the protons of OH (phenolic), NH, 
CH and OH (ethanolic}, respectively. Also, the 
existence of ethanol is confkmed by the observation 
of the characteristic ethyl resonances. 

Finally, the reaction of salicylaldehyde with the 
diamagnetic Cu(1) complexes, [Cu(H,L’)Cl]’ and 
[Cu(H,L’)Br], affords new complexes in which 
Cu(1) is oxidized to Cu(II), and at the same time 
the condensation of salicylaldehyde on the amino 
group of the hydrazide group occurs. 

The IR spectrum of the Cu(I1) complex 
[Cu(HL*)H,O]Cl suggests that HL* coordinates 
in a tridentate manner via OH (phenolic), azo- 
methine nitrogen (C=N) and the enolized car- 
bony1 oxygen with displacement of a hydrogen 
atom from the latter group. The observation of a 
very strong broad band centred at 3350 cm- ’ sug- 
gests the existence of strong hydrogen bonding, 
probably between the coordinated water and the 
carbonyl oxygen of the amide and/or the OH phe- 
nolic. The bands at 1540, 1460, 1445, 1290, 710, 
550, 470 and 340 cm-’ are assigned to v&&N}, 
K&--O), v,(C--01, &OH), v(Cu-0) ” (H,O), 
v(Cu-0)’ ’ (phenol), (Cu-0) (carbonyl) and 
v(M-N), ‘O respectively. The electronic spectrum in 
Nujol mulls shows two bands at 18,800 and 13,600 
cm- ‘, indicating a pseudo-tetrahedral geometry” 
around the Cu(I1) ion. The bands at 23,800 and 
21,700 cm- I are assigned to d-x* and Cl-Cu charge 
transfer. 2’,22 The magnetic moment (1.72 BM) is in 
a good agreement with those reported for a dg- 
configuration23 and shows no Cu-Cu interaction. 
The molar-conductance value (35.0 W1 cm’ 
mol- ‘) for the complex [Cu(HL*)H~O]Cl in 
DMF at room temperature (25°C) indicates a 1: 1 
electrolyte. 6 

The electronic spectrum of the Cu(I1) bromide 
complex [C&L* *H20*fC2H,0H]Br2 in a Nujol 
mull shows two bands at 18,200 and 15,600 cm-‘, 
indicating a pseudo-tetrahedral geometry around 
the Cu(I1) ion. The subnormal magnetic moment 
(0.78 BM) is accounted for by assuming the exist- 
ence of a polymeric structure in the solid state and 
considerable interaction between the Cu(I1) due to 
spin exchange. 23 Also, the low magnetic moment of 
the complexes containing the bromide ion com- 
pared with the chloride has been reported earlier.23 
Finally, the molar conductivity in DMF is 90.0 Q- ’ 
ad mol- ‘, suggesting a 1 : 2 electrolyte.6 
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Abstract-A series of iron complexes with bis(tertia~phosp~ne/arsine oxides), Ph,E(O) 
(CH,),E(O)Ph,, of general formula [FeX,(L-L)(H,O),]*mH,O [x = Cl, Br or SCN; 
m = 0 or 1; E, n, L-L : P, 1, mdpo ; P(As), 2, edpo (edao) ; P(As), 4, bdpo (bdao) ; P, 6, 
hdpo] have been studied using analytical, spectroscopic (IR, far-IR and UV-VIS), 
magnetic, TGA, conductance and molecular-weight data. All of these compounds have 
been assigned octahedral structures and are high-spin. 

Bis(tertiaryphosphine/arsine oxides) (L-L) (I), 
Ph,E(O)(CH,),,E(O)Ph, (E = P or As ; n = 1,2,4 
or 6) are known to interact with iron~~1) salts form- 
ing ionic complexes, [Fe(L-L),XJFeXd (x = Cl 
or Br), or neutral complexes, [Fe(L-L)(NCS)3]. ‘-’ In 
the case of iron( there is one paper dealing with 
the interaction of iron@) iodide and iron(I1) tetra- 
carbonyl iodide with the above ligands. ’ * 

In this paper, the reactions of these ligands (I) 
have been extended to iron chloride, bromide and 
isothiocyanate. In order to overcome the possibility 
of air oxidation of iron( the iron@) salt solution 
was obtained from an iron(II1) salt by reducing with 
the ~~~ amount of ascorbic acid in ethyl alco- 
hol/isopropyl alcohol followed by its intemction with 
a suitable ligand. The complex once formed was stable 
and remained unaffected even when exposed to air 
for several hours. 

The ligands were prepared by the oxidation of 
bis(tertiaryphosphines/arsines) using 30% HzOz or 
KMn04 as the oxidants. ‘,I ’ 

Preparation of complexes 

Iron chloride solution was refluxed with a ligand 
solution in a 1 : 1 mole ratio for a period of 15-30 min 

*Author to whom wrrespondence should be addressed. 

to ensure completion of the reaction. It was then 
filtered and washed several times with isopropyl alco- 
hol. Iron(I1) bromide complexes were obtained simi- 
larly: the refluxing time was 2 h. The volume was 
reduced to nearly one-half its original volume and the 
solid complex separated on cooling was filtered and 
washed with isopropyl alcohol. 

Iron(I1) isothiocyanate solution [obtained from 
~~tment of iron(E) chloride with KSCN in a 1: 2 
mole ratio in ethyl alcohol/isopropyl alcohol] and 
the ligand solution in ethyl alcohol were refluxed for 
about 2 h. and the volume reduced to nearly one-half 
its original volume. The complex was separated either 
on cooling or after the addition of diethyl ether. It 
was filtered and washed with an ethyl alcohol~iethyl 
ether mixture. 

All the complexes were dried in vacua. An inert 
atmosphere was maintained during synthesis. 

Anaiyt~~ data and spectroscopic tec~~aes 

Carbon, hydrogen and nitrogen analyses were 
obtained from the University College of Science, Cal- 
cutta, India. Iron was estimated by the phenanthroline 
method.” The halogens were estimated by Volhard’s 
method. The techniques used for molar ~nducti~~es 
(nitrobenzene), reflectance spectra (MgO as the stan- 
dard reflector), thermogravimetric analysis and mag- 
netic-susceptibility measurements were the same as 
described earlier. ‘-a*10 The IR and far-IR spectra of 
the complexes (as KBr pellets) were recorded in the 
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range 4000-200 cm- ’ with a Pye-Unicam SP-300 
spectrophotometer. The molecular weights of some 
of the iron(I1) isothiocyanate complexes (in nitro- 
benzene) were determined cryoscopically using a 
Beckmann thermometer. 

plexes lie in the range 128296°C. The complexes 
are soluble in many common organic solvents. 

RESULTS AND DISCUSSION 

The analysis shows that the complexes have a 
metal : ligand ratio of 1 : 1 (Table 1). The colour of 
the complexes varies from green to red or brown. 
The melting or decomposition points of the com- 

In the IR spectra of the complexes, the v(P0) and 
v(As0) decrease on complexation by 25-67 and 38- 
53 cm- ‘, respectively. Usually, v(P0) peaks appear 
as two peaks while v(As0) appears as single peak. 
The low-energy shifts support coordination by 
both (EO) groups of the bidentate ligands. ‘,’ The 
v(E-CPhenyl) (E = P or As) peaks remain essentially 
unchanged. It is interesting to note that the anal- 
ogous high-spin iron(II1) complexes, [Fe(L- 
L)2X;I[FeX,] (X = Cl, Br, L-L = mdpo, edpo, 
etc.), showed downward shifts in v(E-C&~~,) on 
coordination. ‘3’ Further all these iron(I1) halides 

Table 1. Analytical data, magnetic moments and other physical data*’ 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

Found (talc.) (%) 

Complex C 

FeCL@dpo)(H20)21 

[FeCL@dpo)(H #%I 

[FeCl,(bdao)(H,O),~*H,O 

[FeBr,(bdpo)(H,O),r*H,O 

[FeBr,(edao)(H,O)#*H,O 

[FeBr,(bdao)(H,O),r*H,O 

[Fe(NCS)z(mdpo)(HzO)zy 

[Fe(NCS)~(edpo)(H~O)~I’~2H~O 

[Fe(NCS),(bdpo)(H,O),Ih - I-LO 

[Fe(NCS),(hdpo)(H,O),r * Hz0 

[Fe(NCS),(edao)(H,O),r 

[Fe(NCS),(bdao)(H,O),l’ 

51.2 
(51.8) 
55.2 

(54.1) 
45.2 

(46.2) 
46.2 

(46.1) 
38.9 

(39.6) 
41.9 

(41.2) 
52.6 

(52.0) 
49.8 

(49.9) 
53.5 

(52.6) 
53.9 

(53.9) 
46.9 

(46.3) 
47.3 

(47.7) 

H 

4.9 

(4.5) 
4.8 

(5.2) 

(E) 

(Z) 

(Z) 

(Z) 

(E) 

(Z) 

3::) 

3::) 

(ZZ) 

(Z) 

Fe 

10.1 

(9.7) 
9.1 

(9.0) 

(Z) 

(K) 
7.7 

(7.1) 

($ 

(if) 

(K) 

(Z) 

(Z) 

(Z) 

(Z) 

N/X 

12.7 
(12.3) 
11.9 

(11.4) 
10.1 

(9.8) 
22.6 

(22.0) 
20.0 

(20.3) 
19.1 

(19.6) 

(t :, 
(Z) 

,t :, 
(E) 

(E) 

5.66 

5.47 

5.62 

5.29 

5.20 

4.90 

5.28 

5.47 

5.35 

5.29 

5.31 

5.29 

“A, are 26, 18, 25, 18, 18, 28, 13, 13, 12, 14, 13 and 13 R-’ cm2 mol-‘, respectively. 
‘M.p. (“C) 296(d), 203-208(d), 135(d), 165, 158, 178, 298d, 140d, 131d, 128d, 160d and 225, 

respectively. 
‘Greenish yellow. 
d Light yellow. 
e Brick red. 
f Light brown. 
9 Intense red. 
h Maroon. 
‘Reddish brown. 
‘Yellowish brown. 
‘Molecular weights found (required) for 7,9,10 and 12 are : 534 (624), 564 (684), 737 (712) and 

766 (754). 
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Abstract-The preparation and properties of cationic rhodium and iridium complexes 
of types [M(diolefin)Ld(ClO,) and [M(diolefin)L(PPh3)](C104) [M = Rh, diolefin = 1,5- 
cyclooctadiene (COD) or 2,5norbornadiene ; M = Ir, diolefin = COD ; L = phosphine 
sulphide] are described. The complexes have been characterized by IR, ‘H NMR and 31P 
NMR spectroscopy. The use of [M(diolefin)L2](C104) as catalyst precursors in homo- 
geneous hydrogenation of olefins has been studied. 

Studies conducted in this laboratory have focused 
on the synthesis, characterization and reactivity of 
rhodium and iridium complexes containing S- 
donor ligands, thioethers and dithioethers. l-6 In 
this paper synthetic details and characterization 
data for several rhodium(I) and iridium(I) cationic 
complexes with phosphine sulphide as ligands are 
presented. Although some related neutral and cat- 
ionic rhodium and iridium complexes with phos- 
phine sulphide have been previously reported7 
different synthetic methods to those reported here 
were used. 

Single-crystal X-ray studies on different com- 
plexes have indicated that tertiary phosphine sul- 
phides are moderate o-donors with minimal x- 
acceptor properties.7-9 We have studied the ability 
of the phosphine sulphide to displace a diolefin in 
[M(diolefin),]+ complexes as well as the stability 
and reactivity of the isolated complexes. 

In the other hand, there have been many studies 
of the homogeneous hydrogenation of olefins 
catalyzed by rhodium cationic complexes, and the 
catalytic activity of some iridium(I) cationic com- 
plexes is also known. [Rh(COD)(PR,),]+ and 
[Ir(COD)(PR,),]+ (COD = 1,5-cyclooctadiene) are 
active precursors in homogeneous hydrogenation 
of olefins. lc-13 Nevertheless, the catalytic activity of 
complexes with sulphur ligands has been studied to 

*Author to whom correspondence should be addressed. 

a much lesser extent. Recently Kalck et al. have 
shown that hydrogenation and hydroformylation 
of olefins and other substrates are catalyzed at low 
pressure and temperature (5 bar, 80°C) by dinuclear 
complexes of rhodium(I) with a thiolato ligand. ‘&’ 6 
In this paper we describe the catalytic activity of 
some cationic complexes with phosphine sulphide 
in the homogeneous hydrogenation of I-heptene. 

RESULTS AND DISCUSSION 

[Rh(diolefin)L,](ClO,) and [(diolefin)Rh{p-(L- 
L)},Rh(diolefin)](ClO& complexes (L and L- 
L = phosphine sulphide) 

The addition to dichloromethane solutions of 
[Rh(diolefin),](ClO,,) [diolefin = CODI or 2,5- 
norbornadiene (NBD)“] of a stoichiometric 
amount (or a slight excess) of L gives the [Rh(di- 
olefin)L,](ClO,) derivatives : 

[Rh(diolefin),](ClO,) + 2L 

+ [Rh(diolefin)L,](ClO,) + diolefin, (1) 

where diolefin = COD or NBD, and L = Me,PS, 
Et3PS or Ph3PS. 

When an equimolecular amount of the bidentate 
ligand Me,P(S)(S)PMe, was added to dichloro- 
methane solutions of [Rh(diolefin)zl(C104), the 
C, H and S elemental analyses of the complexes 
obtained correspond to the formulation 
[Rh(COD)(L-LII,(ClO4),. 

1329 
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Measurements of the equivalent conductivities of 
the complexes with this ligand at different con- 
centrations in nitromethane solutions gave plots of 
the Onsager equation I& = & - A&, for which A 
values are characteristic of 2 : 1 electrolytes, I9 in 
accordance with the formation of dinuclear com- 
plexes [Rh(diolefin)Rh{p-(L-L)} ,Rh(diolefin)] 
(ClO&, where the ligand is bidentate, bonding two 
metal. atoms. ‘p2 

The analytical results, conductivities values,‘g,20 
IR data and melting points for the complexes are 
listed in Table 1. 

The nuclearity of the complexes [Rh(di- 
olefin)L],(ClO&, was found to be n = 1 in the cases 
of L = Me,PS, Et,PS or Ph,PS, according to the 
sulfur elemental analyses, in accordance with the 
behaviour of the phosphine sulphides as mono- 
dentate ligands. 

The complexes are yellow and moderately air- 
stable solids. IR spectra show the P=S stretching 
frequencies to have decreased in the usual manner 

on coordination,’ together with those due to the 
coordinated diolefins, and uncoordinated per- 
chlorate anion (1100s and 620s cm- I). 21 

The ‘H NMR data are given in Table 2. For 
[Rh(COD)LJ(ClO,) (L = Me,PS or Ph,PS) the 
spectra in CDC13 show the resonances cor- 
responding to coordinated COD and the cor- 
responding at sulphur ligand. In the spectrum of 
the complex with L = Me,PS, the signal cor- 
responding to Me-P shows a doublet at 2.10 ppm 
downfield compared to the free ligand (1.79d ppm), 
with 2J(P-H) = 13 Hz. 

The complex [Rh(COD)(Me,PS),](BPh,) has 
been previously published by Ainscough et al., but 
NMR data were not reported.’ 

[Rh(diolefin)L(PPh3)](C104) complexes (L = 
Me3PS or PhJPS) 

The addition of a stoichiometric amount of sul- 
phur phosphine ligand and triphenylphosphine 

Table 1. Analytical results, conductivity data, melting points and IR data for complexes [Rh(diolefin)L,](ClO,), 
[(diolefk$Rh(~-(L-L)}zRh(diolefin)](C10,)2 and [Rh(diolefin)L(PPh,)](ClOJ 

Complex 

Analysis : Found 
(Calc.) (%) Conductivity data IR data 

M.p.’ v(p=s) 
C H S A,” Ab (“C) (cm-‘) 

t~(COD)~h,PS),l(Clo,) 

[Rh(COD)(Me,PS)&ClO.,) 

[WCOD)(EG’S) &ClO.t) 

KCOWW4=W JWCOWClO,), 

DWYBW’hJ’%1(C~03 

[Rh(NBD)(Me,PS)zl(Clo4) 

[WWRh{N-L)) ,=(NWI(C103, 

[Rh(COD)(Ph,PS)(PPh,)](ClO,) 

[Rh(COD)(Me~PS)(PPh,)l(ClO,) 

[RhCNBD)(Ph,PS)(PPh,ll(ClO,) 

[Rh(NBD)(Me,PS)(PPh,)l(ClO3 

51.1 
(58.8) 
31.7 

(31.9) 
38.5 

(39.3) 
28.1 

(29.0) 
58.7 

(58.5) 
29.00 
(30.5) 
26.5 

(27.4) 

(Z) 
50.8 

(51.1) 
60.3 

(60.6) 
49.0 

(50.5) 

(2) 
(:5) 
(66::) 
(2;) 
(E) 
,::t 
4.2 

(4.2) 

(Z) 

(:::) 

(X) 

(E) 
11.6 

(12.1) 
- 

12.8 
(12.9) 

(;:;) 
11.8 

(12.5) 
13.7 

(13.4) 

::g 
5.1 

(4.8) 

(G) 

(G) 

148 

145 

147 

142 

145 

132 

145 

128 

134 

146 

137 

- 

- 

- 

386d 

- 

- 

28od 

- 

- 

- 

- 

130-134 595(h) 

122-126 532(f) 

125-128 555(d) 

135-138 582(m) 

137-141 592(m) 

92-95 530(m) 

131-134 580(m) 

144-149 590(m) 

134-138 528(f) 

128-132 595(m) 

76-80 545(m) 

(1 Measured in acetone solution (W ’ cm2 mol- ‘). 
b Slope found for Onsager’s equation & = A, -A&. 
“Decomposes. 
d Measured in nitromethane solution. 
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Table 2. ‘H NMR dam [S (ppm)] for complexes [Rb(COD)L&ClO.,), [Ir(COD)LJ(C103 and [Ir(COD) 

We3P~)(PPh3MC103 

COD 

Complex” HCkCH CH,-C PPhS Ph,PS Me,PS 

DWCOWPh,P%lClO,) 5.40 3.12 
[Rh(COD)(Me,PS)d(ClO,) 4.46 2.85 
[Ir(COD)(PbE%l(ClO~) 4.18 2.35 
[Ir(COD)(Me,PS)zl(C104) 4.10 3.30 
[Ir(COD)(Me,PS)(PPh,)l(clo,) 4.22 3.30 

“CDCl, as solvent, T” = 20°C external reference TMS. 

- 7.80-7.20 - 
- 2.10(d) 
- 7.80-7.20 - 
- - 1.95(d) 

7.80-7.30 - 1.96(d) 

(PPh3) to dichloromethane solutions of [Rh(di- from the aromatic protons at 7.8fk7.20 ppm. These 
olefin),](ClO,) (diolefin = COD or NBD)“,” gives data suggest redistribution reactions in solution for 
derivatives of formula [M(diolefin)L(PPh3)](C104). [Rh(COD)(Ph,PS)(PPh,)](ClO,). The 31P NMR 
The complexes can also be prepared by adding a (Table 3) spectrum of CDC13 solutiops of.this com- 
stoichiometric amount of triphenylphosphine to a plex shows a doublet at 26.1 ppm [‘J(Rh-P) = 147 
dichloromethane solution of [Rh(diolefin)L,] Hz], together with two signals at 28.15 and 29.85 
(ClO,) (L = Me,PS or Ph,PS) : 

[Rh(diolefin)2](C104) + L + PPh3 
\ 

\[Rh(diolefin)L(PPh,)](ClO,), 

(2) 

[Rh(diolefin)L2](C104) + PPh3 
/” 

(3) 

where diolefin = COD or NBD, and L = MezPS or 
Ph3PS. 

The isolated yellow or orange complexes are air- 
stable. The C, H and S elemental analyses, molar 
conductivities in acetone, melting points and IR 
data are listed in Table 1. The IR spectra show 
bands due to the sulphur ligand and coordinated 
triphenylphosphine, and bands corresponding to 
the uncoordinated perchlorate ion.” 

The ‘H NMR spectrum of [Rh(COD) 
(Ph,PS)(PPh,)](ClO,) shows two signals cor- 
responding to the olefinic proton CH=C resonance 
and two signals corresponding to the methylenic 
CH2---C from the COD, together with a large signal 

ppm corresponding to coordinated Ph3PS. The 
doublet characteristic of square-planar rhodium(I) 
complexes” is coincident with the signal from the 
[Rh(COD)(PPh,)d+ complex, suggesting redis- 
tribution reactions in solution : 

2[Rh(COD)L(PPh,)](ClO,) 

* [Rh(COD)(PPh,),](ClO,) 

+ [WCOWW~Q,). (4) 

In contrast, the 3’P NMR spectrum of a CDC13 
solution of [Rh(COD)(Me,PS)(PPh,)](ClO,) shows 
a doublet at 29.5 ppm [‘J(Rh-P) = 147 Hz], charac- 

Table 3. 3’P NMR data [6 (ppm)] for complexes [Ir(COD)L,](ClO,) and [Rh(COD) 

W’Ph,WlO.J 

Compound 

Ph,PS 

W(COD)(Pb,PS)(PPb,)l(ClO3 
[Rb(COD)(Me3PS)(PPb3)l(C10A 
[Ir(COD)(Pb3PS)J(C10.+) 

‘J(Rh-P) 
Ph3PS PPh, (Hz) 

43.4 - - 

28.15,29.85 26.1 147 
39.14 29.5 147 
31.7 - - 

“CDCI, as solvent, T” = 20°C external reference H3P0,. 
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dinated Ph3PS and a minor single signal at 44.0 
ppm corresponding to uncoordinated Ph ,PS (Table 

3). 
For the [Ir(COD)(Me,PS)&ClO,) complex the 

‘H NMR spectrum in CDC13 indicated the stability 
of the complex in solution, showing single signals 
for coordinated COD at 4.10 ppm (CH=C) and 
3.30 ppm (CH,-C), together with the signal 
assigned to coordinated Me,PS at 1.95 ppm with 
‘J(P-H) = 13 H z, characteristic of this ligand, and 
downfield compared to the free ligand (Table 2). 

The ‘H NMR spectrum of [Ir(COD) 
(Me,PS)(PPh3)](C104) in CDC13 shows the signal 
corresponding to PPh3 at 7.8e7.30 ppm, those due 
to the coordinated COD, 4.22 ppm (CH-C) and 
3.30 ppm (CH,-C), characteristic of this type of 
complex and a doublet signal at 1.96 ppm [*J(P- 
H) = 11 Hz] assigned to the coordinated MesPS 
ligand, in accordance with the stability of the com- 
plex in solution (Table 2). 

Catalytic activity 

During recent years a number of rhodium(I) and 
iridium(I) complexes have proved to be effective 
hydrogenation catalysts for multiple carbon-car- 
bon bonds. Osborn et al. have studied the catalytic 
activity of cationic [M(diolefin)L,]+ species 
(M = Rh or Ir, L = PR3) in coordinating solvents 
such as ethanol, acetone or tetrahydro- 
furan. 10~11~28~2p On the other hand, Crabtree 
et al. have shown that dichloromethane sol- 
utions of cationic diolefin iridium(I) complexes in 
the presence of an olefin constitute hydrogenation 
catalysts of unprecedented activity for iridium(I) 
complexes. ‘*v30 Oro et al. have studied the catalytic 
activity of different cationic rhodium(I) and irid- 
ium(1) complexes, [M(diolefin)L,]+, with different 
donor ligands and different diolefins.3’s32 The cata- 
lytic activities of complexes with sulfur ligands have 
not been studied. It is known that rhodium(II1) 

complexes containing SEt, are active in homo- 
geneous hydrogenation33v34 and Maitlis et al. pre- 
pared some complexes with thioethers, but, when 
2,5_dimethylthiophene or tetramethylthiophene 
were used as ligands, the isolated complexes were 
of type [Rh(diolefin)(q’-L)](PF,). The latter com- 
plexes are the only ones studied showing catalytic 
activity for hydrogenation of olefins, but they rap- 
idly deposited rhodium metal. 35 Simultaneously 
with this work, the catalytic activity of the related 
[M(diolefin)L,](C104) and [(diolefin)M(n-L),M(di- 
olefin)](ClO,), complexes (L = thioether or dithio- 
ether ligand) are being studied in our laboratory. 

The [Rh(diolefin)(Ph3PS)2](C104) complexes 
(diolefin = COD or NBD) dissolve in ethanol at 
25°C under 1 atm of hydrogen to give catalytically 
active solutions for the hydrogenation of I-heptene. 
In the same way dichloromethane solutions of 
[Ir(COD)(Ph,PS),](ClO,) containing 1 -heptene 
react with hydrogen at atmospheric pressure to 
form species which catalyze the homogeneous 
hydrogenation of this substrate. 

The molar catalyst : 1-heptene ratio was 1 : 100 
and isomerization to cis-Zheptene was observed in 
all cases. The [Rh(COD)(Ph,PS)J(ClO,) complexes 
provide higher conversion rates of 1-heptene than 
the [Rh(NBD)(Ph,PS),](ClO,) complex, probably 
due to the n-acceptor character36 of NBD in com- 
parison with 1,5-COD (Table 5). 

It is noteworthy that in this type of complex the 
Ir(1) complex provides higher activities than the 
corresponding Rh(1) complexes (Table 5 and Fig. 
1). Figure 1 shows a faster initial rate for the Ir(1) 
compound, probably due to the rapid formation 
of active species in this case. The reactivity of the 
complexes toward molecular hydrogen was studied 
by bubbling Hz through solutions of the complexes, 
and no reaction was found for [Rh(di- 
olefin)(Ph3PS)2](C104) complexes (1 atm, 25°C). In 
contrast, the [Ir(COD)(Ph,PS),](ClO,) complex 
reacts rapidly with molecular hydrogen under the 

Table 5. Hydrogenation of I-heptene” 

Reaction Turnover 
time rate 

Catalyst precursor (min) % heptane % I-heptene % cis-2-heptene (min- ‘)b 

[Rh(COD)(Ph,PS)J(ClOJ 500 54.2 35.7 10.1 0.90 
]RhWD)(Ph,PS)zl(ClO,) 450 19.7 67.1 13.2 0.15 
[Ir(COD)(Ph,PS)J(ClW 500 68.2 26.5 5.3 7.00 

“Reaction conditions : [1-heptene] : [Rh] = 100 : 1, pH, = 1 atm, T” = 25°C solvent = 20 cm3. 
bTumover rate is defined as the ratio of the number of moles of I-heptene converted to the number of moles of 

species per time unit. 
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Fig. 1. Conversion of I-heptene as function of the time 
catalyzed by [Rh(COD)(Ph,PS)J(ClO,) (O-O), 
[Rh(NBD)(Ph,PS)J(ClOJ (O---O) and [Ir(COD) 

(Ph,PS)J(ClO,) (0 -.-.- 0). 

samk conditions. The ‘H NMR spectra of CDC13 
solutions show signals at - 13 and - 20 ppm 
characte+stic of Ir-H protons, in accordance with 
the Ir(1) tendency to undergo oxidative 
addition. 5*1 2,26 This reactivity probably contributes 
to the easy formation of active hydride species. 

EXPERIMENTAL 

All preparations were carried out under a nitro- 
gen atmosphere using Schlenk techniques. All the 
solvents were distilled and deoxygenated before use. 
The elemental ahalyses were carried out with a Per- 
kin-Elmer 240 B microanalyzer. The IR spectra 
were recorded on a Beckman IR 4260 spec- 
trophotometer, using Nujol mulls between poly- 
ethylene sheets. Conductivities were measured in 
acetone or nitrbmethane solutions in the con- 
centiation rarag& ca 1 x 10p4-5 x lop4 M, with a 
Radiometer CDM 3 conductimeter. Values of A 
were determined from Onsager’s equation 
I\, = &-A,/- c, using several concentrations in 
nitromethane solutions in the 1O-3-1O-5 M range. 
The ‘H NMRand 3 ‘P NMR spectra were measured 
on an XL-200 Varian spectrotieter using CDC13 
as solve&, and SiMe, and H3P04 as references. 
Melting points were determined with a Buchi 510 
Melting Poirit apparatus. The starting materials 
were prepared as previously reported. ‘7,‘8,24 
RhC13 - xH,O was obtained from Johnson Matthey 
and phosphine sulphide ligands were purchased 
from Maybridge Co. 

The phosphine sulphide ligand (0.15 mmol L, 
0.075 mmol L-L) was added to a dichloromethane 
solution of [Ir(COD)2](C104) (0.07 mmol) and an 
immediate reaction was observed. Subsequent 
addition of ether precipitated out the complexes, 
which were filtered off, washed with cold ether, and 
vacuum dried. Yields 70-75%. 

Preparation of [M(diolefin)L(PPh,)](ClO,) com- 
plexes (M = Rh, diolefin = COD or NBD ; M = Ir, 
diolefin = COD ; L = Ph3PS or Me,PS) 

The compounds were prepared by two routes as 
described below : 

(i) The addition of a slight excess of ligand (0.065 
mm01 L) and a stoichiometric amount of PPh3 (0.06 
mmol) to dichloromethane solutions of [M(di- 
olefin)d(ClO,) (0.06 mmol) produced an immediate 
reaction. The resulting complex was precipitated 
out by adding ether and then filtered off, washed 
with ether, and vacuum dried. Yields cu 80%. 

(ii) The addition of a stoichiometric amount of 
PPh, (0.06 mmol) to dichloromethane solutions of 
[M(diolefin)L,](ClO,), previously prepared, pro- 
duced an immediate reaction. The resulting com- 
plexes were precipitated by adding ether, and were 
filtered off, washed with ether, and vacuum dried. Catalytic activity experiments were performed in 

a conventional hydrogenation apparatus. The order Yields 7&80%. 
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of introduction of reactants into the hydrogenation 
flask was: 0.03 mmol of the catalyst precursor, 3 
mmol of the substrate in 15 cm3 of ethanol or dich- 
loromethane, freshly distilled and dried, and finally 
hydrogen. The mixture was stirred in a thermostat 
bath at 25°C. The hydrogenation rate were deter- 
mined by analyzing the products with a Hewlett- 
Packard 5840 A chromatograph. The peak areas 
were obtained with a Hewlett-Packard 5840A GC 
computing integrator. 

Preparation ~f[Rh(diolefin)L~](ClO~) (L = Ph,PS, 
Me3PS or Et,PS) and [(diolefin)Rh{p-(L-L)}2Rh 
(diolefin)](C104)2 [L-L = Me2P(S)(S)PMe2] 

Upon addition of slightly more than the stoi- 
chiometric amount of ligand (0.18 mmol L, 0.09 
mmol L-L) to dichloromethane solutions of 
[Rh(COD),](ClO,) or [Rh(NBD)z](C104) (0.08 
mmol) an immediate reaction was observed. The 
resulting complexes were precipitated by adding 
ether, and were filtered off, washed with ether and 
vacuum dried. Yields 85-90%. 

Preparation of [Ir(COD)L$ClO,) (L = Ph3PS or 
Me,PS) and [(C0D)1r{~-(L-L)},1r(C0D)](C10,), 
[L-L = Me,P(S)(S)PMe,] 
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Ahstrait-The composition of the solvent cage of chloropentaamminechromium(II1) ion 
was determined in water-dimethyl sulfoxide media using proton NMR line-broadening 
methods and the approach of Covington and coworkers. The number of solvent molecules 
in the solvent cage was found to be 10. The stepwise formation constants for the substitution 
of 10 water molecules by 10 dimethylsulfoxide molecules in this solvent cage were calculated. 
After the first such substitution each successive substitution becomes 1027 J mol- ’ more 
difficult, exclusive of statistical factors, than the preceding substitution. The solvent cage 
composition was assumed to apply to the chloropentaamminecobalt(II1) ion. Mercury(II)- 
assisted removal of chloride ion from the latter complex gave [Co(NH3),{OSMe2)13+/ 
[Co(NH3),(H20)13’ product ratios which did not correlate with either the solvent cage 
composition or the activity ratio of the two solvent components in the bulk phase of the 
solvent. 

The solvent cage of a metal complex ML, which 
has a well-defined first coordination shell of ligands 
L occupying p coordination sites, may be thought 
of as a more labile and less well-ordered second 
coordination shell around the ion. The number, n,, 
of solvent molecules in, and the composition of, the 
solvent cage in binary solvent mixtures is known for 
a few complexes but this information is important in 
the interpretation of the properties and reactions of 
the complexes. The Covington’ theory provides a 
means of determining n, and the composition by 
treating the solvent cage as a coordination shell in 
which substitution of one solvent by a second occurs 
in a stepwise manner, as shown in reaction (l), with 

*Author to whom correspondence should be addressed. 

a stepwise formation constant given by eqn (2) : 

MLp*W,-i+ IDi- 1 +D 

&MLP.W,O_j~i+~, (1) 

[ML, * Wn,-iDdaw 

KiD = [ML,* Wn,_i+ IDi_ l]aD ’ (2) 

Reynolds et al. 2.3 h&e applied this theory to proton 
magnetic resonance line broadenings measured 
in water-dimethyl sulfoxide solutions of 

[Cr(NHJdOSMe2)13+ and [Cr(NH3),(H20)13+. 
For the former complex ion n, = 10 and for the 
latter n, = 12. Values of the stepwise constants for 
both complexes were also reported. The com- 
positions of the solvent cages were quantiatively 
and simply related to the first-order rate constants 

1337 
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for solvent interchange in reaction (3) : 

& [Co(NH3)5{0SMe2}]3+ +H*O. (3) 
I 

Frankel ef ~1.~ had previously shown that Cr(II1) 
and Co(II1) complexes with like first coordination 
shells had like solvent cages within experimental 
error. 

Langford and coworkers5-” have determined 
compositions of solvent cages of a number of 
Cr(II1) and Co(II1) complexes by NMR techniques 
and found that frequently the solvent cages were 
considerably richer in one solvent component than 
was the solution as a whole. The term “preferential 
solvation” has been used in the literature to describe 
this situation ; if no “preferential solvation” occurred 
the fraction of the solvent cage sites occupied by a 
solvent component would be the same as the mole 
fraction X, of that component in the solution as a 
whole. It would be more accurate when ascertaining 
whether a solvent is preferentially solvating a com- 
plex to compare the ratio n,/nz, where n, is the 
number of solvent cages sites around a complex 
occupied by component 1 and n2 is the number of 
these sites occupied by component 2, with the ratio 
a,/az of the activities of the two solvent 
components. When there are large deviations from 
Raoult’s law it may be that : 

X 9>!!>l 
a2 n2 X2 

or that 

X 5,nl<_i* 
a2 n2 X2 

In the former case the solvent cage is richer in 
component 1 than is the solution as a whole but not 
as rich as it should be given the high activity of 1 
relative to 2 ; in this case it is incorrect to regard the 
complex as preferentially selecting component 1 to 
occupy solvent cage sites. In the second case the 
solvent cage is richer in component 2 than is the 
solution as a whole but not as rich as it should be 
given the high activity of 2 relative to 1; again it is 
incorrect to regard the complex as preferentially 
selecting component 2 for solvent cage sites. How- 
ever there is frequently a lack of quantitative data 
concerning the activities of components in solvent 
mixtures and the only comparison which can be 
made is of n&z* with respect to X1/X2. 

The water (W)--dimethyl sulfoxide (D) mixture 
exhibits very non-ideal behaviour. At X, < 0.3 the 
activities, a,, of dimethyl sulfoxide show large nega- 

tive deviations from ideal behavior and 
aD/aw c X,/X, but nJnw > X,/X, for the solvent 
cages of aquo- and (dimethyl sulfoxide)penta- 
amminechromium(II1) ions. Also the mole ratio 
(n&z,+) remained greater than the activity ratio 
(aJaw) up to X, = 0.9. The complexes preferred 
dimethyl sulfoxide in the solvent cage and, in effect, 
extracted dimethyl sulfoxide from its low activity 
state in the bulk solvent phase into the solvent 
cage. This result is consistent with the view that 
a complex ion has a second coordination shell in 
which one ligand (dimethyl sulfoxide) can replace 
another ligand (water). 

Here we report on the solvation number and 
the solvent cage composition of Cr(NH3)&12+ in 
water-dimethyl sulfoxide solvents and compare 
the results with the ratio of the products formed 
from the Hg2+-assisted removal of Cl- from 
Co(NH3)C12+ in the same media. 

EXPERIMENTAL 

Chemicals 

Aquo-, ’ ’ (dimethyl sulfoxide)-l2 and chlo- 
ropentaamminecobalt(III)‘3 perchlorates were pre- 
pared by literature methods. Chloro- and bro- 
mopentaamminechromium(II1) dihalides were syn- 
thesized from [Cr(NH,),(OH,)](NO,), *NH4N03 
by the method of Zinato et a1.14 The dihalides 
were converted to the perchlorates by precipita- 
tion from aqueous solution with concentrated 
HC104. All the other chemicals were reagent grade 
and were used as supplied. 

Solvent cage studies 

These studies were made as described in detail3 
previously only [Cr(NH3),C1](C104), and 
[Cr(NH3),Br](C104)2 were used in place of the cor- 
responding aquo and dimethyl sulfoxide complexes. 
Line widths were obtained by magnifying the lines 
many times on a screen and then measuring the 
screen image with a millimeter scale. 

The viscosities of the solvent mixtures at 40°C 
were used to correct the measured line broadenings 
as previously described. 3 The viscosity-corrected 
increases in line width were then used to calculate 
the ratio nilnO for solvent i from eqn (4) : 

ni Av~ Ni 
-=GxN,i. (4) 
n, 

In eqn (4) ni is the number of molecules of solvent 
i in a total of n, solvent molecules in a solvent cage, 
Ni and Noi are the total number of molecules of 
the same solvent in the solvent mixture and in the 
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neat solvent, respectively, and AVi and Avei are the 
proton line broademngs (corrected for viscosity 
effect) of solvent i in the mixture and in the neat 
solvent, respectively. The ratio q/n, is the fraction 
of the solvent cage sites occupied by solvent i. 

Kinetic studies 

A known amount of the halo complex (usually 
0.150 mmol) was dissolved in a predetermined vol- 
ume of waterdimethyl sulfoxide solvent mixture 
of predetermined ionic strength thermostatted at 
a desired temperature. An excess of concentrated 
Hg(ClO& was added quickly by syringe and the 
assisted removal of the halide ion allowed to go to 
completion. The reaction mixture was treated as 
described previously” and, as then, the reaction 
mixture was analysed sometimes by chromato- 
graphic separation of the aquo and dimethyl sul- 
foxide complexes, and sometimes by spectro- 
photometric methods. Only these two products 
were formed in the studies reported here. 

RESULTS AND DISCUSSION 

The solvent cage of [Cr(NH 3) sX] 2+ 

The fractions of the solvent cage sites occupied 
by dimethyl sulfoxide (n&z,) and water (+/no) were 
calculated from eqn (4) and are given in Table 1 
along with the activities of dimethyl sulfoxide and 
water, the activity ratio Y = aD/aw, and the excess 
free energy of mixing (AG3. 

The enthalpies of mixing and the excess entropies 

of mixing water and dimethyl sulfoxide at 25 and 
70°C measured by Kenttamaa and Lindberg16 are 
nearly independent of temperature. Their averages 
were used to calculate values of AGE at 40°C which 
were then fit to eqn (5) used by Scott et al. ” by the 
method of least squares : 

AGE = RTX,X&ln lO)[A+B(2X,- 1) 

+ C(2X, - 1)2] (5) 

The values of A-C determined from the least- 
squares fit were used to calculate AGE values for 
the many solvent mixtures of interest ; a few of these 
are listed in Table 1. 

The activities of water and dimethyl sulfoxide at 
0.001 mole fraction intervals were calculated from 
the excess free energies given by eqn (5) and the 
Duhem-Margules equation. The successive 
approximations to the correct activities of the two 
solvents at each mole fraction were repeated until 
the activities were constant to 16 significant figures 
to reduce accumulation of error. Previously3 the 
successive approximations had been repeated until 
constancy to 10 significant figures had been 
achieved. Comparison of the Y values in Table 1 
with those previously obtained3 shows that, with 
the exception of X, = 0.1, the activity ratios were 
changed by much less than 1% by the increased 
rigour of the calculations. It cannot be stressed too 
strongly that good values of this ratio are needed ; 
Y varies by a factor (29.706/0.0176) = 1688 from 
X, = 0.1 to X, = 0.9 and, when n, = 10, Y” can 
range over a factor of 2 x 103’ and other powers of 
Y over a lesser, but still large, range. Poor Y values 

Table 1. Values of the activities of dimethyl sulfoxide (Q,) and water (a,), the activity ratio 
Y = a,/+,, the excess free energy of mixing (AC?, the fractions of the solvent cage sites occupied 
by dimethyl sulfoxide (n&i,) and water (n&q,), and the stepwise formation constants for replacing 

water by dimethyl sulfoxide in the solvent cage of Cr(NH3)gC12f 

0 0 1.0 
0.1 0.0154 0.8580 
0.2 0.0590 0.6791 
0.3 0.1395 0.5116 
0.4 0.2506 0.3740 
0.5 0.3784 0.2674 
0.6 0.5103 0.1857 
0.7 0.6401 0.1219 
0.8 0.7663 0.0707 
0.9 0.8878 0.0299 
1.0 1.0 0 

0 
0.0176 
0.0869 
0.2726 
0.6701 
1.4149 
2.7474 
5.2516 

10.840 
29.706 

- 

0 0 1 .oooo 
- 144.0 0.2234 0.8093 
- 232.9 0.3850 0.6193 
- 278.8 0.5356 0.5315 
-291.9 0.6871 0.4236 
-280.3 0.7883 0.2922 
- 250.3 0.8501 0.1972 
- 206.0 0.9404 0.1481 
- 149.6 1.0345 . 0.0991 

-81.5 0.9682 0.0406 
0 1 .oooo 0 

- 

33.4477 
29.1701 
24.0084 
24.87125 
30.1622, 
33.9287 
31.71295 
30.0375 
29.3718 

- 

‘Mole fraction of dimethyl sulfoxide based on solvents only. 
b For n, = 10, k = 0.66092. 
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would make it impossible to fit the experimental 
data with one value of K’ in eqn (6) over the whole 
solvent composition range. In eqn (6) the powers of 
Y appear as coefficients in terms involving K’, the 
first stepwise equilibrium constant for i = 1 in eqn 
(2) with the statistical factor removed, and k, a 
constant related to the incremental free energy 
increase in the stepwise substitutions. Equation (6) 
relates chemical-shift or line-broadening data to the 
solvent cage parameters n,, K’ and k. The final 
equation derived by Covington and Thain [eqn 
(6) in Ref. l] contains a typographical error; the 
power of k should read i(i-n)/2, not 
(i(i- 1)/2) - ((n - 1)/2) (the expression given). ’ 
When the correct power of k is used the equation 
is readily converted to a more convenient form, 
namely : 

I= 

soj 
“0 (no! 

I+ ig, (n, _ i)!i! Y’Wki”- I)‘* 

(6) 
Here S,jS, = nj/noj for solvent j. 

The solvent cage parameters in eqn (6) are fitted 
to the nj/n,,j ratios obtained from line-broadening 
data in the following manner. It is assumed that n,, 
K’ and k are constant over the whole range of 
solvent compositions. For a given solvent com- 
position the value of Y is inserted into eqn (6) for 
(say) dimethyl sulfoxide and an equation of the 
form given in eqn (7a) is obtained : 

nD A' 
-=- or 

no B 
(W 

where A = n,A’/nD. For the other solvent com- 
ponent (say water) there is an analogous equation 
related to n&z, and insertion of the Y value gives 
an equation of the form : 

nw C’ C -=- 
n, D 

or l=o, (7b) 

where C = n,C’lnw For a given value of n, the 
denominators B and D are, and must be, equal. 
Therefore A = C or, as given in eqn (8) : 

A-C=O. (8) 

For a given n, and solvent composition there are an 
infinite number of sets of (k, K’) values which will 
satisfy eqn (8). Most of these sets do not remotely 
satisfy eqn (8) when applied to other compositions 
with other Y values ; the large range in the values 
of the Yi coefficients can rapidly make A- C 
unequal to zero when the (k, K’) set of values does 
not fit that solvent composition. One (k, K’) set 
should fit eqn (8) for all solvent compositions. How- 

ever, because of experimental error one (k, K’) set 
will not be found which satisfies eqn (8) exactly for 
all solvent compositions. Instead a (k, K’) set is 
found which will minimize the sum of the squared 
residuals given in eqn (9) for the solvent com- 
positions studied : 

C(Ai-Cl)* = 1~:. (9) 

The smallest sum indicates the best fit of the par- 
ameters (k,K’) for the assumed n,. The process is 
repeated for other n, values until the best set of (n,, 
k, K’) values giving the best fit is found. 

For 40°C the ambient temperature at which the 
NMR spectra were taken, the best set of values 
was : 

n, = 10, k = 0.66092, K’ = 29.8931. 

When k = 0.66092 was used in eqn (8) for n, = 10 
and eqn (8) solved for the value of K’ for each of 
nine solutions the K’ values given in Table 1 were 
obtained. The average value of K’ and the standard 
deviation for determination of K’ from a single 
solution are 29.6+ 3.4. Thus the standard devi- 
ation in the solvent range 0.1 < KD < 0.9 is 
11.5%, which is very good considering the very 
large range covered by the coefficients of k 

and K’ in eqn (6). From Table 1 it is seen that 
there is no trend in the K’ values with change 
of solvent composition; this result supports the 
assumption that n, and k do not change sig- 
nificantly over the solvent range studied. 

It can also be seen from Table 1 that the sum of 
n&r, and n w/n, is unity or slightly greater, but does 
not indicate any significant trend. This result sup- 
ports the assumption that n, is constant over the 
solvent range studied. The tendency for the sum to 
be somewhat greater than unity may result from 
the viscosity corrections but the deviation is not 
serious. 

The k and K’ values obtained can be used’ to 
give the stepwise equilibrium constants defined in 
eqn (2). For dimethyl sulfoxide replacing water 
these are: K,, = 296, KD2 = 88.1, KD3 = 34.5, 
KD4 = 15.0, KD, = 6.79, KD6 = 3.11, KD7 = 1.4, 
K,, = 0.612, K,, = 0.240, and K,,,, = 0.0713. 

The value k = 0.66092 means that on average it 
becomes more difficult by 1027 J mall ’ to replace 
a water molecule by a dimethyl sulfoxide molecule 
after each such substitution occurs. 

It is seen from Table 1 that at KD = O.l(n,/n,) > 

(x,/x,) > (a&w). Because a, << K, the dimethyl 
sulfoxide appears to be bonded in the bulk solvent 
phase in a manner that greatly lowers its activity 
from that expected on the basis of ideal behavior. 
Despite this decrease in a, the mole ratio nD/nw for 
the solvent cage is considerably greater than KD/xW 
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and much greater then aJaw. We can conclude that 
Cr(NH3)&1*+ is strongly preferentially solvated by 
dimethyl sulfoxide. The data of Table 1 show that 
nD/nw remains greater than a&, up to approxi- 
mately X, = 0.8 and that thereafter the ratio of the 
solvents in the solvent cage approximately parallels 
the activity ratio of the solvent in the bulk phase. 

A few line-broadening measurements for 
Cr(NH3)gBrZ+ at X, = 0.20,0.50 and 0.80 showed 
that this complex closely paralleled the chloro com- 
plex in the composition of the solvent cage. The 
studies were discontinued and it was concluded that 
dimethyl sulfoxide preferentially solvated this 
complex also at X, < 0.5. 

The composition of the solvent cage of the chloro 
complex can be related to the solvent composition 
X, by the following equation : 

where C,, = -8.7646 x 10P6, C, = 1.79640, C2 = 
17.3356, C3 = -209.2838, C4 = 1021.5398, Cs = 
-2563.0867, C6 = 3451.8270, C, = -2368.6495, 
and Cs = 649.5212. We are not aware that other 
equations exist in the literature giving the com- 
position of a solvent cage in terms of mole fractions 
of solvents. 

Hg2+-assisted substitution of Cr(NH3),XZ+ in 
water-dimethyl sulfoxide solutions 

The Hg*+ -assisted release of X- (X- = Cl- or 
Brr) from the first coordination shell of 
Co(NH&X2+ in water-dimethyl sulfoxide sol- 
utions leads to formation of CO(NH~)$~+ 
(S = water or dimethyl sulfoxide) as in reaction 
(10): 

Co(NH&X2+ +Hg2+ + S 

+ Co(NH&S3+ +HgX+. (10) 

It was of interest in the mechanism of substitution 
of S for X- to determine whether the product 
ratio [Co(NH3)5{0SMe2}3+]/[Co(NH3)5(H20)]3+ 
formed was the same as the nD/nw ratio in the sol- 
vent cage around the reactant halo complexes. [It 
was assumed that the Cr(NH3)5X2+ and CO(NH~)~ 
X2+ complexes have very similar solvent cages.] 
In the solvent interchange reaction (3) it has been 
found3 that k, is strictly second-order in n&z,, and 
that k, is strictly first-order in n&z, where n&z, 
and n&, were for the aquo- and (dimethyl 
sulfoxide)pentaamminechromium(III) complexes, 
respectively. This finding strongly supports the In 
mechanism I8 which has previously been assigned 
to the unassisted thermal substitution reactions of 

Table 2. Percentages of [Co(NH3)SOSMe2]3+ (p,) and 
[Co(NH,),(H,O)]‘+ (pW) formed in the Hg*+-assisted 
removal of Cl- and Br- from Co(NH3)a2+ in water- 
dimethyl sulfoxide solutions as functions of the mole 
fraction (X,) of dimethyl sulfoxide : 2O.O”C < t < 6O.O”C 

x- X, PD Pw PD/P W nD/nW 

Cl- 0.1 9.3f0.4 89.6kO.7 0.104 0.276 
0.2 14.3kO.3 84.3kO.6 0.169 0.622 
0.3 19.5,0X 78.7kO.8 0.247 1.01 
0.4 28.8kO.6 69.3f0.7 0.416 1.62 
0.5 34.5f0.8 64.0f0.7 0.540 2.70 
0.6 41.8f0.7 56.0f0.9 0.739 4.31 
0.7 49.6kO.7 48.8kO.6 1.02 6.35 
0.8 56.710.8 42.0* 1.1 1.36 10.4 
0.9 64.5kO.5 33.8kO.5 1.91 23.8 

Br- 0.1 9.6f0.4 88.4kl.l 0.108 
0.2 20.6f0.6 78.0f 1.2 0.265 
0.3 30.5 +0.8 67.8 f0.5 0.450 
0.4 39.9f0.8 58.6kO.9 0.680 
0.5 50.0+ 1.1 49.0f 1.1 1.02 
0.6 60.0f0.9 38.7kO.7 1.55 
0.7 69.OkO.8 29.0f0.9 2.34 
0.8 79.0f0.7 2O.O-hO.7 3.93 
0.9 87.7kO.8 10.6f0.6 8.24 

pentaamminecobalt(II1) complexes. The mech- 
anism of the assisted substitution reactions of these 
complexes is less certain and a comparison of the 
product ratios with solvent cage compositions is 
desirable. 

The percentages of the dimethyl sulfoxide (pD) 
and aquo (pw) complexes formed in reaction (10) 
are given in Table 2 for 20, 40 and 60°C for the 
solvent range 0.1 < X, < 0.9 for X- = Cl- or Br-. 
The percentages listed in Table 2 were determined 
4 times each at each of the three temperatures at 
each solvent composition. The percentage of each 
product at each solvent composition remained the 
same within the experimental error of less than 3% 
in the 2&6O”C temperature range so that only the 
average and the standard deviation for a single 
determination are listed. 

When the values of the product ratio pD/pw for 
Cl- in Table 2 are compared with the solvent cage 
ratios (nD/nw) in the last column of Table 2 it is 
readily seen that the composition of the solvent cage 
of Co(NH3)&12+ does not determine the product 
ratio of reaction (10). Likewise when the product 
ratios for Cl- are compared with the corresponding 
Y values in Table 1 it is readily seen that the solvent 
activity ratio does not determine the product ratio. 
A possible explanation of these results is that for- 
mation of a dinuclear complex such as (NH3)&o 
ClHg4+ prior to the rate-determining loss of Cl- 
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very markedly changes the composition of the sol- collisions with the major solvent components in a 
vent cage or at least makes water more available major pathway in reaction (10). 
near the departing HgCl+ group. It is very unlikely 
that the five-coordinate intermediate Co(NH&’ 
was formed in the major pathway of reaction (10). 
Firstly, if it were formed and if it reacted in a first- 
order step with the solvent in its solvent cage then 
the product ratio pD/pw values would be expected 
to parallel the nD/nw values. This is because the 
chloro-, bromo-, aquo- and (dimethyl sulfoxide) 
pentaamminechromium(II1) complexes are all 
strongly preferentially solvated by dimethyl sul- 
foxide, and it seems likely that the five-coordinate 
pentaammine complex would be also if it existed. 

Secondly, if Co(NH,)z+ were formed as an inter- 
mediate which reacted in a second-order (but 
pseudo first-order) step with the bulk solvent com- 
ponents then the po/pw values would be expected to 
parallel the Y values. This is because the rate of 
formation of the dimethyl sulfoxide product would 
be proportional to the product ~c~(Nu~):+ x a,, the 
rate of formation of the aquo product would be 
proportional to the product ~c~(Nu~):+ x a, and 
the product ratio would be approximately propor- 
tional to aJaw. But this proportionality was not 
observed. 

Likewise the product ratios for Br in Table 2 
show that they are not determined by no/q+, or 
a&+,. Again these results are readily explained by 
a dinuclear complex as in the case of Cl- but not 
by the formation of the five-coordinate intermediate 
Co(NH,):+. 

It is concluded that the results of the product 
ratio and solvent cage studies furnish rather strong 
evidence against the formation of Co(NH&+ as an 
intermediate with a lifetime sufficiently long to equi- 
librate its solvent cage and to undergo diffusional 
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Abstract-The preparation of two cobalt(II1) molybdoheteropolyanions, [COMO~O~~H~]~- 
and [CO~MO~~O~~H,]~-, was systematically studied using some carbonate-ammine 
cobalt(II1) complexes as starting materials. The selectivity and yields of products were 
signi%antly influenced by the number of ammine ligands and the charge on the complexes. 

Two molybdoheteropolyanions containing a Co(II1) 
ion as the heteroatom, Anderson-type [CoMo6 
0z4H6j3- and Evans-Showell-ty~ [CO~MO~~O~S 
H$- polyanions, are well-known.’ The former, 
with &-symmetry, has also been called a 1: 6 
salt and the Co(II1) ion is located in an octahedral 
cavity of a crown of six Moo6 octahedra formed 
by edge sharing.* The latter, with &-symmetry, has 
appeared as a by-product in the preparation of the 
former and has the dimeric nature of the former.’ 
Polyhedral models of them are shown in Fig. 1. 
These compounds have been directly prepared from 
reaction of a boiling solution of ammonium hep- 
tamolybdate with an aqueous mixture of the Co(I1) 
salt and hydrogen peroxide (the direct method).4 
On the other hand, there are only a few examples 
of the preparation of such polyanions using Co(II1) 
complexes as a source of the heteroatom. For 
instance, there are the preparation from 
[CoC03(NH3),]+ reported by Baker et al.* and 
Shibata’s method using a cold green solution con- 
taining the [CO(CO,),]~- complex.6 We have been 
interested in the preparation of heteropoly coti- 
pounds using a transition-metal complex as the 
starting material.’ In this work, we have sys- 
tematically studied the preparation of two Co(II1) 
molybdoheteropolyanions from carbonato- 
ammine Co(III) complexes such as 

*Author to whom wrrespondence should be addressed. 

[COCO~(NH~)~I+ (11, [CoC03(NH3M+ (2) and 
[Co(C03),(NH3)J- (3), and compared them with 
the results by the direct method and Shibata’s 
method. 

RESULTS AND DISCUSSION 

The yields of the two heteropolymolybdates by 
the pupations studied are shown in Table 1. From 
complex 2 with five ammine ligands, neither of the 
two polymolybdates are obtained. In this case, pink 
undissolved precipitates only are produced, which 
are probably due to an adduct between the complex 
cation and the heptamolybdate anion. On the other 
hand, from complex 1 with four ammines two poly- 
molybdates are obtained with higher yields than by 
the direct method. Moreover, by prolonging the 
boiling after the addition of the complex solution 
to the boiled solution of heptamolybdate, only an 
Evans-Showell-tee molybdate can be isolated. 

Fig. 1. Polyhedral models of Anderson- (left) and Evans- 
Showell-type (right) heteropolyanions. Striped octahedra 

represent the Co(II1) ion as a heteroatom. 
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Table 1. Yields of two Co(II1) heteropolymolybdates 

Yields (%) 

Evans 
Anderson- Showell- 

Starting materials type type 

[CoCO@H,M+ (1) 16.8’ Traceb 
Trace’ 42.4 

[CoCO,(NHd,I+ (2) - - 
~c~GM2(NH3hl- (3) - 20.8 
CoSO,.7H,O+30% HzOzd 14.4 11.8 

Pwcw,13-’ 33.5 17.2 

“Yields with respect to the molar number of starting 
Co(II1) ion. 

‘The boiling time after the iinal drop was less than 2 
min. 

‘The boiling time was more than 20 min. 
dThe direct method. 
’ Shibata’s method. 

These facts imply that carbonate-ammine com- 
plexes containing a lower number of ammine 
ligands are more reactive. In fact, complex 3 with 
two ammines produces only an Evans-Showell- 
type molybdate in a very short reaction time. An 
Anderson-type molybdate is not obtained from 
complex 3 even if the solution of heptamolybdate 
is mildly heated. Shibata’s method is a preparation 
using a tricarbonato Co(II1) complex without an 
ammine ligand. As a matter of fact, this complex is 
so active and unstable even at room temperature 
that the starting solution should be ice-cooled. The 
preparation from complex 1 takes a relatively long 
time. It is likely that the decomposition of an adduct 
between a complex cation and the heptamolybdate 
anion takes extra time. 

From a synthetic point of view, it should be noted 
that yields and selectivity of desired heteropoly 
compounds can be changed by choosing the ligand 
in the starting complex. 

EXPERIMENTAL 

Electronic absorption and IR spectra were rec- 
orded with a Hitachi 340 spectrophotometer and a 
JASCO IR-G spectrophotometer, respectively. 

Matrials 

The starting complexes [CoCO,(NH,),]NO, * 
iHzO (l), [CoCO@H&]NO, - jHzO (2) and 
K[Co(CO,),(NH,)d * 3Hz0 (3) were prepared 

according to the literature, and ident&d by IR and 
absorption spectra. 6*8,g All reagents were of ana- 
lytical grade. 

Preparations 

An aqueous solution of complex 1(6 g, 0.023 mol 
in 1000 cm 3 of water) was added through a dropping 
funnel into a boiling solution of ammonium hep- 
tamolybdate (28.8 g, 0.023 mol in 200 cm3 ofwater). 
The dropping rate was balanced between the loss 
of water by evaporation and addition from the 
funnel. If the dropping rate was fast, reddish pre- 
cipitates were formed and the reaction was 
inhibited. The colour of the solution became purple 
via reddish purple during the first 30 min of drop- 
ping and deep green until after 1 h of dropping. The 
whole addition took about 5 h. After the final drop, 
the solution was boiled further for a few minutes. 
Insoluble material was filtered and solid ammonium 
chloride (3.7 g) was added to the filtrate. On stand- 
ing the solution overnight at room temperature, 
bluish green crystals of the Anderson-type het- 
eropolymolybdate (N&)~[COMO~G~~H,] - 7H20 
were deposited. From the filtrate, dark olive green 
crystals of an Evans-Showell-type polymolybdate, 
(NH& [CO~MO,~O~~H~]~~H~O, were obtained. 
The two polymolybdates were recrystallized twice 
from water. 

The boiling time after the final drop in the above 
procedure significantly influenced the yields of the 
two polymolybdates. When the boiling time was 
prolonged, the yield of the Anderson-type mol- 
ybdate was lowered and that of the Evans-Showell- 
type molybdate was raised. From the solution 
boiled for more than 20 min, only the Evans-Show- 
ell-type molybdate was formed. 

The two polymolybdates were characterized by IR 
and electronic absorption spectra. ‘&’ 3 The first and 
second d-d absorption bands of the Anderson-type 
molybdate were measured at 16,500 (E = 18.9) and 
24,300 cm- ’ (E = 19.4), respectively. The first d-d 
absorption band of the Evans-Showell-type mol- 
ybdate was observed at 16,600 cm-’ (E = 89.1). IR 
bands were measured at 937(s), 920(m), 88O(vs), 
830(sh), 680(sh), 665(sh), 64O(vs), 580(m), 550(br 
m) and 445(m) cm-’ for the Anderson-type mol- 
ybdate, and at 94O(vs), 9OO(vs), 850(s), 735(sh), 
675(s), 665(s), 650(s), 620(m), 6OO(vs), 56&550(br) 
and 520(m) cm- ’ for the Evans-Showell-type com- 
pound. 

From an aqueous solution of complex 2, only a 
pink undissolved solid was produced and neither 
of the desired polymolybdates were obtained. IR 
spectra suggested that the pink solid was an adduct 
of a complex cation with the heptemolybdate anion. 
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From a dark blue solution of complex 3, only the 
Evans-Showell-type polymolybdate was obtained. 
An aqueous solution of complex 3 (3.14 g, 0.01 
mol in 100 cm3 of water) was added dropwise to 
a boiling solution of ammonium heptamoly~ate 
(12.6 g, 0.01 mol in 100 cm3 of water). On dropping, 
it became effervescent and the dark blue of the 
complex solution changed to green. The reaction 
was over within 30 min. The resulting solution was 
evaporated to a volume of about 30 cm3 on a steam 
bath and insoluble material was filtered. By cooling 
the filtrate to room temperature, dark olive green 
crystals were produced. 

The direct method. An aqueous mixture of 
CoSO,+* 7H,O (4.2 g, 0.015 mol in 30 cm3 of water) 
and 30% hydrogen peroxide (2 cm3) was added to 
a boiling solution of ammonium heptamolybdate 
(30.9 g, 0.025 mol in 260 cm3 of water). The hot 
solution was filtered once and cooled to room tem- 
perature. Bluish green crystals were deposited in the 
solution. By evaporating the filtrate on a steam 
bath, dark olive green crystals were obtained. 

Shibata’s method. 6 A cold mixture of an aqueous 
solution (4cm3) containing CoCl, - 6H,O (6 g, 0.025 
mol) and 30% hydrogen peroxide (9 cm3) was 
added dropwise to an ice-cooled slurry of potassium 
hydrogen carbonate (18 g, 0.18 mol in 18 cm3 of 
water), and the resulting green solution was filtered 
quickly. The filtrate was again cooled in an ice bath 
and used as a starting solution. 

The starting solution was added dropwise to an 
aqueous solution of ammonium h~tamoly~ate 
(60 g, 0.049 mol in 200 cm3 of water) with stirring 
at room temperature. The resulting mixture was 
further stirred for 2 h. Bluish green crystals of the 
Anderson-type molybdate were produced and 

recrystallized twice from water. To the filtrate the 
starting solution was added, the pH of the solution 
was quickly adjusted to 4 with glacial acetic acid, 
and the solution was stirred for 1 h. After filtration, 
the dark green filtrate was concentrated to half vol- 
ume at 6065°C. On standing at room temperature, 
the Anderson-type molybdate as a by-product was 
removed and ammonium chloride (5 g) was added 
to the filtrate. Dark olive green crystals were pro- 
duced and recrystallized twice from water. 

1. 

2. 
3. 

4. 
5. 

6. 
7. 

8. 
9. 

10. 

11. 

12. 

13. 
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Abstract-The [M(NH3)5(imidH)]3+ complex ions (M = Co, Rh or Ir ; imidH = imidazole) 
can be readily prepared by reaction of [M(NH3)5(OS02CF3)]2+ ions with imidazole in 
sulfolane. Subsequent reaction of [M’(NH3)s(OS02CF3)]2+ with [M(NH3)&nidH)]3+ in 
sulfolane in the presence of a non-coordinating base permits synthesis of the binuclear 
imidazolate-bridged complexes [(NH3)5M(imid)M’(NH3)$+ (M = M’ = Co or Rh; 
M = Co, M’ = Rh), characterized by spectroscopic, chromatographic and voltammetric 
methods, and by reactivity. 

Imidazole is a biologically important heterocycle 
which is known as the anion to bridge Cu(I1) and 
Zn(I1) in bovine erythrocyte superoxide dismutase,’ 
for example. Bridging through the two equivalent 
heteroatoms in the anion has also been achieved in 
several model complexes.2 Crystal structure analy- 
sis has defined a “bent” geometry (I) in the dimers.3 
Imidazole, as a neutral molecule, is also well known 
as a monodentate ligand (II). 

The simple (imidazole)pentaammines of the inert 
metal ions Co(III), Cr(II1) and Ru(III), as well as 
impure Rh(II1) and Ir(II1) species, are now 

*Author to whom correspondence should be addressed. 

known.‘6 We have found that all of the triad 
~(NH3),(imidH)]3’ (M = Co, Rh or Ir; 
imidH = imidazole) can be prepared simply and in 
high purity from the [M(NH3)s(OS02CF3)]2+ ions 
by displacing the labile CF3SO; group by imidaz- 
ole. Further, these labile precursors have permitted 
us to explore the synthesis of the dimers 
[(NH3)5M(imid)M’(NH3)$+ by reaction of 
[M(NH3),(imid)12+ with [M’(NH3)s(OS02CF3)]2+, 
and the results of these investigations are re- 
ported herein. Routes to the simple decaamminedi- 
metal(II1) species have not been explored much 
previously. During the course of this work, syn- 
thesis of the dicobalt(II1) dimer was reported.7 
However, the reaction conditions employed led 
also to the formation of a trinuclear complex 
with two bridging imidazolates and to the hexa- 
amminecobalt(II1) ion. The different conditions 
reported here appear to permit synthesis without 
ligand rearrangement, and can be extended to permit 
formation of a range of dimetal and mixed-metal 
compounds. 

1347 
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EXPERIMENTAL 

Syntheses 

[Ir(NHJ,(imidH)](ClO,),~ HzO. A solution of 
[Ir(NH3)s(OSOICF3)](CF$03)28 (3.0 g) and imi- 
dazole (1.5 g) in dry sulfolane (20 cm3) was heated 
at 90°C for 4 h. The colourless solution was cooled 
and washed into a flask with - 20 cm3 of ethanol. 
Slow addition of diethyl ether (- 900 cm3), with 
stirring, produced a precipitate which was collected 
and dried. The product was dissolved in 10 cm3 of 
water at N 4O”C, filtered, and a solution of 5 g of 
LiC104 in 10 cm3 of ethanol added. A precipitate 
began to form near the end of the addition. After 
refrigeration overnight the product was collected, 
washed with 1: 1 ethanol-water (2 x 20 cm3) and 
ether (20 cm3), and dried in uucuo (2.0 g, 75%). 
Found: C, 5.2; H, 3.3; N, 14.6; S, 0.0. Calc. for 
C3H21C131rN7013:C,5.5;H,3.2;N,14.8;S,0.0%. 

[Rh(NH3)&idH)](C10J3. A solution of 
[Rh(NH3)s(OS02CF3)](CF3S03)28 (5.0 g) and imi- 
dazole (2.5 g) in dry sulfolane (50 cm’) was heated 
at 80°C for 2 h. The solution was cooled and washed 
into a flask with ethanol (50 cm3), from which a 
white precipitate was isolated following ether 
addition (- 900 cm’) with stirring. The product 
was dissolved in water (20 cm3), filtered, warmed to 
N 40°C and a solution of 10 g of LiC104 in 20 cm3 
of ethanol added slowly. The absence of any initial 
precipitate when commencing LiC104 addition 
indicates the absence of any hexaam- 
minerhodium(III), which is very insoluble as a per- 
chlorate salt. The solution was refrigerated over- 
night, and the white powder collected, washed with 
1 : 1 ethanol-ether (2 x 20 cm3), then ether (20 cm3), 
and dried in vucuo (3.25 g, 75%). Found: C, 6.6; 
H, 3.6; N, 17.3. Calc. for C3H1&13N70r3Rh: C, 
6.5; H, 3.6; N, 17.7%. 

[Co(NH3),(imidH)](C10,)3. This compound was 
prepared from (CO(NH~)~(OSO&F~)](CF~SO~)~ 
and imidazole in sulfolane essentially as described 
for the rhodium analogue above. This complex has 
been reported before.4 

{[Co(NH3)&(imid))(C104)5*3Hz0. A solution 
of [Co(NH3),(imidH)](C104)3 (1.02 g) and [Co(N- 
H3)s(OS02CF3)](CF3S03)z8 (1.18 g) in 20 cm3 of 
dry sulfolane was treated with triethylamine (0.5 g), 
and stirred at 80°C for 1 h. After cooling, the reac- 
tion mixture was treated with ethanol (100 cm3) and 
ether (200 cm3) to precipitate a brown solid. This 
was dissolved in water (20 cm3) and NaClO, (2.5 
g) added. On standing in a refrigerator for 2 days, 
an orange powder was obtained (0.4 g, 25%). 
Found: C, 3.8; H, 4.1; N, 18.3; Cl, 19.3. Calc. for 

C3H&lCo~N,@23 : C, 4.0; H, 4.4; N, 18.6; Cl, 

19.6%. The reaction mixture may also be chro- 
matographed on Dowex 50W x 2 H+-form resin. 
Dilution of the reaction mixture with water (- 500 
cm3) prior to loading onto the column was required. 
Elution with 1.0 and 3.0 M HCl removed chloro- 
and imidazolepentaammine monomers, with the 
orange dimer being removed with 5.0 M HCl. Evap- 
oration under reduced pressure to N 20 cm3, fol- 
lowed by ethanol addition (- 50 cm3), precipitated 
a brown-orange product (0.7 g, 65%) which can be 
recrystallized as the perchlorate salt as described 
above. Electronic spectrum (water), &,,, (nm) [E,,, 
(M-’ cm-‘)]: 475 (157), 335 (220). 

[(NH3),Co(imid)Rh(NH3)5](C104)5*3H20. A 
solution of [Rh(NH3)5(imidH)](C104)3 (1.1 g) and 
[Co(NH3)5(OS02CF3)](CF3S03)28(1.2g)in20cm3 
of dry sulfonate was treated with triethylamine (0.5 
cm3), and stirred at 80°C for 3 h. The solution 
was cooled, 1 g of LiC104 was added, followed 
by ethanol (- 100 cm’). Refrigeration overnight 
separated an oil. The solvent was decanted, and the 
oil dissolved in water (25 cm3), with warming. A 
solution of LiC104 (2 g) in ethanol (25 cm3) was 
added slowly, and a precipitate formed on chilling 
overnight. This was collected, washed with ethanol 
(2 x 10 cm’) and ether (10 cm3), and air dried. It 
was recrystallized from water (20 cm’) by addition 
of LiC104 (2 g) in ethanol (25 cm3), followed by 
chilling overnight, and isolated as above (0.9 g, 
50%). Found: C, 3.7; H, 3.7; N, 17.2; Cl, 18.4. 
Calc. for C3H3&15CoN12023Rh: C, 3.8; H, 4.1; 
N, 17.7; Cl, 18.7%. Electronic spectrum (water), 
A,,,,, (nm) [E,,, (M- ’ cm- ‘)I : 475 (50), 340 (100). 

{[Rh(NH3)&(imid)}(C104)5CZHSOH. A sol- 
ution of [Rh(NH,),(imidH)](Clo,), (1.0 g) and 
[Rh(NH3)s(OS02CF3)](CF3S03)2 (1.2 g) in 20 cm3 
of dry sulfolane with triethylamine (0.5 cm’) added 
was stirred at 80°C for 3 h. After cooling, ethanol 
(10 cm3) and ether (- 500 cm’) were added to pre- 
cipitate an oily white solid. The supernatant was 
decanted, the oil dried in a desiccator, then redis- 
solved in water (25 cm3) and filtered. Following 
addition of 1 g of LiC104 and 25 cm3 of ethanol, the 
solution was chilled overnight and the near white 
powder was collected, washed with ethanol (5 x 20 
cm3) and ether (20 cm3), and air dried (1.0 g, 60%). 
Found: C, 5.4; H, 3.8; N, 16.1; Cl, 16.6. Calc. for 
CSH44C15N,2024Rh2: C, 5.8; H, 4.2; N, 16.2; Cl, 
17.0%. Electronic spectrum (water), La, (nm) [a,, 
(M- ’ cm- ‘)] : 300 (420), 230sh (2650). 

Physical methods 

Electronic spectra were recorded using an Hitachi 
220A spectrophotometer. IR spectra of compounds 
dispersed in KBr discs were recorded using a Nic- 
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olet MX-1 FT-IR. NMR spectra were collected 
using a JEOL FNM FX200 spectrometer in DzO 
solution. Voltammetry was performed using an 
AMEL Model 473 or PAR Model 170 controller 
linked to an EG&G PAR Model 303A static mer- 
cury drop electrode or conventional dropping mer- 
cury electrode, and a three-electrode configuration 
with a platinum wire auxiliary electrode and an Ag- 
AgCl or saturated calomel reference electrode, with 
argon as purge gas. Measurements were made on 
lo- 3 M solutions of complex in 0.1 M NaClO, or 
NaCF3SOj as supporting electrolyte. 

RESULTS AND DISCUSSION 

The value of t~fluoromethanesulfonato com- 
plexes as synthetic precursors for a range of inert 
mononuclear complexes has been established 
earliera However, few examples employing such 
~ompo~ds in the synthesis of simple binuclear 
complexes have appeared. In view of the known 
role of imidazolate as a bridging ligand, it was 
appropriate to pursue molecules with this anion 
linking the metal ions, and this has now been ach- 
ieved for several decaamminedimetal(II1) com- 
plexes. 

The synthetic route developed required the 
prior synthesis of imidazole~ntaam~nemetal(III) 
complexes, and this was achieved from the 
trifluoromethanesulfonatopentaamminemetal (III) 
precursors. The complete triad [M(NH&(O- 
S02CF3)J2’ (M = Co, Rh or Ir) were simply pre- 
pared in high yield and purity. While Cr(II1) and 
Co(II1) complexes were previously known,4’5 the 
Ir(III) and Rh(II1) complexes had been prepared 
before only as impure mixtures of imidazole and 
aqua pentaammines, with as much as 35% aqua 
complex present.’ The pure complexes of the cobalt 
triad are best ~haracte~zed by their ‘H NMR spec- 
tra in &dimethylsufoxide. Apart from the single 
broad signal from the ammine protons at 6 3.59 
(Co), 3.80 (Rh), and 4.39 (Ir), three separate signals 
from the non-eq~valent imidazole ring carbon pro- 
tonsoccurat67.31,7.69and8.28(Co),67.20,7.52 
and 8.14 (Rh), and 6 7.17, 7.45 and 8.05 (Ir). As 
has been reported previously,’ the signal changes 
to two peaks (ratio 1: 2) on forming a sy~etri~ 
dimer. 

Characterization of the apparently binuclear 
complexes is conveniently performed initially by ion 
chromato~aphy. Mixtures of the binuclear com- 
plexes and imidazolepentaamminemetal(III) pre- 
cursors elute from SP Sephadex C-25 (Na’-form) 
or Dowex 50W x 2 (H +-form) cation exchange resin 
as two separate bands, with the higher charged 
binucIear complex eluting more slowly than its pre- 

cursor. Chromato~aphy can permit convenient 
separation on a synthetic scale. Further, the sym- 
metric dimer ([Co(NH,),]&mid)j5+ exhibits a ‘H 
NMR spectrum in 0.1 M DC1 [S 3.6 (broad, NH), 
7.08,7.54 (2 : 1, imidazolate)] like that reported earl- 
ier for this molecule.’ The IR spectra of the mol- 
ecules also provide evidence for the structural 
assignments of the molecule as [(NH,),M 
(imid)M’(NH3)5]5+ complexes. All monomer pre- 
cursors and binuclear products show weak but 
characteristic bands for imidazole throughout the 
300~50-cm- ’ region, and characteristic ammine 
vibrations. Further, certain multiplicities absent in 
the symmetric dimers {[M(NH,),],(imid)}5+ 
(M = Co or Rh) appear in the mixed complex 
[(NH~)~Co(imid)Rh(NH~)~]5+ ; apparent M-N 
stretching vibrations at 315 and 279 cm-’ for the 
dicobalt and dirhodium complexes, respectively, are 
replaced by two vibrations at 313 and 282 cm- ’ in 
the mixed-metal molecule, whereas ammine res- 
onances at 1350 cm-’ (dicobalt) and 1385 cm- ’ 
(dirhodium) are replaced by overlapping bands at 
1340 and 1390 cm- ’ in the mixed-metal species. 
These physical chara~te~~tions, in composite, 
define the existence of binuclear complexes syn- 
thesized from imidazolepentaammine and tri- 
fluoromethanesulfonatopentaammine precursors 
in combination. 

Further characterization comes from the kinetic 
behaviour of the binuclear complexes. The 
[(NH~)~Co(i~d)Rh(NH~)5]s+ molecule is stable in 
0.01 M OH-, with no change in optical spectrum 
observed after 3 h at 25”C, but in 12 M HCl it 
undergoes slow decomposition (kobs = 3.5 x 10v5 
s- ‘). The rate of electron transfer of this molecule 
when reacted with V02+ in 0.5 M base at 25°C 
(k = 0.020 M- ’ s- ‘) is markedly slower than that 
reported for [C~(NH,),(imid)]~+ under identical 
conditions (k = 1.3 M- ’ s- ‘),‘* and presumably 
results partly from electrostatic considerations in 
briging together the cationic reductant and the cat- 
ionic oxidants of different charge and size. 

The vol~mmet~ of the complexes is also indica- 
tive of the binuclear nature of the products. Metal- 
centred reduction potentials for complexes deter- 
mined polarographically are collected in Table 1. 
The [M(NH~)5(imidH~]3+ precursors exhibit a sin- 
gle irreversible reduction with E1,2 pH-dependent 
as a consequence of protonation/deprotonation of 
the imidazole ligand. ” The dimers display a com- 
plex pattern of two sequential one-electron irre- 
versible reductions. No reversible character is 
shown even at scan rates of 50 V s- ’ in cyclic 
voltammograms at a hanging mercury drop elec- 
trode. Reduction waves in the mixed cobalt-rho- 
dium molecule are well-separated, but sequential 
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Table 1. Reduction potentials determined by polar- 
ography in aqueous solution at ambient temperature of 

imidazolepentaammine complexes 

Complex 

[(NH,),Co(irnid)]‘+ 
[(NH3)5Co(imidH)]3+ 
[(NH,),Rh(imid)]‘+ 
[(NHj),Rh(imidH)13+ 
[(NH 3) ,Co(irnid)Co(NH 3) 51 5+ 

E l/Z 
[v (vs SW1 

-0.47 
-0.30 
-1.17 
- 1.10 
-0.12, -0.40 

[(NH 3) Ko(imid)Rh(NH 3) 4 5 + -0.11, - 1.20 
[(NH,),Rh(imid)Rh(NH,),IS+ - 1.02, - 1.20 

processes can even be distinguished in the d.c. 
polarograms of the dicobalt and dirhodium com- 
plexes. Further, a.c. polarography of the complexes 
clearly defines two sequential reduction steps in 
each case. It is notable that the first reduction, 
assigned to electron addition to one metal ion of 
the binuclear compound, occurs at a potential of up 
to 350 mV more positive than in the deprotonated 
imidazole monomer complex, and some 200 mV 
more positive than in the protonated monomer 
complex. Clearly, the reduction potential is shifted 
to a more positive value as the charge on the 
opposite side of the imidazole ring increases. While 
imidazole is apparently not a good mediator of 
electronic influences, ‘* these shifts may be related 
most simply to overall complex charge. The appear- 
ance of two waves in the dimers is probably a conse- 
quence of the known rapid dissociation of pen- 
taamminemetal(I1) complexes ; ’ ’ if reduction and 
the following dissociation in the first step are very 
fast, then the second reduction step in the double 
layer may approximate that of the deprotonated 
monomer. The observed potentials for the second 
process (Table 1) do approach those of definitive 
monomers closely, in support of this view. 

It is presumed that the synthetic approach 
developed here for formation of p-imidazolato 
complexes may have general applicability when 
linking inert metal ions is involved. We are pursuing 
other reactions employing trifluoromethanesul- 
fonato complexes as synthons with a view to 
forming other small polymeric metal complexes. 
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Abstract-Interaction of trans-VCl,(dmpe)z with sodium amalgam in tetrahydrofuran 
under CO gives trans-V(CO)z(dmpe)z. The latter is oxidized by Ag+ in acetonitrile to give 
[ci.r-V(CO)z(dmpe)2(CH3CN)]+, isolated as the tetraphenylborate. Interactions with acids 
(I-IX) gives neutral complexes of the type V(CO),(dmpe)zX (X = Cl, MeCO*, EtC02, 
CF3C02, PhPOzH or NH2S03); the chloride can be exchanged with N; or CN- in 
methanol. X-ray structural studies confirm the trans stereochemistry for V(CO),(dmpe), 
and the seven-coordination of V’ in both ~(CO)@q.+(CH3CN)][BPh4] and 
V(CO),(dmpe)z(O,CEt), which have a pseudo octahedral geometry with the two carbonyls 
occupying a “split” axial site. 5’V NMR and other spectra are reported. 

Phosphine-substituted carbonyls of vanadium’ 
have commonly been prepared from V(CO)6 or 
p(CO),]- but for dicarbonyls with bidentate chel- 
ating phosphines, only V(CO)z(dppe)z [dppe = 1,2- 
bis(diphenylphosphino)ethane] is known. The char- 
acterization of trans-VCl,(dmpe)z2 now allows the 
synthesis of trans-V(C0)2(dmpe), by the same 
method used for the preparation of cis- 

Cr(CO)2(dmpe)2.3 Some reactions of trans- 
V(CO)z(dmpe), are discussed. Analytical data for 
new compounds are given in Table 1, and IR and 
NMR data in Tables 2 and 3. 

RESULTS AND DISCUSSION 

Synthesis oftrans-V(CO)z(dmpe)2 

The interaction of trans-VC1z(dmpe)2 in tetra- 
hydrofuran with excess sodium amalgam under CO 

+ Author to whom correspondence should be addressed. 

(5 atm) gives an orange solution from which air- 
sensitive crystals of the dicarbonyl complex can be 
isolated. Although the IR spectrum in hexane shows 
only a single band at 1763 cm-’ as expected for a 
trans stereochemistry, the solid-state spectrum 
(Nujol mull) shows two bands, which are pre- 
sumably due to solid-state splitting. The trans struc- 
ture is confirmed by the X-ray crystal structure 
analysis. 

A diagram of the molecule is given in Fig. 1; 
selected bond lengths and angles are given in Table 
4. The V-C distances are ca 0.1 A longer than 
the Cr-C distances in ci.s-Cr(CO)z(dmpe)2 and the 
V-P bonds are also ca 0.18, longer than the two 
mutually tram Cr-P bonds in that complex,3 and 
the Cr-P bonds in the analogous Cr” complex, 
Cr(N&(dmpe),.3 However, the V-C distances are 
only 0.05 8, greater than the Cr-N distances, an 
indication of the greater x-acceptor capability of 
the carbonyl ligand. Interestingly, the volume per 
molecule of this vanadium compound is ca 20 A’ 
less than that of the dinitrogen complex. Although 
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Table 1. Analytical data for vanadium compounds 

Compound Colour 

Analysis” 
M.p. 
(“C) C H P Other M 

trans-V(CO),(dmpe), Orange-red 

[cis-V(CO),(dmpe),(MeCN)][BPh,] Orange-red 

247d 

170d 

41.1 
(41.3) 
62.4 

(62.6) 

(Z) 
(:::) 

28.4 
(30.4) 
16.2 

(16.2) 

m/z, 408 
54.2% M+ 

N, 1.9 

(1.8) 
0, 3.7 

(4.2) 
Cl, 8.1 m/z, 442 

(8.0) 0.1% M+ 
0, 7.5 

(7.2) 
0, 13.8 

(13.7) 
0, 12.9 

(13.3) 
0, 13.1 

(12.3) 
F, 11.5 

(11.0) 
N, 8.7 

(9.3) 
N, 3.3 m/z, 434 

(3.2) 6.8% M+ 
0, 7.4 

(7.4) 
0, 11.4 

(11.7) 
0, 16.0 

(15.9) 
N, 2.8 

(2.8) 

cis-V(CO),(dmpe),Cl Red 200d 37.8 
(38.0) 

7.3 

(7.2) 

27.7 
(27.7) 

24.2 
(26.6) 
25.2 

(25.8) 
22.8 

(23.8) 

cis-V(CO),(dmpe),(MeCO,) 

cis-V(CO)z(dmpe)2(EtC0,) 

cis-V(CO),(dmpe),(CF,CO,) 

Red 

Red 

Red 

130d 

135d 

140d 

41.3 
(41.2) 
42.6 

(42.5) 
36.3 

(36.9) 

(E) 
(:s) 
(E) 

cis-V(CO),(dmpe),CN 

Orange-red 

Yellow 

140d 

200d 

37.9 
(37.4) 
41.9 

(41.6) 

(:::) 
(:$) 28.5 

(28.6) 

cis-V(CO),(dmpe)@hPOzH) 

cis-V(CO),(dmpe),(NH,SO,) 

Red 

Red 

140d 

150d 
(2:) 
33.6 

(33.4) 

27.9 
(28.3) 
24.5 

(24.7) 

LI Found (required). 

the thermal ellipsoids for atoms of the dmpe ligands 
indicate considerable thermal motion or disorder in 
the vanadium compound, it would seem that the 
crystal packing in this monoclinic structure is better 
than that for the dinitrogen chromium structure 
which is triclinic. 

The difference between the trans dicarbonyl 
structure found here and cis-Cr(C0)2(dmpe)2 can 
be rationalized by MO calculations4 which suggest 
that for 18e species such as the chromium complex 
the cis isomer is more stable but for 17e complexes 
the trans isomer is thermodynamically preferred. 

The compound is a paramagnetic, low-spin d5- 
species (pcff = 1.5 BM*) from magnetic-sus- 

*Non-S1 unitsemployed: pg = ca9.27 x 10-24Am-2. Fig. 1. Structure of trans-V(CO),(dmpe),. 
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Table 2. IR“ spectra for vanadium compounds 
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Compound 
VW) Other bands 
(cm- ‘) (cm- ‘) 

[cis-V(CO),(dmpe),(MeCN)][BPh,] 

cis-V(CO),(dmpe),Cl 

cis-V(CO),(dmpe),(MeCO,) 

cis-V(CO),(dmpe),(EtCO,) 
cis-V(CO),(dmpe),(CF&02) 

cis-V(CO)z(dmpe)2N, 
cis-V(CO)z(dmpe)2CN 
cis-V(CO),(dmpe),(PhPO,H) 

cis-V(CO),(dmpe),(NH,SO,) 

182Os, 1760s 
1763’ 
1836s, 1779s 
1839s, 1776s’ 
18lls, 1748s 
1838s, 1777~~ 
1809s, 1741s 

1808s, 1750s 
1816s, 1752s 
1828s, 1767s“ 
18OOs, 1745s 
1815s, 1765s 
1808s, 1743s 

1816s, 1750s 

2250~ [v(CkN)] 

1624 MCW(avdl 
1323 WW(vWl 
1602 MC0 2Xasymll 
1696s [v(CO,)(asym)J 
1698~~ 
2060s [v(N=N)] 
207Om [v(C=N)] 
2268m [v(P-H)] 
1200s [v(P=O)] 
3370~ [v(NH,)(asym)] 

3260~ b(NH3(wdl 
1570~ [&NH,)] 
1182s [v(s----o)] 

“In Nujol mulls unless otherwise stated. 
b In hexane. 
‘In MeCN. 
d In toluene. 

ceptibility measurements by Evans’ NMR method. ’ 
The ESR spectrum (X-band) appears to be an over- 
lapping of three sets of eight lines ( 5 ‘V, I = 4, 100%) 
corresponding to the interaction of the single elec- 
tron spin with the nuclear spin of “V. 

By contrast with trans-CrCl,(dmpe),,3 reduction 

Table 3. “P and “V NMR data for cis-V(CO)z(dmpe)zX 
complexes 

B(“P) J(P-V) S(5’V) JW-P) 
X Cm@ W-9 (Ppm) V-W 

Cl 
CF,COI 
MeCO, 
EtC02 

N3 
CN 
PhHPO* 
NH2S03 

53.7 153 -1134 157 
54.0 153 - 1009 158 
52.9 161 - 1074 159 
56.7 158 - 1083 161 
53.6 153 -1161 161 
57.46 ca 117 - 1248’ cu 135 
53.9 157 -975 160 
52.6 164 - 906 161 

O In d6-benzene. 
“Broad signal due to increased quadrupolar relax- 

ation. 
‘Additional singlet at 17.2 ppm attributed to the P 

atom in the O*PHPh group. 

of truns-VCl,(dmpe)r under either dihydrogen or 
dinitrogen does not give isolatable complexes. 

Reactions oftrans-V(CO),(dmpe), 

Oxidation by Ag+ . Interaction of the complex in 
acetonitrile at - 30°C with AgS03CF3 leads to the 
formation of the cation [cis-V(CO)z(dmpe), 

WeCN)I+, which can be readily isolated as the 
orange tetraphenylborate salt, a 1 : 1 electrolyte in 
MeCN. The spectroscopic properties of the com- 
plex (Table 2) are in accordance with the structure 
determined by X-ray crystallography (see below). 

Attempts to isolate an ion [V(CO),(dmpe),]+ 
comparable to octahedral trans-[Cr(CO), 
(dmpe)df6 by other types of oxidation were un- 
successful. The coordination of acetonitrile to give 
the seven-coordinate cation gives an 18e complex 
which is obviously more stable than an unsolvated 
16e species. 

Oxidation by HX. truns-V(C0)2(dmpe)z reacts 
with HX (X = Cl, MeCO,, EtCOr, CF$Or, 
PhPOrH or NH,SO,) in diethylether, tetra- 
hydrofuran or toluene to give hydrogen and neutral 
non-conducting V’ complexes of form cis- 
V(CO)z(dmpe)zX. These can be recrystallized from 
hexane or diethylether as red needles. The spec- 
troscopic data are collected in Tables 2 and 3. 
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Table 4. Selected bond lengths (A) and angles (“) for V(CO)z(dmpe), 

P(l)-V(l) 
C(l)_V(l) 
C(l2)-P(1) 
C(13’)-P(1) 
C(22)-_P(2) 
C(l)-(Yl) 
C(23)-+13) 

P(2)-V(lFP(1) 
C(l)--V(l)--P(2) 
C(l2)-P(lbV(1) 
C(l3>-P(l)_V(l) 
C(13)--P(l)-C(12) 
C(lS’)-P(l)-C(ll) 
C(22>-P(2tiV( 1) 
C(23)-P(2)+1) 
C(23)-P(2)--~(22) 
C(23)-C( 13’)-P( 1) 
C(l3)-C(23>-P(2) 
C(l)-V(l)-P(1) 

2.377(4) 
1.891(11) 
1.808(15) 
1.954(20) 
1.809(13) 
1.184(10) 
1.424(28) 

78.6(2) 
90.7(4) 

121.5(6) 
111.7(8) 
85.4(12) 
89.0(9) 

119.6(5) 
112.0(5) 
100.6(8) 
111.2(13) 
109.7(12) 
89.4(4) 

P(2)-V(1) 
C(ll)_P(l) 
C(l3)-P(1) 
C(21)-P(2) 
C(23k-P(2) 
C(13’)-C(13) 
C(23)-C( 13’) 

C(1 ltP(l)_V(l) 
C(lZ)-P(l~(I1) 
C(l3)-P(l+C(ll) 
C(13’)-P(l)--V(1) 
C(13’~P(l)--C(12) 
C(2l)_P(2)_V(l) 
C(22)_P(2)--c(2 1) 
C(23)-_P(2)--~(2 1) 
O(l)-C(l)-_V(l) 
C(23)-C(l3bP(l) 
C( 13’~C(23)-P(2) 

2.378(5) 
1.787(15) 
1.776(23) 
1.833(14) 
1.883(14) 
1.018(27) 
1.256(20) 

122.0(6) 
98.7(8) 

111.5(10) 
110.2(6) 
110.6(11) 
121.8(6) 
102.2(7) 
96.5(8) 

179.5(8) 
113.2(15) 
116.8(13) 

The structure of the molecule w(CO)z(dmpe)z 
(O,CEt)] and the cation [V(CO),(dmpe),(NCMe)]+ 
are essentially analogous, and may be described 
as “pseudo octahedral”, with “equatorial” bis 
-dmpe groups and one axial site occupied by the 
acetonitrile or unidentate propionate ligands and 
the other being “split” and accommodating the 
two carbonyls. Diagrams of the two structures are 
given in Figs 2 and 3; selected bond lengths and 
angles are in Tables 5 and 6. The near equality of 
the C-V-N and C-V-O angles between the 
“axial” sites preclude the possibility of using a 

capped octahedral description. One particular 
feature of this bonding of the two carbonyls is 
the very narrow C-V-C angle in both struc- 
tures (ca 68”) and the resulting very close non- 
bonded approach of the two carbon atoms (cu 2.1 A). 

The V-C and V-P distances are very similar in 
both complexes. The former are ca 0.05 8, smaller 
than in the tram V” dicarbonyl described above, 
but the V-P distances are cu 0.1 8, greater. This 
difference again probably reflects the greater R- 
acceptor activity of the carbonyls, especially in a 
non-truns arrangement and bonded to an 18e metal 

Fig. 2. Structure of V(CO),(dmpe)2(0,CEt). Fig. 3. Structure of the cation ~(CO),(drnl.&(YICMe)]+. 
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Table 5. Selected bond lengths (A) and angles (“) for V(CO),(C,H,COO)(dmpe), 
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WFW) 2.507(6) 

P(3)-V(1) 2.481(5) 

0(4)-V(l) 2.141(9) 

C(2)-V(1) 1.854(13) 

C(l2>-P(1) 1.850(13) 

C(21)-P(2) 1.874(14) 

C(23)-P(2) 1.820(17) 

C(32)-P(3) 1.829(14) 

C(41)-P(4) 1.830(18) 

C(43)_P(4) 1.749(21) 

C(2)-O(2) 1.189(14) 

C(3W(4) 1.191(14) 

C(%-C(4) 1.451(21) 

C(43)-C(33) 1.429(24) 

P(2)_V(lFP(l) 
~(3w(l~P(2) 
P(4w(l )-P(2) 
O(4)--V(l)_P(l) 
0(4)_V( 1 )-P(3) 
C(l)-V(l)_P(l) 
C(l)-_V(l)_P(3) 
C(l)-Vuk---ot4) 
C(2)--V( 1)-P(2) 
C(2w( 1 )-P(4) 
C(2)-V(l)--c(l) 
CU2)_P(l)_V(l) 
C(l3)-P(l*V(l) 
C(l3~Pu)--c(l2) 
C(22)--P(2)_V( 1) 
C(23)-P(2w(l) 
C(23)-P(2)--~(22) 
C(32)_P(3FV(l) 
C(33)_P(3FV(l) 
C(33)-P(3F(32) 
C(42>-P(4)--V(1) 
C(43)_P(4FVU) 
C(43)-P(4)--c(42) 
0(1)-w)---V(1) 
0(4)-C(3)--0(3) 
C(4)-C(3>--0(4) 
C(23)--c(l3)_P(l) 
C(43)-C(33)--P(3) 

74.3(2) 
163.0(l) 
102.0(2) 
81.1(3) 
76.4(3) 
78.4(4) 
76.3(5) 

140.6(4) 
76.4(6) 
76.5(4) 
67.9(7) 

121.2(5) 
115.1(6) 
97.8(8) 

121.4(6) 
110.7(5) 
103.7(9) 
117.8(5) 
112.5(6) 
101.5(8) 
119.8(7) 
113.8(8) 
98.6( 14) 

175.9(12) 
120.5(13) 
120.3(14) 
109.9( 11) 
111.2(12) 

pt2F-v(l) 
P(4)-V(l) 
C(l)-V(1) 
C(ll)_P(l) 
C(l3)-P(1) 
C(22>-P(2) 
C(3 1)-P(3) 
C(33)-P(3) 
C(42)---P(4) 
C(lW(l) 
C(3k--w3) 
C(4)-C(3) 
C(23)--c(l3) 

P(3)-V(l)-P(l) 
P(4)-V(lFP(1) 
P(4)-V( 1 )-P(3) 
0(4)-V( 1 )-P(2) 
0(4)-V( 1 )-P(4) 
C(l)-V(l)_P(2) 
C(l)-V(l)--P(4) 
C(2)-V(l)_P(l) 
C(2w(l>-P(3) 
C(2)-V( 1 w(4) 
C(ll)_P(l)-V(1) 
C(l2)-P(l)-C(ll) 
C(l3)-P(l>--c(ll) 
C(21)-P(2FVU) 
C(22)_P(2)--c(2 1) 
C(23)-P(2)-~(21) 
C(31)-P(3FV(l) 
C(32)-P(3)--c(3 1) 
C(33)-P(3)--c(3 1) 
C(41>-P(4)-V(1) 
C(42)-P(4F(41) 
C(43>-P(4)-C(41) 
C(3W(4FVU) 
0(2)-C(2)_V( 1) 
C(4FC(3W(3) 
C(5FC(4)-C(3) 
C(l3)-C(23>-P(2) 
C(33)-C(43)_P(4) 

2.479(5) 
2.478(5) 
1.858(14) 
1.852(14) 
1.828(15) 
1.860(15) 
1.866(15) 
1.888(14) 
1.790(18) 
1.201(14) 
1.245(16) 
1.518(20) 
1.503(20) 

103.8(2) 
165.6(l) 
75.6(2) 
86.7(3) 
84.8(3) 

118.9(5) 
114.9(4) 
115.2(5) 
118.5(6) 
151.3(4) 
116.3(5) 
101.4(7) 
101.6(8) 
114.1(7) 
103.5(8) 
101.0(8) 
121.1(6) 
99.8(8) 

101.1(8) 
119.0(7) 
104.4( 12) 
97.4( 14) 

147.7(8) 
174.8(13) 
119.1(14) 
121.7(15) 
109.7(12) 
121.0(14) 

centre. The V-N and V-O distances are very 
similar at 2.15 A. 

Azido and cyano complexes can be made from 
cis-V(C0)2(dmpe),C1 by interaction of NaN, or 
KCN in methanol. The azido compound is also 
formed when trans-V(CO)z(dmpe), is treated with 
Me3SiN3 in hexane. 

The IR spectra of the complexes are as 
expected-all showing two strong CO stretching 
frequencies for the cis carbonyls and appropriate 
bands for the other ligands (Table 2). The car- 

boxylates show the asymmetric and symmetric 
v(COJ stretches and the Av value (301 cm- ‘) for the 
acetate indicates q’-binding.7 The 3 ‘P-{ ‘H} NMR 
spectra all show an octet resulting from the coupling 
of the equivalent phosphorus atoms to the “V 
nucleus (Table 3). 

The “V NMR spectra (Table 3) of the 
V(CO)&impe)zX complexes all show a quintet due 
to the splitting of the “V resonance by the four equi- 
valent P atoms. The resonances lie between -906 
and - 1248 ppm in the region expected for Vi 
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Table 6. Selected bond lengths (A) and angles (“) for [V(CO),(NCMe)(dmpe)JB(Ph), 

WI-VU) 
P(3jV(l) 
N(ljV(1) 
C(4jV(l) 
C(l2jP(l) 
C(2ljP(2) 
C(23jP(2) 
C(32jP(3) 
C(4ljP(4) 
C(43jP(4) 
C(3)--0(1) 
C(2jC(l) 
C(43)--c(33) 

P(2jV(ljP(l) 
P(3jV(ljP(2) 
P(4jV(ljP(2) 
N(ljV(ljP(1) 
N(ljV(ljP(3) 
C(3jV(ljP(l) 
C(3jV(ljP(3) 
C(3jV(ljN(l) 
~(4jV(ljP(2) 
C(4jV( 1 jP(4) 
C(4jV(ljC(3) 
C(l2jP(ljV(l) 
C(l3jP(ljV(l) 
~(13jP(ljc(l2) 
C(22jP(2jV( 1) 
~(23jP(2jV(l) 
C(23jP(2)--~(22) 
C(32jP(3jV(l) 
C(33jP(3jV(l) 
C(33 jP(3)-C(32) 
C(42jP(4jV( 1) 
C(43jP(4jV(l) 
C(43jP(4)--c(42) 
C(2w(ljN(l) 
0(2jC(4jV( 1) 
C(l3)--c(23jP(2) 
C(33jC(43jP(4) 

2.479(5) 
2.477(6) 
2.166(10) 
1.831(15) 
1.801(16) 
1.876(16) 
1.771(16) 
1.809(15) 
1.865(15) 
1.849(14) 
1.172(13) 
1.477(17) 
1.518(19) 

75.1(2) 
164.6( 1) 
106.5(2) 
84.1(3) 
82.0(3) 
78.0(5) 
75.8(5) 

148.9(6) 
74.1(5) 
75.7(5) 
68.7(8) 

119.7(6) 
112.6(7) 
101.0(12) 
116.5(5) 
113.0(6) 
103.9(8) 
119.2(6) 
112.0(6) 
103.0(10) 
120.6(6) 
111.5(6) 
99.8(9) 

177.6(12) 
176.6(12) 
109.2(12) 
108.3(10) 

W-W) 
P(4jV(l) 
C(3jV(l) 
C(1 ljP(1) 
C(l3jP(l) 
C(22jP(2) 
C(3 ljP(3) 
C(33jP(3) 
C(42jP(4) 
C(ljN(1) 
c(4j-o(2) 
C(23jC( 13) 

P(3jV(ljP(l) 
P(4jV(ljP(l) 
P(4jV( 1 jP(3) 
N(ljV(ljP(2) 
N(ljV(ljP(4) 
~(3jV(ljP(2) 
C(3jV(ljP(4) 
C(4jV(ljP(l) 
C(4jV(ljP(3) 
C(4jV(ljN(l) 
C(1 ljP(ljV(1) 
C(l2jP(l~(ll) 
C(l3jP(l~(ll) 
C(2ljP(2jV(l) 
C(22jP(2)--c(2 1) 
C(23jP(2jc(2 1) 
C(3ljP(3jV(l) 
C(32jP(3)--c(31) 
C(33jP(3jc(3 1) 
C(4ljP(4jV(l) 
C(42 jP(4 jC(41) 
C(43 jP(4 jC(41) 
C(ljN(ljV(1) 
0(1~(3jV(l) 
C(23 jC(13 j-P(l) 
c(43jc(33jP(3) 

2.475(5) 
2.459(6) 
1.851(15) 
1.793(17) 
1.775(19) 
1.826(14) 
1.858(16) 
1.756(17) 
1.857(15) 
1.123(12) 
1.196(14) 
1.478(21) 

98.6(2) 
166.3(l) 
76.3(2) 
83.4(3) 
82.5(3) 

115.7(5) 
112.4(5) 
117.3(5) 
120.9(5) 
142.4(6) 
119.7(7) 
101.9(12) 
98.4( 12) 

122.5(6) 
97.1(9) 

100.9(9) 
121.9(6) 
97.1(9) 

100.4(9) 
115.9(6) 
101.6(8) 
105.2(7) 
176.3(9) 
175.6(15) 
117.4(12) 
108.3(12) 

compounds ( - 870 to - 1540 ppm). * The observed 
resonances lie towards the high-frequency end of 
this range because of the electron-donating ability 
of the methyl groups on the dmpe ligands. There is 
indeed a tendency for an increase in 5 ‘V deshielding 
as the bulk of the phosphine increases and the elec- 
tronegativities of the substituent groups on phos- 
phorus decrease. ’ The small ‘J(V-P) values (cu 160 
Hz) are also in accord with those for vanadium 
alkyl-phosphine complexes. lo Finally the 5’V 
shielding increases in the order X = CN > N3 > 
Cl > EtCO* > MeCOz > CF3C02 > PhPOrH 
> NH2S03; this agrees with Rehder’s mag- 
netochemical series of ligands. ’ ’ 

Protonation to hydrido species. Interaction of 
trans-V(C0)2(dmpe)z with 1 equivalent of 
tetrafluoroboric acid in methanol at - 78°C gives a 
red solution ; on warming to room temperature, 
an orange solution is obtained from which orange 
crystals can be isolated. Analytical and spec- 
troscopic data for the BF; and PhC(SO&F& 
salts given in Table 7 indicate that the cation has 
[HV(CO)z(dmpe)]+ stoichiometry. The con- 
ductivity corresponds to that of a 1: 1 electrolyte. 

The mull IR spectrum shows two strong bands 
at 1865 and 1827 cm- ’ attributable to cis carbonyls. 
A relatively weak, sharp band is also observed at 
1952 cm- ’ which is assigned to v(V-H). However 
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Table 7. Analytical and spectroscopic data for salts of the [v,H,(CO),dmpe,]*+ ion 
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BF; PhC(S02CF,); 

Analysis c, 34.4 H, 6.4 P, 33.7 C, 36.0 H, 4.6 P, 14.7 
(34.2) (7.0) (23.5) (36.2) (5.0) (16.2) 

0, 9.0 F, 14.6” F, 15.2 

(9.1) (14.4) (14.9) 

IR* (cm- ‘) v(Ck0) 1865, 1827 v(W) 1860,1828 
v(Ck0) 1875, 1850 v(C=O) 1875, 1850 
v(M-H) 1952 v(M-H) 1949 
v(M-H) 1960, 1942 v(M-H) 1960, 1945 

3’pd 55.8br 

5lvd -1311br 

19Fd -152s 

‘Hd 1.63s [3H], 2.06t’ [lH] 

R For methanol solvate (1 : 1). 
*In Nujol mulls. 
‘In CH,CI,. 
din CD2C12 at 298 K, 6 values in ppm. 
‘Virtually coupled triplet. 

in CH2C12 solution two bands are observed in the 
terminal hydride stretching region at 1960 and 1942 
cm- ‘, although the number of v(C0) bands does 
not change. The presence of V-H bands is con- 
firmed by essentially quantitative formation (GLC) 
of CHCls on refluxing the compound with Ccl,. 

However, magnetic-susceptibility and ESR 
measurements show that the cation is diamagnetic, 
thus eliminating the possibility that the ion is anal- 
ogous to [MH(CO),(dmpe),]+ (M = Cr,6 MO or 
W”). The 31P-{‘H} and “V-{‘H} NMR spectra 
in CD&l2 do not provide any useful structural 
information, showing only broad resonances at 
+ 55.8 ppm and - 1311 ppm, respectively. This 
broadening of the resonances can be ascribed to 
quadrupolar relaxation caused by the presence of 
the vanadium nucleus, and thus cooling the NMR 
sample merely broadens the signals. This quad- 
rupolar relaxation probably also accounts for the 
fact that no resonance for the hydride proton can 
be seen in the ‘H NMR. 

The diamagnetism of the cation suggests that 
dimerization of a paramagnetic VVH(CO),- 
(dmpe): species has occurred, presumably with 
the formation of a V-V bond. The IR spectra 
shows that there are no bridging CO or hydrido 
groups ; since there are two V-H stretches in sol- 
ution spectra, this could indicate isomers or some 
lack of symmetry in solution. 

Despite repeated attempts to obtain X-ray qual- 
ity crystals with different anions, none were 

2+ _ 

p P = dmpe 

obtained ; the crystals form as thin mica-like plate- 
lets. In the absence of structural data we can only 
speculate on the structure on the basis of the above 
data and a reasonable possibility is I shown as the 
“truns” isomer where there is a supported metal- 
metal bond. V-V bonds have been discussed ; I3 
there is a precedent for bridging dmpe in the com- 
pound Rh2(CH2SiMeS)2dmpe3’4 which has a 
single dmpe bridge. 

EXPERIMENTAL 

Microanalyses were performed by Pascher 
(Bonn) and Imperial College Laboratories. 

Instruments 

IR: Perkin-Elmer 683, spectra in Nujol mulls 
unless otherwise stated. NMR : JEOL FX9OQ and 
Bruker WM 250 ; 6 values in ppm relative to Me,Si 
(‘I-I), 85% H3P04 external (3’P) and VOC13 exter- 
nal (‘IV). ESR: Varian E-12 (X-band). Mass: VG 
Micromass 7070 and MS9. Conductivities: Data 
ScientiticPTl-18,datainQ-‘cm*mol-’.Magnetic 
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susceptibilities in solution were determined using 
a modification of Evans’ method. Melting points 
(uncorrected) were determined in sealed capillaries. 
All manipulations were carried out under argon or 
nitrogen, and all solvents were dried, distilled and 
degassed before use. 

trans-Dicarbonyl bis-[ 1,2-bis(dimethyiphosphino) 
ethane] vanadium(O) 

A pressure bottle containing sodium amalgam (5 
equivalents of Na per V) and trans-VCl,(dmpe)2 
(0.5 g, 1.23 mmol), in tetrahydrofuran (70 cm’) at 
-78”C, was pressurized with CO to 5 atm. The 
mixture was vigorously stirred and allowed to warm 
to room temperature. The initial purple solution 
became red and finally orange. The solution was 
filtered, evaporated and the residue extracted with 
hexane (40 cm’). Filtration, concentration to ca 10 
cm3 and cooling to -20°C gave small orange-red 
prisms which were collected, and dried in vacua. 
Yield 0.25 g (50%). 

ESR (toluene, 97 K) : gx = 2.1563, gy = 2.0523, 
gZ = 1.8379. Magnetic susceptibility (CH2C12, 
25°C) : /A,# = 1.53 BM. 

cis-Dicarbonyl bis-[1,2-bis(dimethylphosphino)ethane] 
acetonitrile vanadium(I) tetraphenylborate 

To trans-V(C0)2(dmpe)2 (0.4 g, 0.98 mmol), in 
acetonitrile (30 cm’) at -30°C was added 
AgS03CF3 (1 equivalent, 0.98 mmol) in the dark. 
After ca 15 min. the resultant red-brown solution 
was filtered and the solvent removed in vacua. 
Addition of a methanolic solution of NaBPh, gave 
an orange precipitate which was collected, washed 
with methanol (2 x 10 cm3) and dried. Subsequent 
extraction into acetonitrile (30 cm3) gave an orange- 
brown solution, which was stirred with a small 
amount of mercury to collect the finely-divided silver 
suspended in solution. After several minutes the 
orange solution was filtered, concentrated and 
cooled to - 20°C yielding orange-red prisms. Yield 
0.5 g (50%). 

NMR [‘H (CD$lJ] : 7.3s, 7.0s, 6.9s (phenyl) ; 
1.95 (CH,). 1.5 (CH,). Conductivity (MeCN, 
25°C) : AM = 61 R- ’ cm* mol- ‘. 

cis-Dicarbonylchloro btk-[ 1,2-bis(dimethy&hosphino) 
ethane] vanadium(I) 

To trans-V(CO)z(dmpe)2 (0.3 g, 0.74 mmol), in 
diethylether (40 cm3) at 78°C was added HCl(1.47 
mmol, 0.9 M in EtzO). After stirring for ca 1 h at 
room temperature, the red solution was evaporated 
and the residue extracted into diethylether. 

Filtration, concentration and cooling to -20°C 
gave red needles which were collected and dried in 
vacua. Yield 0.2 g (60%). 

NMR [‘H (C,D,)] : 1.32s (dmpe). 

cis-DicarbonyltriJloroacetato bis+,2-bis(dimethyl- 
phosphino)ethane] vanadium(I) 

To trans-V(C0)2(dmpe)2 (0.26 g, 0.64 mmol), in 
tetrahydrofuran (50 cm’) at -78°C was added 
CF3C02H (1.28 mmol, 1.5 M in Et,O). The mixture 
was stirred and allowed to warm to room tem- 
perature. Removal of the solvent and extraction of 
the residue into hexane (50 cm’) gave a red solution. 
Filtration, concentration and cooling to -20°C 
yielded small red crystals. Yield 0.17 g (50%). 

NMR [‘H (C,D,)] : 1.26s (dmpe). 

cis-Dicarbonylacetato bis-[1,2-bis(dimethyIphos- 
phino)ethane] vanadium(I) 

To trans-V(CO),(dmpe)2 (0.34 g, 0.84 mmol), in 
tetrahydrofuran (50 cm’) at -78°C was added 
CH3C02H (3.95 mmol, 2.6 M in Et20). After stir- 
ring for 24 h at room temperature, the solvent was 
removed in vacua, and the residue extracted and 
crystallized from diethylether, yielding red crystals. 
Yield 0.2 g (50%). 

NMR [‘H (C,D,)] : 1.69s (CH,), 1.32s (dmpe). 

cis-Dicarbonylpropionato bis-[ 1 ,Zbis(dimethylphos- 
phino)ethane] vanadium(I) 

To trans-V(C0)2(dmpe)z (0.48 g, 1.18 mmol), in 
diethylether (50 cm3) at -78”C, was added 
EtCO,H (2.5 mmol, 1.8 M in Et,O). After stirring 
for 24 h at room temperature, the solvent was 
removed in vacua, and the residue extracted and 
crystallized from hexane, yielding red needles. Yield 
0.28 g (50%). 

NMR [‘H (C,D,)]: 1.88q (CH,), 1.13s (dmpe), 
1.08t (CH,). 

cis-Dicarbonylcyano bis-[ 1,2-bis(dimethylphosphino) 
ethane] vanadium(I) 

(i) To trans-V(C0)2(dmpe)2 (0.47 g, 1.15 mmol), 
in hexane (50 cm’) at -78°C was added Me3SiN3 
(3 mmol, 0.5 M in hexane). After stirring at room 
temperature for 24 h, the resulting yellow pre- 
cipitate was collected, washed with hexane (2 x 10 
cm3), filtered and dried. Subsequent extraction into 
diethylether (50 cm3), filtration and cooling to 
-20°C gave orange needles which were collected 
and dried in vacua. Yield 0.2 g (40%). 

(ii) A methanolic solution of NaN, (0.1 g, 1.54 
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mmol) was added to cis-V(CO)Z(dmpe),C1 (0.3 1 g, 
0.7 mmol) in methanol (30 cm’) at -78°C. After 
stirring for 24 h at room temperature, the solvent 
was removed and the residue extracted into diethyl- 
ether (50 cm’). Crystallization as above gave 
orange needles. Yield 0.25 g (80%). 

NMR [‘H (C,D3] : 1.25s (dmpe). 

cis-Dicarbonylcyano his-[1,2-bi.s(dimethyfphosphino) 
ethane] vanadium(I) 

A methanolic solution of KCN (0.084 g, 1.29 
mmol) was added to cis-V(CO)z(dmpe),C1 (0.15 g, 
1.15 mmol) in methanol (50 cm3) at -78°C. After 
stirring at room temperature for 24 h, the solvent 
was removed and the residue extracted into ace- 
tonitrile (60 cm3). Subsequent filtration, con- 
centration and cooling to -20°C gave yellow 
needles. Yield 0.37 g (75%). 

NMR [‘H (&De)] : 1.28s (dmpe). 

cis-Dicarbonylphenylphosphinato his-[ 1,2-bis(di- 
methylphosphino)ethane] vanadium(I) 

To trans-V(CO),(dmpe)z (0.16 g, 0.39 mmol), in 
toluene (40 cm3) at -78°C was added PhP02H2 
(56.6 mg, 0.4 mmol). After stirring for 24 h at room 
temperature, the solvent was removed in vacua and 
the residue extracted and recrystallked from diethyl- 
ether, yielding red crystals. Yield 0.13 g (65%). 

NMR [‘H (C,D,)] : 1.34s (dmpe). 

cis-Dicarbonylsulphamato his-[1,2-bisfdimethylphos- 
phino)ethane] vanadium(I) 

To trans-V(C0)2(dmpe), (0.39 g, 0.96 mmol), in 
thf (60 cm3) at room temperature, was added 
NHzS03H (97.4 mg, 1 mmol). After stirring for 
24 h, the solvent was evaporated and the residue 
extracted into toluene (40 cm3). Concentration and 
cooling to - 20°C of the solution gave red needles. 
Yield 0.35 g (70%). 

Table 8. Crystallographic data 

(a) Crystal data 

Formula 

M, 
Crystal system 

a (A) 
b (A) 
c (A) 
a(o) 
B(“) 
Y (“) 
u (A’) 
Space group 
D, (g cm- ‘) 

&o) 
AMo-KJ (cm ‘) 

(b) Data collection 

B (min, max) (“) 
Total data measured 
Total data unique 
Total data observed 
Significant test 

(c) Refinement 

No. of parameters 
Weighting scheme 

parameters g” 
Final Rb 
Final R,’ 

C14H32W’.,V 

407.242 
Monoclinic 
8.936( 1) 
12.540(2) 
10.039(3) 
90 
95.87(2) 
90 
1119.05(40) 

P2,ln 
1.21 

z30 
7.12 

1.5, 25 1.5, 25 1.5, 23 
2269 2627 6594 
1967 2490 5860 
926 1675 2508 
f’, > 4W0) F, ’ 3@0) F. > 3@‘0) 

155 239 414 

0.0005 0.0005 0.0005 
0.0690 0.0571 0.0738 
0.0807 0.0656 0.0765 

G7H3704P4V 

480.313 
Orthorhombic 
17.867(3) 
8.787(l) 
15.772(2) 
90 
90 
90 
2476.16(59) 

p212121 
1.29 
4 
1016 
6.59 

GJ-LBNW’~V 
767.527 
Monoclinic 
18.444(7) 
15.325(2) 
15.011(2) 
90 
94.89(2) 
90 
4227.48( 1.79) 

P2k 
1.21 
4 
1624 
4.70 

a W = l/[d(F,) +gF:]. 

'R = C IAF@ IF& 
‘R, = [Z w(AF)‘@ wlr;b21]“‘. 
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NMR [‘H (C,D,)]: 1.22m, 0.88m (dmpe); 4.29s 

(NH,). 

Salts ofthe cation [HV(CO)z(dmpe)&+ 

(a) To trans-V(CO)z(dmpe), (0.24 g, 0.59 mmol), 
in methanol (40 cm3) at -78°C was added 
tetrafluoroboric acid (0.67 M in Et,O, 0.6 mmol). 
After allowing the red solution to warm with stir- 
ring at room temperature for 24 h the final orange 
solutions was filtered, concentrated and cooled to 
-2O”C, yielding orange crystals of the tetraIluo- 
roborate as methanol solvate. Yield 0.25 g (42%), 
m.p. 135”C(d). Conductivity (MeOH, 25°C) : 
AM = 90 a- ’ cm2 mall ‘. 

(b) To trans-V(C0)2(dmpe), (0.22 g, 0.54 mmol), 
in toluene (40 cm’) at room temperature, was added 
a toluene solution of HCPh(S02CF3)2 (0.19 g, 0.54 
mmol) giving an orange precipitate. The reaction 
mixture was stirred for about 2 h and the solid 
collected, washed with toluene (2 x 20 cm3), and 
dried in vacua. Yield 0.6 g (79%). AM = 79 R- ’ cm* 
mol- ‘. 

(c) The tetrafluoroborate can be converted to the 
tetraphenylborate by the addition of NaBPh, in 
methanol. However, attempts to recrystallize this 
salt from acetonitrile lead to the isolation of 

Iv(co),(dmpe),(MeCN)I[BPh41. 
It has also been noted that on standing in di- 

chloromethane the hydrido species slowly gives 
V(CO),(dmpe),Cl as shown by IR. 

Crystallography 

Crystals were sealed under argon in thin-walled- 
glass capillaries. All crystallographic measure- 
ments were made using a CAD4 diffractometer, 
operating in the w-28 scan mode with graphite- 
monochromated MO-K, radiation (A = 0.71069 A) 
in a manner described previously. ’ 5 Details are 
given in Table 8. The structures were solved using 
routine heavy-atom methods and refined by full- 
matrix least squares, non-hydrogen atoms aniso- 
tropically, hydrogens isotropically. One of the 
bridging methylenes in the unique dmpe ligands of 

V(CO),(dmpe), is disordered over two sites which 
refine to have 47153 occupancies. Details of the 
crystal data, intensity measurement and refinement 
are given in Table 8. 

Sources of scattering factor data and computer 
programs used are given in Ref. 15 ; all calculations 
were made on a DEC VAX 1 l/750 computer. 
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KINETIC STUDY OF THE REACTION OF meso-TETRAKIS(p- 
TRIMETHYLAMMONIUMPHENYLPORPHINATO)DIAQUOCHRO- 

MATE(II1) WITH THIOCYANATE IONS 
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South Africa 
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Abstract-The reaction of meso-tetrakis(p-trimethylammoniumphenylporphinato)- 
diaquochromate(III), [CrTAPP(H 20) 2] ’ + , with NCS-, has been studied at 15, 25 and 
35°C in 0.1 M H+ with p = 1.00 M (NaNO,). The reaction is first-order in anion concen- 
tration up to 0.9 M. The value of the second-order rate constant at 25°C is 4.2 x 10e3 
M-’ s-l with AH* and AS* having values of 16.2 kcal mol-’ and - 15.3 cal (deg mol))‘, 
respectively. The porphine ligand greatly labilizes the chromium(II1) toward substitution. 

* High-pressure kinetic data (Al’,,, = 9.2 cm3 mol- ‘) indicate that the reaction proceeds via 
an &mechanism. 

It is well-known that the porphine ligand labilizes 
the axial positions in complexes of cobalt(III), rho- 
dium(II1) and chromium(II1). I-7 The extent of labil- 
ization is dependent upon the other metal complex 
to which it is being compared. If the reactivity of the 
porphine complex is compared with the reactivity 
of the pentaammineaquo complexes, it is found 
that the labilization is about 109, lo3 and lo2 
for the TPPS [TPPS = tieso-tetra@sulphonato- 
phenyl)porphine] complexes of cobalt(III), 3*8 rho- 
dium(III)4*8 and chromium(III),5~8 respectively. 

The extent of labilization depends not only on 
the particular central metal ion, but also on 
the particular porphine. The anation reactions 
of [CoTPPS(H20)J3- are, for example, about 
100 times faster than those of [CoTMPP 
(H20)d5+ PMPP = meso-tetra(4-N-methylpyridyl) 
porphine], ‘3 3 while the anation reactions of [CrTPPS 
(H20)2]3- are only about 6 times faster than those 
of [CrTMPP(H20)2]5+.5*6 

It has been suggested that the anation reactions 
of [CrTPPS(H20)d3- and [CrTMPP(H20),]” 
proceed via an &mechanism. 5*6 Strong support for 
this view was recently obtained from a high-pres- 
sure kinetic study of the reaction between 
[CrTPPS(H20)J3- and NCS-.9 

*Author to whom correspondence should be addressed. 

In an effort to gain more insight into the mech- 
anism of the substitution reactions of chro- 
mium(II1) porphines, we have decided to extend 
this work to the anation reactions of another 
water-soluble porphine, the [meso-tetrakis(N-tri- 
methylammoniumphenyl)porphine (TAPP)] com- 
plex of chromium(II1). 

EXPERIMENTAL AND RESULTS 

The iodide salt of TAPP was synthesized as 
described by Krishnamurthy. lo The chromium 
complex of this porphine was synthesized in the 
same way as [CrTPPS(H20)& : 100 mg of the 
iodide salt of TAPP was dissolved in 100 cm3 dime- 
thylformamide. While the solution was refluxed and 
purged with nitrogen gas, about 200 mg of chro- 
mium hexacarbonyl (an excess) was added in small 
portions over a period of about 2 h, until all the 
free porphine were converted into the chromium 
complex as indicated by the visible spectrum. The 
solution was allowed to cool to room temperature 
and 500 cm3 of diethylether was added to pre- 
cipitate the chromium(II1) complex. The precipitate 

{[CrTAPP(H2%l15) was washed with ether and 
allowed to dry in the atmosphere at room tem- 
perature. 

The wavelength of the Soret band for this com- 
plex in an acidic medium is at 444 nm with a molar 

1361 



1362 J. G. LEIPOLDT 

absorptivity of 1.59 x lo4 M- ’ cm-‘, and in an 
alkaline medium at 445 nm with a molar absorp- 
tivity of 1.053 x IO4 M-’ cm-‘. 

The acid dissociation constants were determined 
by means of a pH titration. Taking into account the 
mass balance, Beer’s law, and the definition of &, 
and K2, we can write the following equation : 

A = &~~+4dH+l 
K?+[H+l ’ 

(1) 

where A is the absorbance at a particular pH, Ab 
the absorbance of the deprotonated form, A, the 
absorbance of the protonated form, and K, is either 
K,, or Ka2 in Scheme 1. K,, was obtained by fitting 
the absorbance vs [H+] data, by using a nonlinear 
least-squares program, ’ ’ to eqn (1). The value of 
&, was determined as 4.68 ( + 0.76) x lo- * M at 
25°C and p = 1.00 M (NaNO& This value is a 
good agreement with the corresponding value for 
[CrTPPS(H20)2]3-,5 and significantly lower than 
K,, for [CrTMPP(H,0),]5+.6 We were unable to 
determine the value of K,, due to the small change 
in the absorbance with pH in the pH region of the 
expected value for K,,. 

It was not possible to determine the equilibrium 
constant for the reaction of this complex with 
NCS- due to the formation of a precipitate 
during the reaction. One would expect a value 
of about 2 M-l for K, (Scheme 1) as was the 
case for the complexes [CrTPPS(H20),13- and 
[CrTMPP(HzO),35’.5,” 

The anation reactions of [CrTAPP(H,O),]‘+ by 
NCS- were studied at 15, 25 and 35°C in 0.1 M 
HN03 and p = 1 .OO M (NaNO,). It was established 
that the reaction rates are [H+]-independent 
at [H+] > 10e3 M. This clearly indicates that 
[CrTAPP(H,O),]‘+ is the only reactive species 
under the experimental conditions. 

The rate law for the anation reactions at low pH 
values is 

d[CrTAPP(H,O):+] - 
dt 

= (k,[NCS-] +k_ ,)[CrTAPP(H,O):+]. (2) 

and H. MEYER 

[NCS-1 (M) 

Fig. 1. Plot of kobs vs [NC%] at [H+] = 0.1 M (p = 1 .O M). 

All kinetic studies were performed under pseudo- 
first-order conditions with : 

kobs = kIINCS-] + k- ,. (3) 

Figure 1 is a plot of kobs vs [NCS-1. The values of 
kl are reported in Table 1. The values of k ,, and 
particularly those of k_ ,, were not as accurate as 
one would like as a result of the formation of a 
precipitate near the completion of the reaction. The 
activation parameters (AH* and AS*) were cal- 
culated by means of a nonlinear least-squares fit” 
of the values of kl vs temperature to the Eyring- 
Polanyi equation. These values are given in Table 
1. 

The high-pressure kinetic data were obtained in 
a thermostated ( t 0.1 “C) high-pressure cell’ * 
coupled to a Zeiss PMQ II spectrophotometer. The 
results are summarized in Tables 1 and 2. 

DISCUSSION 

The data in Table 1 clearly indicate that labil- 
ization of the chromium(II1) ion has been effected 
by the porphine. The extent of labilization due to 
TAPP is dependent on the comparison reaction and 
is, for example, 2700 and 100 compared to 
[Cr(H@)6]3+ I3 and [Cr(NH3)5H20]3+,14 respect- 

Scheme 1. 



Reaction of [CrTAPP(H zO)J 5+ with thiocyanate ions 

Table 1. Kinetic parameters for the anation by NC- for selected compounds at 25°C and an 
ionic strength of 1 .O M 
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k, * * AV:p 
(M- ’ s- ‘) (kcatzol- ‘) [cal (dtsmol)- ‘] (cm3mol- ‘) 

[CrTAPP(H,O)$+ 4.2 x 10-x” 16.2 - 15.3 
[CrTPPS(H,0),13- 4.7 x 10-3 16.8 - 12.8 
[CrTMPP(H,O)J’+ 7.4 x 10-4 20.1 -5.5 
DWH3MW)13+ 3.0 x 10-5 24.2 3.0 

“k, is 1.38 x 10m3 M-’ s-’ at lYC, and 1.06x lO-2 M-’ s-’ at 35°C. 

9.2 
7.4 

-4.9 

ively. This is clearly not as great as the labilization The pseudo-first-order reaction rate constant for 
effect in the case of the cobalt(II1) complexes3,* this mechanism is given by eqn (5) : 

The anation reaction rate constant for the 
reaction between [CrTAPP(H,O),]‘+ and NCS- 
is about the same as for the corresponding 
reaction of [CrTPPS(H20)d3-,5 and about 6 times 
faster than the corresponding reaction of 
[CrTMPP(H,O)$+ 6 (see Table 1). The overall 
charge on the complex thus plays a minor role in 
the reaction process. In this respect it is important 
to note that the overall charge is spread over a large 
planar surface area, and that the negatively charged 
sulphonato groups and the positively charged tri- 
methylammonium groups are removed far from the 
reaction metal centre. The values of AH * and AS * 
are about the same for the three different porphine 
complexes of chromium(II1). The similarity of the 
activation parameters and the rate constants for 
the three porphine complexes (see Table 1) clearly 
indicate a common reaction mode. 

kobs = k,K[NCS-]/(I +QNCS-I).. (5) 

This relationship between kobs and NCS simplifies 
to : 

k& = R,K[NCS-] (6) 

because no curvature in the kobs vs [NCS-] plot was 
observed (see Fig. 1) and K is expected to be small. 

It follows from eqns (3) and (6) that : 

k, = k2K. 

According to this equation : 

The value of the volume of activation for the 
reaction between [CrTAPP(H,O),]‘+ and NCS- 
(9.2 cm3 mol-‘) is also about the same as for the 
corresponding reaction of [CrTPPS(H20)J3-, and 
may be interpreted as evidence for a dissociative 
interchange mechanism. This reaction mechanism 
may be represented as follows : 

[CrTAPP(H,O),] 5+ + NCS- 

Al’* = AV*(k,)+AV(K) exP 

AV(K) is expected to be close to zero : although 
there is an overall reduction of charges, the positive 
charges are very far removed from the negative 
charge on the NCS ligand, so that it is not expected 
that this formal overall reduction of charges would 
have a significant influence on A V(K). This charge 
reduction during the pre-equilibrium, in contrast to 
the charge concentration in the case of the 
[CrTPPS(H,0),]3- reaction, may be used to ex- 
plain the slightly higher value of AVZ, for the 
[CrTAPP(H20)$+ reaction. 

Z& [CrTAPP(H,O):+, NCS-1, 

[CrTAPP(H,O):+, NCS-] 
(4) 

2 [CrTAPP(H,0)(NCS)14+ +HrO. 

The activation volume for the reaction between 

[CrWH3MJ2013+ and NCS- * points to {in con- 
trast to the activation volume for the anation reac- 
tion of [CrTAPP(H,O),]‘+} an associative acti- 

Table 2. kob as a function of pressure for the anation of 
[CrTAPP(H20)J5+ by NCS- at 15”C, [H+] = 0.1 M and [NCS-] = 

0.9 M 

P (bar) 20 250 500 750 1000 

104kob, (M-Is-‘) 13.7 12.7 11.3 10.5 9.39 
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vation (see Table 1). These results indicate that the 
labilization of the axial water molecules is 
accompanied by promoting a dissociative 
activation. The labilization effect of the porphine 
ligand, and its capability to promote a dissociative 
activation, may be explained by its capability to 
donate electron density to the central metal ion 
making the chromium(II1) d3, more like a labile 
d4 chromium(I1) ion, and also stabilizes the five- 
coordinate intermediate in a dissociative reaction 
mode. 

This phenomenon of promoting a dissociative 
mechanism (with the corresponding labilization) 
was also observed in the case of the rhodium(II1) 
and cobalt(II1) complexes of TPPS.’ The high- 
pressure kinetic data clearly point to a D- and a Id- 

mechanism for the anation reactions of 
[COTPPS(H,O),]~- and [RhTPPS(H20)2]3-, 
respectively, while an Id- and an I,-mechanism were 
proposed for the anation reaction of the penta- 
ammineaquo complexes of cobalt(II1) and rho- 
dium(III), respectively.s~g*‘S 
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Abstract-The complex species formed in aqueous solution between Be(I1) and nitri- 
lotriacetic acid (NTA), methyl-C-nitrilotriacetic acid (MNTA), nitrilodiaceticpropionic acid 
(NDAP), nitriloaceticdipropionic acid (NADP) and nitrilotripropionic acid (NTP) were 
studied at 25°C and ionic strength 0.5 M in NaClO,. The application of the calculus program 
LETAGROP to the experimental potentiometric data, taking into account hydrolysis of 
the ion Be(II), indicates that, upon varying the ligand-metal relationships, the following 
complex species are formed (H3C ligands) : NTA([BeC]-, log K = 6.84); MNTA ([BeC]-, 
1ogK = 7.39; BeHC, log K = 1.79); NDAP ([BeC]-, 1ogK = 8.10; BeHC, log K = 1.96; 
[BeH*C]+, 1ogK = 1.37); NADP ([BeC]-, 1ogK = 9.25; BeHC, 1ogK = 2.37); and NTP 
([BeC]-, 1ogK = 9.23). The values of the stability constants ([BeC]-, 1ogK) indicate the 
following order of coordinating capacity : NTA < MNTA < NDAP < NADP N NTP. 
This order is attributed to the increase in propionic groups. It has been confirmed that six- 
membered ring chelates are the most stable for Be(II), in a similar manner to other elements 
of the first short period, such as boron and carbon, while Cu(II), Ni(II), lanthanides and 
other heavier elements prefer five-membered ring chelates. 

In our studies in aqueous solution of the EDTA- 
Be(II)‘,2 (EDTA = ethylenediaminetetraacetic 
acid) and IDA-Be(II)3 (IDA = iminodiacetic acid) 
systems we have found upon analysing the exper- 
imental potentiometric data by means of the 
NERNST/LETA/GRAFICA4 version of the 
LETAGROP’ program, that the species resulting 
from the hydrolysis of Be(I1) must be taken into 
consideration in the calculations in order to deter- 
mine the complex species present in the solution and 

*Author to whom correspondence should be addressed. 

to obtain correct values of the stability constants. 
Otherwise, the values obtained are higher than the 
true ones, since the acidity due to hydrolysis of the 
non-complexed Be(I1) is included in the value of the 
stability constants obtained. 

Be(I1) tends to tetracoordination.6 EDTA, ‘,’ a 
potentially hexadentate ligand, forms the com- 
plexes [BeHC]- and [BeC]‘- (H& ligand). IDA,3 a 
potentially tridentate ligand, only forms the 
monohydroxide complex [Be(OH)C]- (H2C ligand) 
in significant amounts, OH- occupying the fourth 
place in coordination. Nitrilotriacetic acid (NTA), 
a potentially tetradentate ligand, fulfils the coor- 
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dination requirements of Be(I1). However, the data 
available in the literature are contradictory : Dyat- 
lova et al.“* affirm that the species BeHC, [BeC]- 
and [BeC(HC)13- (H3C ligand) are formed with 
NTA. Stary;’ by extraction with oxine in CHC13, 
found log K = 7.11, at I = 0.1 M in NaClO, and 
20°C for the stability constants of the complex 
[BeC]-. Other authors’@‘* also determined the 
stability constant of the complex [BeC]- from 
potentiometric measurements in aqueous solution, 
but the results are contradictory and no reference 
is made to whether or not the hydrolysis of Be(I1) 
was taken into account in the calculations involved. 
Votava and Bartugek’ ’ also studied the NTP-Be(I1) 
(NTP = nitrilotripropionic acid) system and found 
that the complex [BeC]- is slightly more stable with 
NTP than with NTA, contrary to the general 
belief, ’ 3 still upheld, ’ 4 that five-membered chelate 
rings provide greater stability than any other size 
of chelate ‘ring. 

mixture, suspended in a small amount of water and 
through this a current of H2S was then passed. The 
CdS was separated by filtration. The solution was 
concentrated in a steam bath, through which a cur- 
rent of argon was passed in order to remove the 
excess of HIS, concentrated in a rotavaporator and 
left to crystallize. The acid was purified by recry- 
stallization in water-ethanol mixtures. This pro- 
cedure afforded the acid in a high state of purity 
and within a short period (3-4 days), although the 
yields were also low. 

NDAP. The method of Pratt and Smith” was 
modified in order to obtain the acid in a high degree 
of purity, following the method employed by 
Souchay et al. ’ ’ in the preparation of some deriva- 
tives of iminodiacetic acid : /I-alanine was made to 
react with previously neutralized chloroacetic acid. 
After formation of the Ba(I1) salt, the acid was 
obtained with cont. H2S04 in good yield. 

It therefore seemed worthwhile to study the 
intluence of the length of the cheiate rings on the 
stability of complexes with Be(I1). As well as re- 
examining the NTA-Be(I1) and NTP-Be(I1) 
systems, the MNTA-Be(I1) (MNTA = methyl-C- 
nitrilotriacetic acid), NDAP-Be(I1) (NDAP- 
= nitrilodiaceticpropionic acid), and NADP- 

Be(I1) (NADP = nitriloaceticdipropionic acid) sys- 
tems were also studied. The studies were carried 
out in aqueous solution at 25°C and I = 0.5 M in 
NaCIO,. The only work known on the NTP-Be(I1) 
system is the above-mentioned report of Votava 
and BartuSek. lo No reference was found in the 
literature to the MNTA-Be(I1) and NADP-Be(I1) 
systems. 

NTP. This was prepared by reacting /I-alanine 
with /I-chloropropionic acid, according to the pro- 
cedure indicated by Chaberek and Martell, I9 
adapted by Votava and BartuSek. lo The yield was 
good. 

NADP. This acid was prepared analogously to 
NTP, by reacting glycine with /&chloropropionic 
acid, again with a good yield. 

The acids were identified by their potentiometric 
equivalents, ‘H NMR and mass spectra. 

Be(I1) is perhaps the most toxic of metallic cat- 
ions ’ ’ and ligands containing propionic groups may 
be better sequestering agents. 

EXPERIMENTAL 

The solution of Be(C103, was prepared by react- 
ing metallic Be (Spex Industries Inc.) with an excess 
of HC104 (Merck, analytical grade), its free acid- 
ity 2o being determined, as well as the concentration 
of Be(I1) in aqueous solution which was evaluated 
gravimetrically.2’,22 A carbonate-free sodium 
hydroxide solution was prepared according to the 
School of SillCn23 and standardized against potas- 
sium hydrogen phthalate. NaClO, was prepared 
by recrystallization of NaClO, (Merck, analytical 
grade). 

Reagents Apparatus and titration procedures 

NTA. The product used was supplied by Merck, 
of analytical grade and previously recrystallized. 

MNTA. The method of preparation by Irving 
and MilesI was very slow and gave a low yield. It 
was therefore modified as follows : a solution of u- 
alanine in ‘a small amount of water was made to 
react with previously neutralized chloroacetic acid, 
by heating to 90°C and maintaining the pH between 
8 and 9 with NaOH. After addition of NaOH, mag- 
netic stirring was continued for 4 h and the Cd(I1) 
salt was precipitated by adding a theoretical amount 
of Cd(N03)2, aided by ethanol. The Cd(I1) salt 
was filtered and washed with a 50% water-ethanol 

The potentiometric titrations were carried out in 
inert argon atmosphere, at 25 + O.O5”C, I = 0.5 M 
in NaClO,, using a Radiometer Type PHM-64 
potentiometer, a Radiometer G 202 B glass elec- 
trode and a K 401 calomel electrode. The cell con- 
stants were determined according to the method of 
Biedermann and Sillen, the liquid junction poten- 
tials being found to be negligible within the margins 
of [H+] studied. It was found that pK, = 13.72, in 
excellent agreement with reported data. *’ 

Measurements were taken of the ligands alone at 
the following concentrations : NTA (C, = 5 mM), 
MNTA(C, = 3.7 and 4.7 mM), NDAP (C, = 10 
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and 20 mM), NADP (C, = 4.7 and 5.2. mmM), 
and NTP (C, = 2.1 and 2.5 mM) ; and the ligands 
in the presence of Be(I1) at the following con- 
centrations and ligand : metal ratios : C, = 0.8 and 
1.2mM,ratios1:1,2:1,4:1and6:1,forNTA; 
C, = 1.5, 3.2 and 12.0 mM, ratios 2: 1, 1 : 1 and 
1: 2, for MNTA ; C, = 10, 15 and 20 mM, ratios 
2:1,1:1and1:2,forNDAP;CM=2.0,5.0and 
9.7 mM, ratios 2 : 1, 1: 1 and 1: 2, for NADP ; and 
C, = 2.3 mM, ratios 2 : 1 and 1 : 1, for NTP. 

The normal titration procedure could not be 
employed for the potentiometric titrations of NTP 
acid in the presence of Be(I1) because of the long 
time required to reach the equilibria (up to 3 h 
between two consecutive additions of NaOH). This 
problem was overcome by preparing individual 
beakers with solutions of the NTP-Be(I1) system at 
different pH values (25°C and Z = 0.5 M in 
NaClO.,), shaking each solution for 24 h and then 
measuring the potentials when equilibrium was 
reached in each titration cell. 

Data treatment 

The experimental potentiometric data were ana- 
lysed by means of the NERNST/LETA/GRAFICA 
version4 of the LETAGROP program,’ based on a 
generalized form of the least-squares method that 
establishes the best model and best values of the 

B PV constants, minimizing the function 
U = E (Zexp - ZcalJ2, Z being the average number 
of dissociated protons for the concentration of 
ligand (Z,) or for the total concentration of metal 
(Z,). The LETAGROP calculations also give 
standard deviations a(Z) and o(logfipq,).26 The 
computations were performed on a Burroughs 
6700 computer (Facultad de Ciencias, Universidad 
Central de Venezuela, Caracas). 

Hydrolysis of Be(I1) was previously studied 
under the same experimental conditions. 3 

RESULTS 

Ionization constants of the acids 

From the values obtained for the constants BP, 
corresponding to equilibrium (1) : 

pH+ +rH3C%[Hp(H3C)rY+, (I) 

the ionization constants of the acids (KJ given in 
Table 1 could readily be determined. 

The values of pK,, pK2 and pK3 are in good 
agreement with those found for NTA at 25°C and 
Z = 0.5 M,27-29 and with those found for MNTA at 
2530 and 20°C 16s3’ and Z = 0.1 M ; for NDAP at 
25 30*322033anh300C 19andZ= 0.1 M;forNADP 
at’30”C and Z= 0.1 M;19 and NTP at 25,34 201’ 
and 30°C,‘9 and Z = 0.1 M. The value of pKo 

Table 1. Ionization constants of MNTA, NTA, NDAP, NADP and NTP (25”C, Z = 0.5 M in NaC1O.J 

- Loi? Bpr 

Pr MNTA NTA NDAP NADP NTP 

11 -0.5” -0.7” - 1.07f0.03 - 1.95kO.03 -2.7lkO.05 
-11 1.6OkO.03 1.82f0.05 2.22f0.01 3.12kO.02 3.77 f0.05 
-21 3.96kO.02 4.20 f 0.02 5.87 kO.02 7.12kO.02 8.05 f0.04 
-31 13.65f0.03 13.25f0.01 15.16f0.02 16.67 f 0.03 17.64kO.05 

b/c 2/115 l/125 3/169 21102 2160 
d 0.020 0.005 0.014 0.015 0.025 
e 1.6-11.5 2.0-10.4 1.410.5 1.7-11.3 1.8-10.9 

Equilibrium PK 

H,C+-H$ 0.5” 0.7” 1.07 1.95 2.71 
H$-H$- 1.60 1.82 2.22 3.12 3.77 
H,C--HC’- 2.36 2.38 3.65 4.00 4.28 
HC2-X3- 9.69 9.05 9.29 9.55 9.59 

“Values estimated from the linear correlations pK,, vs pK,. 

b Number of titrations. 
‘Number of experimental points. 
d Standard deviation [a(Z)]. 
‘-Log [H+] range. 
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Fig. 1. Species distribution as a function of -log [H+] 
for NDAP. 

(H&-H& equilibrium) is in good agreement with 
that for NTP.34 For NDAP and NADP the values 
of p& are obtained for the first time. For NTA at 
20°C and I = 0.1 M in KCl,pK, = 0.8+0.2.35 

The order of basicity NTA < NDAP < 
NADP < NTP is in agreement with the substitu- 
tion of acetic groups by propionic groups having 
a greater inductive electron donor effect because 
of another CH2 group. I8 The values of pK,,, pK, 
and pK2 correspond to fundamentally car- 
boxylic protons.‘g The values of pK, (HC’--C3- 
equilibrium) for all the ligands are in agreement 
with the protonation of the N atom in aqueous 
solution.36 The order of basicity for pK3 
(MNTA > NTA) is explained by the inductive elec- 
tron donor effect of the methyl radical on the N 
atom in MNTA. The diagrams of the distribution 
of species as a function of -log [H+], calculated in 
accordance with the values of -log& given in 
Table 1, show that the monoprotonated species 
HC2-, with a betaine structure, is the most stable 
species and occupies the greatest field, and also 
that the species containing protonated carboxylic 
groups improve the stability as the number 
of propionic groups increases. The diagram 
corresponding to NDAP is represented in Fig. 1. 

Stability constants of the complexes formed 

The analysis of the experimental data of the Be- 
ligand systems studied by the NERNST/LETA/ 
GRAFICA version4 of the LETAGROP pro- 
gram’ allowed us to calculate the Bpqr constants for 
the complex species formed for each ligand, defined 
by means of equilibrium (2) : 

pH+ +qBe’+ + rH& % [H,Be,(H3C),]@f2q)+. (2) 

I O* 3 4 
%X3[H-j 

Fig. 2. Z, vs -log[H+] curves for the NDAP-Be(I1) 
system. Full curves have been calculated using the &, 

constants in Table 2. 

Taking into account the species resulting from 
the massive ionizations of the ligand (H4C+, H&, 
H2C, HC2- and C’-) as well as the hydrolytic 
species of Be(I1) existing in the area of calculus, i.e. 

Pe2KW13+ and [Be3(OH)3]3i (whose formation 
constants at this temperature and ionic strength 
have been calculated by us in a previous work3), the 
results that best fit the experimental results are those 
given in Table 2. Although models were tested that 
included the possible presence of the hydroxy com- 
plex [Be(OH)C12-, and complex species with excess 
of ligand and excess of metal, the results indicate 
that they are not present in significant amounts. 
The validity of this analysis can be checked in Fig. 
2 for the NDAP-Be(I1) system, where an excellent 
fit can be observed between the experimental ZB vs 
-log [H+] curves and those calculated from the 
values of flpqr given in Table 2. Analogous curves 
are obtained for the other four systems. In Fig. 2 it 
can be observed that the limit values of Z, (Z, + 
5, 3 and 2, respectively, for ligand : metal ratios of 
2 : 1, 1 : 1 and 1 : 2) are those expected for the 
formation of the complex [BeC]- and the non- 
formation of the complex [Be(OH)C12-. 

The values of log Kcorresponding to the stability 
constants of the complex species found for the 
different ligands studied are also given in Table 2, 
being readily obtained from the values of the fipQ, in 
Table 2, and taking into account the values of the 
& constants of the acids presented in Table 1. 

The data in tables 1 and 2 also readily afford the 
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Table 2. Stability constants of the complexes of MNTA, NTA, NDAP, NADP and NTP with Be(I1) (25X, Z = 0.5 
M in NaClO,) 

- Log BW 

p4r 

-111 
-211 
-311 

a/b 
r 
d 

Equilibrium 

Be2++H,C-_EBeH,C]+ 
Be’+ +HC!--BeHC 
Be’+ +C3--[BeC]- 

MNTA 

2.17f0.07 
6.26 f 0.08 

91246 
0.038 

1.9-5.3 

1.79 
7.39 

NTA 

6.41+ 0.03 

4199 
0.013 

2.3-5.9 

6.84 
7.11’ 
7.64/ 
7.829 
7.86h 

NDAP 

0.85 +0.06 
3.91 f 0.05 
7.06 f 0.02 

91364 
0.023 

1.9-5.8 

Log K 

1.37 
1.96 
8.10 

NADP 

4.75 +0.08 
7.42f0.01 

g/311 
0.026 

2.5-6.5 

2.37 
9.25 

NTP 

8.4lkO.06 

2128 
0.068 

3.2-5.1 

9.23 
7.90’ 

“Number of titrations. 
“Number of experimental points. 
‘Standard deviation [a(Z)]. 
d -Log [H+] range. 
‘2O”C, Z = 0.1 M in NaC10,.9 
‘2O”C, Z = 0.11 M in KN03. lo 
9 25°C Z = 0.4 M in NaClO,. ’ 2. 
“25°C Z=,O.l M in KN03.” 

_ 

p& values corresponding to the ionization of the 
protonated complex species : 

MNTA NDAP NADP 

pK BeHC 4.09 3.15 2.67 
pK [BeH,C]+ 3.06 

The values found in the literature for log K of the 
complex [BeC]- in the case of NTA and NTP are 
also given in Table 2. The values obtained for NTA 
by Votava and BartuSek, lo Fratisto da Silva’ ’ and 
Dubey et al. ’ 2 are approximately one unit of log K 
greater than those found by us, probably attribut- 
able to the fact that the hydrolysis of Be(I1) was 
not taken into account by these authors. The value 
found by Stary,9 although somewhat greater, is the 
closest to our own, which is explained perfectly by 
the lower ionic strength (0.1 M in NaClO,) and 
temperature (20°C). Moreover, the method used by 
Stary was extraction in oxine with CHC13, oper- 
ating at pH N 6, taking care that hydrolysis of 

Be(I1) exerted a negligible influence. For NTP, the 
value found by Votava and BartuSek” is much 
smaller than that obtained by us. These authors did 
not take into account the hydrolysis of Be(I1) in 
their calculations and affirm that the constant of 
the complex [BeC]- was calculated within a very 
small range of pH values. However, we consider that 
the much lower value of log K found by Votava and 
BartuSek” is due to the kinetic process that takes 
place in the NTP-Be(I1) system in aqueous solution, 
which compelled us to operate in a different manner 
in order to achieve the equilibria, as indicated in 
Experimental. Votava and Bartugek do not report 
in their work” that the kinetic process 
takes place and probably performed the potentio- 
metric measurements without the equilibrium 
having been reached. 

DISCUSSION 

In comparison with IDA and analogues3 (tri- 
dentate coordinating agents) that form the 
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BeC- for NADP 

Fig. 3. Structure proposed for the complex [BeC]- with 
NADP. 

monohydroxycomplex [Be(OH)C]- (H2C ligands) 
as the most stable species, the formation of the 
species [BeC]- as the most stable in NTA and ana- 
logues (H&J ligands) implies that these ligands act 
vs Be(I1) as tetradentate coordinating agents, coor- 
dinating the N atom and the three carboxylate 
groups. The tendency of Be(I1) to attain tetrahedral 
coordination6 is totally fulfilled. The complex 
[BeC]- for NADP acid is represented in Fig. 3. 
Tetrahedrons are analogous for the other ligands. 
The coordination of the N atom of NTA acid to 
Be(I1) has been manifested by Grigor’ev37 upon 
analysing the IR spectrum of the complex 
BeHC * 2Hz0, obtained in a crystalline state. 

The following order of stability (Table 2) 

loo* 

%BC 

80,. 

60. . 

40.. 

20.. 

NTA < MNTA < NDAP < NADP N NTP, is 
found for the complex [BeC]-. The order 
NTA < MNTA is explained in that the electron 
donor nature of the radical CH3 exerts a positive 
inductive effect that is superimposed on the steric 
repulsion exerted by the same radical on the coor- 
dinated Be(II), thus strengthening the N-Be bond 
in an overall manner. The sequence that follows 
implies an increase in the stability of the complex 
[BeC]- as the number of propionic groups coor- 
dinated to Be(I1) increases, and is analysed below. 

The diagrams of the distribution of species of 
Be(I1) as a function of -log [H+] was calculated 
from the values of & given in Table 1, /Jqr in 
Table 2, and j?,, presented in an earlier work. 3 

The distributions of species of Be(I1) as a function 
of -log [H+] are presented in Figs 4-6 for NTA, 
NDAP and NADP, respectively (C,, = 1 mM, 
ligand: metal ratios 1: 1 and 3 : 1). The diagram 
corresponding to MNTA is analogous to that of 
NTA, with the sole difference that the mono- 
protonated species BeHC is present in a small 
amount. The diagram corresponding to NTP is 
identical with that of NADP, with the exception of 
the negligible formation of the species BeHC for 
NTP. 

An analysis of the diagrams shows that the com- 
plex species are formed directly from the 

MH2W2+, which is the non-hydrolysed species 
present in aqueous solution.6*38*3g If these diagrams 
are compared with those of the acids alone (Fig. 1) it 
is found that the complex species are fundamentally 

SPECIES L/M=1 LN-3 
&+ - - - -. 

[Be,0q3+ -- -x 

[B&OH@’ 0 l 

[E&J- A . 

Bc=lmM 

0' 
2 

Fig. 4. Species distribution as a function of -log [H+] for the NTA-Be(I1) system. 
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A 
A 

A 

NDAP-BC(II) A 

(Bc~OH]~+ - - 

A A A A 

1 O3 3 4 -LOGfH*l 8 

Fig. 5. Species distribution as a function of -log [H+] for the NDAP-Be(I1) system. 

80.. 

6@. 

NADP-Be(II) 

SPECIES L/M=1 L/M&J -- 

40-m Be=lmM 

20.. 

o-* 
2 3 4 

5 ’ -LOG[Hj 

Fig. 6. Species distribution as a function of -log [H+] for the NADP-Be(I1) system. 
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formed from the equilibria : 

[Be(H20)4]2++H3C 

~[Be(H2C)(H20),]++Hf+2H20, (3) 

e Be(HC)(H,O) + H+ + 3H20, (4) 

[Be(H20)4]2++HC-+[BeC]-+H++4H20. (5) 

Equilibrium (5) gives Z + 3 when the complex 
[BeC]- is formed (Fig. 2), implying also the coor- 
dination of the N atom upon displacement by Be 
of the betaine proton of the most stable protonated 
species of the ligand HC*-, accounting in turn for 
the much greater stability of the complex species 
[BeC]-. In the species [BeH,C]+ and BeHC, the 
ligand is bidentate and tridentate, respectively, 
bonding only carboxylate groups to the metal and 
maintaining the betaine proton, which explains the 
low stability of these protonated species and the 
fact also that these are practically not formed by 
the more symmetric ligands NTA and NTP. Upon 
raising the pH, of course, the species [BeH,C]’ is 
transformed into BeHC and the latter into [BeC]-. 

The species distribution diagrams (Figs 46) 
explain the order of stability of the species [BeC]- 
in more detail : at a 1 mM concentration of Be(I1) 
and in a ligand : metal ratio of 1: 1 for NTA only 
25% is complexed at pH 5-6, reaching 65% at a 
3 : 1 ratio. Figure 4 thus justifies the study of the 
NTA-Be(I1) system in Experimental, with ligand : 
metal ratios of up to 6 : 1. For NDAP (Fig. S), 
under the same experimental conditions, 70% of 
Be(I1) is complexed at pH 5-6 at a ratio of 1 : 1, 
attaining almost 100% at a ratio of 3 : 1. These 
percentages rise for NADP (Fig. 6) to 90% at a 
ratio of 1 : 1, and 100% at a ratio of 3 : 1. NTP 
behaves in an identical manner. The non-complexed 
Be(I1) undergoes hydrolysis to form mainly the 
species [Be3(0H)3]3+. The practical disappearance 
of this species at a ligand : metal ratio of 3 : 1 can be 
observed in Figs 5 and 6. 

The stability sequence found in this work for 
Be(II), NTA < MNTA < NDAP < NADP = 

NTP, is precisely the opposite of that generally 
found for other heavier cations such as Cu(I1) 
and Ni(II), as manifested by the data given in 
Table 3. 

These and other results for 3dtransition and alka- 
line earth cations led to the conclusion that the 
decrease in stability upon passing from five- to six- 
membered chelate rings was a general phenomenon 
for all metals and polydentate ligands, I3 a belief 
which is still widespread. I4 This phenomenon was 
also found to take place in the case of lanthanide 
chelates with NTA, MNTA and NDAP,43 as well 
as in other polyaminocarboxylic acids.44 

However, contrary to general belief, this 
phenomenon whereby five-membered chelate rings 
are more stable than six-membered ones is not com- 
mon. Indeed, it seems to hold true for central atoms 
with atomic numbers greater than 10, in which coor- 
dination numbers greater than 4 predominate. It has 
been found that first short period elements, among 
which Be and B readily form complexes, prefer six- 
membered chelate rings, in a similar manner to 
organic compounds having a tetrahedral carbon. 
Evidence of this phenomenon has been found for 
complexes of B(III)45,46 and Be(I1). 10,47,48 The pre- 
sent work confirms that for Be(I1) six-membered 
chelate rings are more stable than five-membered 
ones, analogously to B and C. With regard to the 
small central atom belonging to the first short 
period, which is coordinated with a tetrahedral 
geometry, six-membered chelate rings are puckered 
with tetrahedral links, and are submitted to fewer 
strains than five-membered rings. The opposite 
occurs for larger atoms, such as Ni : structural and 
‘H NMR studies indicate that six-membered rings 
are puckered much more and are submitted to more 
steric strains than five-membered rings.” The step 
from a tetrahedral to an octahedral geometry, when 
the volume of the central cation increases, must 
exert an influence on this change in the stability of 
the chelate rings. The results obtained in this work 
show that the stability of the complex [BeC]- is 
practically the same for NADP and NTP. That is, 
the third six-membered ring no longer increases 

Table 3. Stability constants of the complexes of NTA, NDAP, 
NADP and NTP with Cu(II) and Ni(I1) 

NTA” NDAP” NADPb NTp6 NTP 

Log K, Cu(I1) 13.1 12.6 11.9 9.1 8.83 
Log K, Ni(I1) 11.5 11.4 9.1 5.8 5.64 

“25”C, Z= 0.1 M.27*4”42 
‘3O”C, Z = 0.1 M in KCl. ’ 9 
‘25”C, I= 0.1 M in KNOj.34 
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the stability with respect to the five-membered ring 22. 
(Fig. 3, complex [BeC]- with NADP). This must be 

attributed to the fact that the third ethylene group 
(CH2-CHJ in the case of NTP undergoes steric 23. 
repulsion on the part of the other two, that corn- 24. 
pensate the increase in stability which would car- 
respond to the third six-membered ring. In the case 

25 

of a ligand : metal ratio of 1 : 1 with NTA, models 
26’ 

’ 
show that when all three carboxylate groups are 27, 
bonded (the rings are now five-membered), the three 
chelate rings are not all equivalent, and one at least 
is strained. ” 28. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
10. 

11. 

12. 

13. 

14. 
15. 

16. 

17. 

18. 

19. 

20. 
21. 
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Abstract-N-nitroso-N-alkylhydroxylamines have been prepared by hydrolysis of the mix- 
ture obtained by reaction of nitric oxide with Grignard reagents, and stabilized as their 
copper(I1) or iron(II1) complexes, Cu(RN,O,), and Fe(RN202)3, where R is, for example, 
Me, Et, Pri, Bu’““, Ph, r&H’ 7 or n-C12H2,. The complexes have been characterized by 
analytical, magnetic and spectroscopic measurements. By single-crystal X-ray methods 
Cu(PriN202)2 has been found to be trans-planar and Fe(PfN202), has a facial octahedral 
structure ; in each complex the N-G bond lengths are equal with no significant variation 
between the copper and iron complexes. 

The action of nitric oxide on alkyl compounds of 
diamagnetic metal atoms usually yields’-l6 the 
corresponding N-nitroso-N-alkylhydroxylamine 
derivative [eqn (l)] : 

R-M+2NO + (RN,O,)M. (1) 

As with cupferron (R = phenyl) complexes,‘7-‘9 the 
hydroxylamate ligand is chelated and coordinates 
through the two oxygen atoms in the X-ray cry- 
stallographic structures reported8,‘o*1 ‘*‘3*‘6’9 to 
date. Diamagnetic metals in eqn (1) include zinc, ‘~~3 ’ 2 
magnesium, 2-6 cadmium,2 boron, ’ 
altinium,2~7~8 gallium,’ zirconium,9*‘o tung- 
sten,“*‘2 copper(I),12 niobium,‘3,‘4 tantalum,‘3*14 
titanium,‘* ’ ’ rhenium(II1) ’ 6 and rhodium(I). ’ 2 For 
some paramagnetic metal ions, for example, van- 
adium(IY),‘4 and titanium(III),‘4 the N-nitroso-N- 
alkylhydroxylamine derivatives cannot be prepared 
directly through eqn (1) while the reaction” of.a 
low-valent cobalt nitrosyl with an alkyl halide 
afforded the nitrosoalkane complex. 

yhnagnesium bromide followed by hydrolysis gave 
the free acid N-nitroso-N-phenylhydroxylamine 
(cupferron), identified because its reactions were the 
same as those of the product2’ obtained by the action 
of nitrous acid on N-phenylhydroxylamine. The free 
acid could not be isolated on hydrolysis of the nitric 
oxide-methyhnagnesium iodide reaction mixture, 
but Sand and Singer3 did obtain a copper(I1) 
complex, Cu(MeN202)2, on treatment of the prod- 
uct with copper(I1) oxide. There are scattered ref- 
erences to copper(I1) complexes of various other N- 
nitroso-N-alkylhydroxylamines, but little other than 
their preparation’*3*‘,9*‘2 and fungicidal properties22 
have been reported. 

We present here a convenient route to N-nitroso- 
N-alkylhydroxylamine derivatives of copper(B) and 
iron(II1) which is based on the early work of Sand 
and Singer.3 As far as we know complexes of 
iron(II1) have not been characterized previously. 

Chemical identification of the products in eqn (1) 
was first carried out by Sand and Singer.3 They 
showed that the action of nitric oxide on phen- 

EXPERIMENTAL 

Preparation of the complexes 

The ligands were fist isolated as the magnesium 
complexes from the appropriate Grignard reagent. 

375 

*Authors to whom correspondence should be addressed. 

1 
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For example, magnesium turnings (1.25 g, 0.051 
mol) were converted into the methyl Grignard by 
the slow addition of methyl iodide (7.1 g, 0.05 mol) 
in dry ether (80 cm’). When the ethereal solution had 
been added the contents of the flask were refluxed for 
1 h, the flask cooled in ice, evacuated, and nitric 
oxide admitted. The solution was stirred in nitric 
oxide until gas uptake ceased (gas burette). The sol- 
vent was removed under reduced pressure, and the 
resulting pale yellow and hygroscopic N-nitroso 
Grignard complex was stored over calcium chloride. 

To prepare the copper(I1) complex, half by weight 
of the product was suspended in water (100 cm3), 
cooled, and acidified with dilute sulphuric acid to 
give the free N-nitroso-N-methylhydroxylamine 
which was then extracted into ether (5 x 20 cm3 por- 
tions). Copper(I1) oxide in excess was stirred with 
the combined extract for several hours, and the sus- 
pension left to stand overnight. The deep blue liquor 
was filtered from the copper(I1) oxide which was 
washed with acetone. The ether and acetone sol- 
utions were evaporated to dryness, and the solid 
recrystallized from methylated spirits. The blue 
crystals were dried in vacuum. 

To prepare the iron(II1) complex, iron(II1) alum 
in excess was added to a cooled aqueous suspension 
of the remaining N-nitroso Grignard complex and 
after stirring for half an hour the iron(II1) complex 
was extracted into chloroform (6 x 20-cm3 
portions). The extract was dried with calcium chlor- 
ide, filtered, and taken to dryness. The solid was 
recrystallized from methylated spirits and the 
orange crystals dried in uucuo. 

Complexes of other N-nitroso-N-substituted 
hydroxylamines were similarly prepared (Table 1). 
They were obtained in 2&40% yield based on the 
mass of magnesium. 

The N-methyl derivatives were also prepared 
from N-methyl hydroxylamine hydrochloride. This 
was dissolved in water, acidified with hydrochloric 
acid, cooled to 0°C and iron(II1) alum and sodium 
nitrite added with stirring. The iron(II1) complex 
was extracted with chloroform as above. The 
copper(I1) complex was prepared by continuous 
extraction of the N-nitroso-N-methylhydroxy- 
lamine into a suspension of the oxide in ether. The 
N-phenyl-substituted complexes were also prepared 
from cupferron in aqueous solution. These methods 
gave 8&90% yields. 

Physical measurements 

Diffuse-reflectance electronic spectra were re- 
corded using powdered samples with lithium fluoride 
as reference material on a Beckman Acta MIV spec- 
trophotometer. Relative molecular masses were 

measured using a calibrated Mechrolab vapour 
phase osmometer model 301A (solvent chloro- 
form). 

Crystallography 

Crystals of Fe(Pr”NzOJ3 and Cu(PrN20& suit- 
able for X-ray investigation were obtained from 
methylated spirits. 

Crystal data. C9HZ1Ns0,Fe(I), M = 365.15, 
orthorhombic, a = 9.059(l), b = 11.492(l), 
c = 15.988(2) A, U = 1664.5 A3, space group 
P2i2,2,, 2 = 4, D, = 1.457 g cme3, F(OO0) = 764, 
~(Mo-K,) = 9.4 cm-‘. 

C6H, 4N404Cu(lI), M = 269.74, monoclinic, 
a = 22.789(2), b = 4.865(l), c = 11.400(l) A, 
u = 1106.6 A3, space group C2/c, Z = 4, 
D, = 1.619 gcme3, F(OOO) = 556, &MO-K,) = 19.8 
cm-‘. 

Data collection and processing. Numbers in 
brackets refer to structure II. Intensity data were 
collected using graphite-monochromated MO-K, 
radiation (1 = 0.71069 A) on an Enraf-Nonius 
CAD4 four-circle diffractometer in a 0-20 scan 
mode. 1896 (1253) reflexions were measured 
[sine/1 < 0.621, which reduced to 1875 (1111) 
unique reflexions with 1537 (926) reflexions having 
12 3a(I). Following Lp correction, analysis of a 
standard reflexion showed no significant decay. 

Structure analysis and refinement. The heavy- 
atom method was used to solve and develop the 
structures. In structure II it was noted that (k+l) 
and (h+l) even were systematically strong and the 
volume indicated four molecules per unit cell imply- 
ing that copper is on a centre of symmetry, at (4, f, 
0) and related positions. When phased on copper 
alone the (k+ I), 1 = odd reflexions will have zero 
calculated Fcs causing two peaks per atom on the F,, 
map. Correct selection of atom positions overcame 
this. Full-matrix least-squares refinement was car- 
ried out using isotropic thermal parameters and 
an empirical absorption correction, DIFABSz3 was 
applied [ 1768 (1039) reflexions corrected, minimum 
absorption correction 0.822 (0.851), maximum 
1.168 (1.256), average 0.987 (0.989)] prior to 
refinement with anisotropic thermal parameters. 
The positions of hydrogen atoms were calculated 
geometrically and the weighting scheme 
w = ~/[o’(F~)+O.O~(F~)~] gave satisfactory agree- 
ment analysis. Final R and R, values are 0.043 
(0.025) and 0.056 (0.034). All crystallographic pro- 
grams used were from the SDP package.24 

Selected bond lengths and angles are given in 
Table 2. Fractional atomic coordinates, anisotropic 
temperature factor coefficients and FJF, values 
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Table 1. Analytical, spectroscopic and related data 
- 

M.p. 
Analysis ( %)b 

Complex” (“C) RMMbc C H 

WMeN2W2 

Cu(EtN202)2j 

Cu(Pt-NKU 

CU(BU~N~O~)~ 

Cu(BuiS”NzO,), 

Cu(Bu”N,O,)j 

Cu(BuN@,)z 

Cu(n-CsH,,N,Wz 

Cu(n-C,2H,,N,O& 

Cu(allylN,O& 

Cu(PhNSWz 
Fe(MeN,O,)j 

Fe(EtND& 

Fe(PfN@& 

Fe(Buv@J 3 

FeW&HzsNzW3 

Fe@‘hN@& 

196 212h 
1964 (214) 
113 261h 

(241) 
131 274h 

1339 (270) 
73 

79 
8&83k 

115 297h 

1229 (296) 
152 

106 410 

(434) 
99 

73 

197 
150 297 

(281) 
85 350 

(323) 
61 

64 

42 760 

(744) 
141 510 

(470) 

27.9 5.6 
(26.7) (5.2) 
32.5 6.0 

(32.3) (6.1) 
32.4 6.7 

(32.3) (6.1) 
32.3 6.1 

(32.3) (6.1) 
32.6 6.0 

(32.3) (6.1) 
46.4 8.1 

(46.9) (8.4) 
55.7 10.0 

(55.2) (9.7) 
27.3 3.7 

(27.1) (3.8) 

12.9 3.2 
(12.8) (3.2) 
23.1 

(22.3) (:p) 
29.7 5.8 

(29.6) (5.8) 
34.3 6.6 

(35.4) (6.7) 
58.8 10.2 

(58.2) (10.3) 
46.5 3.1 

(46.3) (4.2) 

20.6 
(20.8) 
18.8 

(18.8) 
18.6 

(18.8) 
18.5 

(18.8) 
18.6 

(18.8) 
13.5 

(13.7) 
10.6 

(10.7) 
21.0 

(21.1) 

29.6 
(29.9) 
25.0 

(26.0) 
22.7 

(23.0) 
19.0 

(20.6) 
11.5 

(11.3) 
17.2 

(18.0) 

Reflectance’ 
spectrum 

absorption’ 
maxima 

(cm ‘) 

1.93 

1.87’ 15,600 17,900 

16,000 (17,900) 

16,000 17,900 

15,900 (17,900) 

16,000 (18,900) 

2.02 16,000 17,900 

1.97 16,000 17,900 

15,700 17,700 

2.02 
6.00 

5.94 

5.81 

6.03 

5.96 

“Cu(I1) complexes of cyclohexy15 and trimethylsilylmethyl’2 also known. Complexes are new 
except Cu, R = Me, Pr’, Bu’“, Bum:, Ph ; Fe, R = Ph. 

b Calculated values in parentheses. 
’ Vapour pressure osmometry (CHCl,). 
dAt room temperature, 1 BM = 9.274 x 10mz4 A m’. 
e Also a shoulder near 13,200 cm- ‘. 
‘Parentheses indicate ill-defined maximum. 
g Reference 22. 
h Parent ions observed in mass spectra. 
‘The Me derivative9 has 0 = 8”, the n-&H,, derivative has 0 = lo”, and the Pi derivative obeys 

the Curie law he (90 K) = 1.88 BM] with l/x = C(T+B). 
‘Non-conducting in acetone at 25°C. 
k Reference 5. 
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Table 2. Selected bond distances (A) and angles (“) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Fe 0 2.001(10) 0 N 1.313(11) 
N N 1.266(10) N C 1.468(6) 
C C 1.498( 16) 

Atom 1 Atom 2 Atom 3 Angle 

0(11) Fe 0(12) 76.2(2) 
0(11) Fe 0(32) 91.7(2) 
0(11) Fe 0(22) 162.4(2) 
0(11) N(ll) N(12) 122.8(4) 

O(l1) N(ll) C(ll) 118.3(4) 
N(22) N(21) C(21) 120.3(5) 

(ii) Cu(PrN,0J2 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

cu 0 1.906(4) 0 N 1.316(4) 
N N 1.273(3) N C 1.473(3) 
C C 1X4(4) 

Atom 1 Atom 2 Atom 3 Angle 

O(1) cu 
O(1) cu 
cu O(1) 
cu O(2) 
O(1) N(12) 
N(2) N(1) 

W’) 180.0(l) 

O(2) 81.99(6) 

N(1) 108*6(l) 

N(2) 113.4(l) 

N(2) 122.5(2) 

C(1) 119.7(2) 
- 

have been deposted as supplementary data with the 
Editor.* 

mol dm-3),25,26 at concentrations used in pre- 
parative studies they are mostly dimeric and exist 
either as III or IV.26 

RESULTS AND DISCUSSION R X R 

The three methods of preparation of the 
copper(I1) and iron(II1) complexes are outlined in 
Schemes l-3. 

The iv-methyl-substituted copper(I1) and 
iron(II1) complexes whether prepared by Scheme 1 
or 2 had identical melting points and IR and mass 
spectra. The same is true for the N-phenyl deriva- 
tives from Schemes 1 and 3. The constitution of the 
complexes is therefore clearly established although 
the structure of the N-nitroso Grignard inter- 
mediate remains uncertain. Although alkyl- 
magnesium bromides and iodides are monomeric in 
ether at low concentration (less than about 3 x lo-* 

‘Mg’ ‘Mg’ 

Et 0’ 2 ‘X’ ‘OEt 2 

III 

“\ /“\ / 
OEt, 

R 
/Mg\x/Mg\oEt 

2 

Iv 

*Atomic coordinates have also been deposited with 
the Cambridge Crystallographic Data Centre. 

It is possible that the action of nitric oxide on III 
or IV in ether would initially yield species I or II, 
respectively, but in either case hydrolysis will give 
RN(NO)OH and complex formation with, e.g. 
Cu2+ will give [Rn(NO)O12Cu. Since neither the 
active species in the Grignard reagent nor the initial 
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Mg+RX-RMgX=R-N-O-MgX or 

XL/ 

Mg 

I II 

1379 

I H+ 

N-R 
cu r- 1 cu2+ 

I - 
R-N-OH Fi+ 

O=N 
-----tFe 

2 N=O 3 
Scheme 1. For R, see Table 1. 

+ R-N-OH &l+ or 
RNH20H++NaNO$+ 

N=O 
- metal complexes 

Fe’+ 

Scheme 2. 

Scheme 3. 

magnesium complex produced is known, the 
simplest schematic formulation that is stoichio- 
metrically correct is given below : 

Mg+RX- RMgX No - R-N-O-MgX 

ILL 

I 

Molecular structures 

The molecular structure and the atom-numbering 
scheme for Cu(Pr’N20& are shown in Fig. 1. The 
molecule excluding the alkyl substituents is planar, 
and the ligands are tram as in the N-phenyl 
analogue. ’ 7 The Cu-0 bond distances are equal 

(Table 2) within experimental error but the small 
bite of the ligand leads to angles significantly 
below 90” subtended at the metal atom 
(0(1)-&-O(2) = 8 1.99O). The nearest neighbours 
axially to the copper(I1) ion are N(2) atoms at 3.2 
A, which is much greater than the sum of the radii 
of cu*+ and nitrogen (ca 2.3 A). Thus there is no 
intermolecular interaction and the copper(I1) ions 
are in essentially planar coordination. 

The atom-numbering scheme and the molecular 
structure of Fe(Pr’WzO,), are presented in Fig. 2. 
The six 0 atoms form a distorted octahedron 
around the iron(II1) ion, and the Fe4 distances 
(Table 2) are the same (2.00 A) as in the phenyl 
derivative. ’ * The ligands are in a facial arrange- 
ment. As in the copper(I1) complex, the ligands 

C(2) 

C(1) r-r: 0) (3) 

NW 

Fig. 1. Atom-numbering scheme, structure, and stereoscopic view of Cu(Pr%J20&. 
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Fig. 2. Atom-numbering scheme, structure, and stereoscopic view of Fe(Pr”N,O&. 

subtend small angles at the metal ion (76.2‘). The 
ligand dimensions are the same in the two com- 
plexes within the stated standard deviations. The 
N-O bond lengths in the copper(I1) and iron(II1) 
complexes are almost equal [Cu, 1.316(4) A ; and 
Fe, 1.313( 11) A]. Those for Cu(I1) are much better 
refined than any 8,‘oS11,‘3,1G19 previously reported. 
On reviewing the available structures of N-nitroso- 
N-alkyl- or N-nitroso-N-arylhydroxylaminato 
complexes we find no compelling evidence, as 
judged by the reported standard deviations in the 
N-O bond lengths, to support the claim” that 
significantly different N-O bond lengths occur 
within a single ligand in any given complex. Our 
values are intermediate between those expected” 
for single (ca 1.37 A) and double (ca 1.23 A) bonds. 
Our N-N bond lengths are short lo and invariant 
with clear evidence for significant double-bond 
character. The C-N bond distances are normal for 
single bonds (Table 2). 

Magnetic measurements 

The effective magnetic moments (,u& of the 
copper(I1) complexes (Table 1) are a little above the 
spin-only value (1.73 BM) as expected for planar or 
tetragonally-distorted, six-coordinate complexes ; 
and the moments of Cu(PriN202)2 and Cu(n- 
CsH,,N,O& are almost independent of tem- 
perature (Table 1) as expected for monomeric com- 
plexes. The iron(II1) complexes are high-spin (for 
the t&e,’ configuration moments close to the spin- 
only value of 5.92 BM are expected) ; thus the N- 
nitroso-N-alkylhydroxylamines are weak field 
ligands. 

Electronic spectroscopic measurements on the 
copper complexes 

The electronic spectra of copper(I1) complexes 
have been extensively reviewed.27,28 Potentially z- 
bonding ligands such as acetylacetonate (acac) and 
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its derivatives appear to favour square planar CuO, 
geometry. The electronic spectra of this chro- 
mophore, recorded by diffuse reflectance from 
powdered samples or by polarized measurements 
from single crystals, exhibit three or four bands in 
the visible region with no absorption maxima below 
10,000 cm-‘. The polarized spectrum of Cu(3- 
#aca& is typical with maxima at 15,400, 16,900, 
19,000 and 20,600 cm- ‘, while in other cases, e.g. 
CaCuSi40,0 and Cu(3-Meacac),, the spectrum is 
shifted to lower energy by 2500-1000 cm-‘. 

These complexes have T (a corrected ratio of the 
in-plane bond lengths to axial contacts) in the range 
0.56-0.66. Semi-coordination need not be 
considered. If the in-plane bond lengths are about 
2 8, then the close contacts in the axial directions 
are at least 2.8-3 A for true square planar Cu04 
chromophores. The bond lengths in the solid state 
are not temperature-dependent. 

The di~u~-reflectan~ spectra of powdered sam- 
ples of our blue/violet copper(H) complexes (Table 
1) are all very similar. A broad envelope centred 
near 16,700 cm- ’ has two ill-resolved maxima near 
15,600 and 17,800 cm- ‘, with a low-energy shoulder 
at about 13,200 cm- ‘. The complex Cu(PriN,O,)Z 
is square planar with T (uncorrected) = 0.59 as 
determined by the in-plane Cu-0 distances and 
the closest contacts to Cu from N(2) above and 
below the plane at 3.205 A. The spectra show that 
all of the copper(I1) complexes reported here are 
square planar and confirm the established struc- 
ture-spectral correlations for such chromophores. 
It would appear that the olefinic function in 
Cu(allylN,O,), does not interact with the 
copper(H) atom. 
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Abstract-The heterocycles pyridine, y-picoline, 2,2’-bipyridine and 1, lo-phenanthroline 
react with [($-C5Hs)Ru(MPh3)2X] (M = P, As or Sb) and [($-C5HZ)Ru(AsPh3)(PPh3)X] 
(X = Cl, Br, I, CN, NCS or SnCl,) to formcomplexes of types [(q’-C5H5)(MPh3)(L-L)+X- 
(L-L = 2,2’-bipyridine or l,lO-phenanthroline ; X = Cl, Br, I, CN, NCS or SnCl,) and [(q’- 
C5H5)Ru(MPh3)LX] (M = As or Sb ; L = pyridine or y-picoline ; X = Cl, Br, I, CN, NCS 
or SnCl,). Interactions of dithiocarbamate (DTC) with [(q5-C5H5)Ru(SbPh3)2X] (X = Cl, 
Br or I) and acetylacetonate (acac) with parent compounds [(n5-C5H5)Ru(MPh3),X (M = P 
or Sb; X = Cl, Br or I) yielded [(q’-C,H,)Ru(MPh,)L] (where L = DTC or acac). The 
reaction products have been characterized by magnetic, spectral and microanalytical data. 

The unusual chemistry of cyclopentadienyl 
ruthenium complexes, [(Cp)Ru(MR,),X] (Cp = ‘I’- 
C5H5 ; M = P, As or Sb ; R = Ph, Me or OPh), 
have captured the attention of many investigators 
for several years. I-l2 In continuation of our pre- 
vious work” we wished to examine the reactions of 
[(Cp)Ru(MPh,),X] (M = As or Sb) and [(Cp)Ru 
(AsPh,)(PPh,)X] (X = Cl, Br, I, CN, NCS or 
SnCl,) towards heterocyclic bases like pyridine (py), 
y-picoline (y-pie), 2,2’-bipyridine (bipy) and 1, lo- 
phenanthroline (1, lo-phen) and towards sodium 
diethyl-dithiocarbamate (DTC) and acetylacetone 
(acac). This paper reports the results of such a 
study. 

EXPERIMENTAL 

All of the chemicals used were chemically 
pure or Analar grade. Solvents were distilled and 
dried before use. The complexes [(Cp)Ru- 
(AsPh,)(PPh,)X] and [Ru(Cp)(MPh,),X] (M = As 
or Sb; X = Cl, Br, I, CN, NCS or SnCl,) were 
prepared by the literature procedures. ’ ‘*I ’ 

*Department of Chemistry, S.C.P.G. College, Ballia 
277001, India. 

t Author to whom correspondence should be addressed. 
$ The solution was concentrated to get a better yield 

of the complex. It also appeared without concentration, 
but the yield was poor. 

Typical methods of synthesizing the complexes 

Preparation of the complexes [(Cp)Ru(MPh,)LX] 
(M = As or Sb) and [(Cp)Ru(MPh,)L-L]+X- 
(M = P, As or Sb) (X = Cl, Br, I, CN, NCS, SnCl,, 
DTC or acac). The complexes were synthesized by 
refluxing [(Cp)Ru(MPh3)2X] (ca 1.2 x 10m4 mol) in 
20 cm3 ethanol with the corresponding substrate 
for several hours. After concentrating the resulting 
solution to nearly 5 cm3$ a slight excess of diethyl 
ether (ca 20 cm’) was added yielding a mic- 
rocrystalline product. It was separated by cen- 
trifugation and recrystallized from the appropriate 
solvent. The recrystallized product was washed with 
light petroleum, and air dried. 

Attempts to synthesize the corresponding arsine 
complexes having DTC or acac as coligands were 
unsuccessful. 

Preparation of [(Cp)Ru(MPh,)L-L]+Y- (L = 
As or Sb; Y = BPh4, BF4, ClO;, HgCl, or 4 
Zn&). These were synthesized by metathesis reac- 
tions. The complex [(Cp)Ru(MPh,)L-L]+X- (ca 
1 .O x 10e4 mol) in 15 cm3 of ethanol on mixing with 
equimolar quantity of Y- in ethanol (5 cm”) yielded 
an immediate orange red precipitate. (Perchlorates 
of these cations could also be isolated by the 
addition of a few drops of perchloric acid to their 
alcoholic solutions. CAUTION: One should be 
careful in their syntheses because of their highly 
explosive nature.) The precipitated residue was 

1383 
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separated by filtration, washed with diethyl ether 
and recrystallized from a chloroform-methanol 
mixture. 

Using ethanol as solvent no stable product was 
obtained by the reaction of bipy or l,lO-phen with 
[(Cp)Ru(MPh,),H] (M = As or Sb). However, in 
the presence of the anions BPh;, BF:, ClO;, 
HgCl; and Zn,Clz- the same reaction mixture 
yielded the stable cationic salts [(Cp)Ru(MPh,)L- 
L]+ (M = As or Sb, L-L = bipy or l,lO-phen). The 
same reactions carried out in halohydrocarbons 
such as CH2C12, CHX3 etc. gave the corresponding 
halide salts [(Cp)Ru(MPh,)L-L]+X- (X = Cl or 
Br) which in the presence of a large anion (Y-) 
afforded the corresponding salt of Y-. 

Physical measurements 

Carbon, hydrogen and nitrogen analyses were 
carried out by the Microanalytical laboratory of the 
Indian Institute of Technology, Kanpur, India. The 
percentages of halides and sulfur in the complexes 
were determined by the standard methodsI in the 
filtrate obtained after fusing the sample with the 
fusion mixture (1 : 8 NaNO,-NaOH), extracting it 
with distilled water and filtering it. IR, UV and 
visible, ‘H NMR spectroscopic and magnetic 
measurements were carried out by the methods 
described elsehwere. lo.1 ’ The results are given in 
Table 1. 

The specific reaction conditions, the analytical 
data, and other physical properties are given in 
Table 1. 

RESULTS AND DISCUSSION 

The empirical formulae of the complexes formed 
by the substitution reactions of N-heterocyclic 
bases, [Na(C2H&NCS2], or acac with the com- 
plexes [(Cp)Ru(MPh,),X] (M = As or Sb ; X = Cl, 
Br, I, CN, NCS or SnC13) are listed in Table 1. 
These are air-stable, highly soluble in organic polar 
solvents like CH,Cl,, CHC13 etc., and relatively less 
soluble in methanol and ethanol. 

The formation of identical substitution products 
from both [(Cp)Ru(AsPh3)2X] with heterocyclic 
bases is not surprising, because of the substitution 
of a larger molecule (PPh,, cone angle 145”) in the 
latter by a smaller one (AsPH 3 cone angle) ’ 4 due to 
steric hindrance. 

An interesting aspect of these reactions is the 
formation of cationic complexes with bipy and 1, lo- 
phen while py and y-pit gave neutral ones. Under 
our reaction conditions we were not able to isolate 
the cationic complexes with py or y-pit similar to 
those reported by Uson et al. ’ 5 Although one could 

have anticipated the formation of the cationic com- 
plexes [(Cp)RuL,(MPh,)]+X- (M = As or Sb ; 
L = py or y-pit), in the case of py and y-pie also, 
seemingly the chelate effect of the ligands L-L plays 
a significant role in stabilizing the cationic 
complexes. The cationic nature of the complexes 
has been confirmed : (a) by exchange reactions using 
cationic and anionic exchangers (Dowex SOW-XB 
and Dowex l-XB), and (b) by synthesizing various 
salts of the cations with a number of large anions 
(Table 1). It has been shown here that the bipy and 
1 ,10-phen complexes are cationic { [(Cp)Ru(M- 
Ph,)L-L]+ (M = As or Sb)}. Although it was pre- 
viously reported” that the corresponding tri- 
phenylphosphine complexes have the formula 
[(Cp)Ru(PPh3)L-Lo.S X], it was later shown that 
even the PPh3 complexes gave [(Cp)Ru(PPh3)L- 
L]+ on prolonged refluxing (24 h), while on reflux- 
ing for a shorter time a mixture of the latter with 
the starting material was obtained. 

The complexes [(Cp)Ru(MPh,)L-L]+Cl- 
(M = As or Sb) were converted to [(Cp)Ru(M- 
Ph,)L-L]+X- (X = Br, I, NCS, CN or SnCl,) by 
refluxing in methanol with a molar excess of KBr, 
KI, KCN, KNCS and SnCl,, respectively, with the 
intermediate [(Cp)Ru(MPh,)(MeOH)L-L]+ prob- 
ably being formed during these reactions. ’ 6 

The IR spectra of all the complexes exhibited 
sharp bands of medium intensity in the 840-850- 
cm-’ region and relatively broader bands at 420 
cm- ‘. These bands have been assigned to the out- 
of-plane bending and skeletal modes of the CSH5 
ring, respectively. In addition to these, the charac- 
teristic bands of triphenylarsine and tri- 
phenylstibine (53Os, 1 loos, 1440 and 1490 cm- ‘), 
together with those of the heterocyclic bases pyri- 
dine (1590 and 735 cn- ‘), y-picoline (1600, 1505 
and 720-730 cm- ‘), 2,2’-bipyridine (720-740, 840, 
1430-1435 and 16OG1590 cm-‘) were also 
observed.‘7-20 Further, in all the spectra the charac- 
teristic pattern of three bands of decreasing inten- 
sity lying in the 540-500-cm-’ region suggested the 
presence of only one coordinated triphenylarsine or 
triphenylstibine analogue. ’ 5 

The presence of medium-intensity bands due to 
v(CS) around 1000 cm- ’ in the spectra of the DTC 
complexes,’ and broad and intense bands around 
1600 cm- ‘, assigned to the mixed vibration having 
contributions from v(C=O) and v(m) in the 
acac complexes* ’ suggested the presence of the 
respective ligands in their complexes. 

The cyanide and thiocyanato complexes showed 
absorption bands at 2050 and 2100 cm- ‘, respect- 
ively, indicating the presence of CN and NCS 
group. 22-24 The spectra of the cationic complexes 
having BF; (1050 cm-‘), BPh; (1100 cm-‘) 
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ClO; (1100 err- ‘), HgCl, (292 cm-‘) and 
Zn,Cli- (335 and 300 cm- ‘) exhibited the charac- 
teristic bands of the anions.2,7 The zinc complex 
showed no bands attributable to the v(ZnC1) of 
ZnC1;.2 

‘H NMR spectra 

‘H NMR spectra of all the complexes showed 
sharp resonance in the 6-4.4-5.0 region. In the spec- 
tra of the cationic stibine complexes 
[(Cp)Ru(SbPh,)L-L]+X- (L-L = bipy or l,lO- 
phen) three resonances (1 : 2 : 2) were observed, 
whereas for the [(Cp)Ru(SbPh,)LX] (L = py or y- 
pit) complexes a sharp singlet was observed. The 
aromatic protons of the triphenylarsine, tri- 
phenylstibine and the N-donor ligands exhibited 
broad resonances in the range 6 7.0-8.5. The com- 
plexes having y-pit also showed a resonance due to 
methyl protons around 6 1.8-2.0. DTC- and acac- 
containing complexes exhibited additional signals 
in the 6 3.5 (CH,), 6 2.0 (methyl) region and 6 5.7 
(-CH), 6 2.23 (methyl) region, respectively.‘T2’ The 
interesting aspect of these spectra is that the CSHs 
proton resonances in the complexes having bases as 
coligands were shifted downfield compared to their 
parent species (6 4.2), viz. [(Cp)Ru(MPh,),X] 
(M = As or Sb). Furthermore, the downfield shift 
is larger in the cationic species in conformity with 
those previously observed for other Ru-Cp cationic 
complexes. ‘-I O 

The downfield shift in the position of CsHs pro- 
tons in all the complexes (neutral or cationic) com- 
pared to that in the spectra of the complexes having 
two molecules of Mph3 linked to the ruthenium 

6 
could possibly be due to the difference in the x- 

8 
accepting behaviour of the heterocyclic bases and 

g 
triphenylarsine or triphenylstibine.25 

8 
3 Electronic spectra 

3 
.s. 

The electronic spectra of the complexes showed 

t? 
a fairly intense band around 450 nm, which could 

a\ be assigned to a metal to ligand charge-transfer 
.$ (M + L) transition. 26,27 The variation in the pos- 
.C 
% 

ition of the (M + L) charge-transfer bands with the 

e 
nature of the heterocyclic bases was not regular. 

n On the basis of the results discussed in the pre- 
ceding paragraphs and on the basis of the previous 
studies’-‘2 a distorted octahedral structure has been 
assigned to all the complexes. 
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Abstract-Two rate steps have been observed when excess Pd(I1) was reacted with meth- 
ionine (Meth) and S-methyl+cysteine (SMC) in the pH range l-3.5. The fast step in both 
systems was attributed to the formation of a mononuclear chelated complex, and the slow 
step may be due to the effect of hydrolysis and/or polymerization processes. The mechanism 
of the fast reaction was discussed in terms of the species PdCl:-, pdC13(OH)]2-, H2L+ 
and HL (L = Meth or SMC). It was concluded that [pdC13(OH)]2- was the more reactive 
species in the complex formation reaction. It was also found that substitution reactions 
involving Meth were more labile than those involving SMC. 

Recent discoveries of the anticarcinogenic pro- 
perties of some platinum complexes have drawn 
attention to palladium complexes which in general 
are chemically similar. 2,3 Although platinum com- 
plexes have been shown to be more effective in 
the treatment of some cancer cases than palladium 
complexes,4 yet the latter complexes offer a chemi- 
cal advantage over the former due to the fact that 
they are kinetically more labile. This allows a better 
understanding of the platinum complexes. 

In order to study the role of some platinum and 
palladium complexes in cancer chemotherapy ; the 
interaction of these metal ions should be carefully 
investigated with ligands commonly found in the 
biological systems. In this work L-methionine 
(Meth) and S-methyl+cysteine (SMC) have been 
selected as the ligands. Preparative work on Pd(I1) 
complexes with Meth have been reported.‘-’ 
Among the synthesized complexes are those cor- 
responding to the formulae [PdCl,(Meth)]-, 
[Pd(Meth-H)2]2+, [Pd(Meth),], [Pd(Meth-H)Cl,J 
and [Pd(Meth)H20]+ {Meth = [CH3S(CH2)2CH 
(NH,)COO]-). The formation constants of 
[Pd(Meth)]+ and lPd(Meth)2] were calculated 

* For Part II see Ref. 1. 
t Author to whom correspondence should be addressed. 

(logb, = 9.14 and log/I, = 17.00).gq’o SMC 
also interacts with Pd(I1) to form several com- 
plexes”-‘3 having the following formulae 
[Pd(SMC-H)Cl& [Pd(SMC),] and [Pd2(SMC- 
H)2C12]2+ {SMC = [CH3SCH2CH(NH,)COO]-}. 
The log formation constant of [Pd(SMC)]+ is 9.38.9 

EXPERIMENTAL 

Materials 

Meth (Fluka, 99%) and SMC (Fluka, > 98%) 
were used without purification. Stock solutions 
(taken by weight) of the ligands were kept in a 
dark cool place. A stock solution of Pd(I1) chloride 
(Pierce) was prepared in HCl [which was 10 times 
the concentration of the Pd(II)]. The concentration 
of the metal ion was determined by gravimetric 
methods as Pd(dimethylglyoxime)2.‘4 

The kinetic measurements were done using a 
Union Giken stopped-flow apparatus as previously 
described. I5 The optical path of the cuvette was 
10.0 mm, thermostated at 25°C. The observed rate 
constants were calculated by a program using the 
Guggenheim method. 

The absorption spectra were obtained using Pye- 
Unicam SP8- 100 and Schimadzu-160 spec- 
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trophotometers in the wavelength range 200-500 
nm. The pH measurements were obtained by using 
a Radiometer pH-meter type 62 equipped with a 
combined glass electrode (GK 2301C). The pH 
meter was calibrated before use with two buffers at 
2.0 and 4.0. 

In all measurements, the ionic strength was kept 
constant at 0.15 M. The Pd(I1) concentration ( TpI) 
ranges from lo- 3 to lo- * M, and the ligand con- 
centration (TMeth or Y’s& was fixed at 1 x lop4 M. 

RESULTS AND DISCUSSION 

The addition of the solution of Meth or SMC to 
that of Pd(I1) almost decolourized it in the pH range 
l-5 (when the concentration of ligand is greater 
than the metal). The spectra show considerable 
changes where the bands of Pd(I1) chloro complexes 
are shifted to shorter wavelengths with an increase 
in intensity in the wavelength range 60&200 nm. 
The ligands themselves have no absorption at wave- 
lengths longer than N 220 nm Fig. l(AHC). The 
spectra are pH-dependent in the pH range used 
while those of Pd(I1) chloro complexes show only 
a minor change in the intensity with increase in the 
pH of the solution. 

The kinetic runs were monitored at &nm under 
pseudo-first-order conditions with the con- 

a) pH = 1.26 

b) pH = 3.03 

B) 

i 

.t 5 

: 
g.10 h 

: Ia!_ . * .os 

.oo 
300 400 

W.rslsn#tb DP 

T 
Pd 

= 1 3 lo-‘M=O.6 TYeth 

a) pIi = 1.26 

b) pH q 3.27 

b 

TPd q 1 x 16’?4=0.5 TgyC 

a) pH= 1.27 

b) pH = 3.08 

300 400 
Wavelength nm 

50t 3 

Fig. 1. Spectra of Pd(II)-Meth and Pd(II)-SMC systems 
at representative pH values. (A) Spectra of Pd(I1) at the 
indicated pH values. (B) Spectra of Pd(II)-Meth at the 
indicated pH values. (C) Spectra of Pd(II)-SMC at the 

indicated pH values. 
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\) 

x = 380 “Ill. I =0.15 cl- 

TM,,h=l x1G4M 

pH= I.0 

pH=3.C 

pH=3.8 

I I I I I 

0.002 0.004 0.006 

T Pd' M TPdx 10 
2 

M 

Fig. 2. Dependence of the observed rate constants on pH for : (A) the Pd(II)-Meth system, and (B) 
the Pd(II)-SMC system. 

centration of Pd(I1) much greater than that of the 
ligands. Two rate steps were observed, one in the 
millisecond range and the other in the second range. 
The change in absorbance with time for the first fast 
step was much greater than that for the second slow 
step which allows a better determination of the first 
step than the second one. The fast step may be 
attributed to mononuclear-complex formation, and 
only that step will be considered, while the slow step 
may be due to the formation of a polymeric and/or 
hydrolytic processes. The pseudo-first-order rate 
constants (kobs) are linearly dependent on the TPd at 
constant TMeth or TSMC, and constant pH, Figs 2(A) 
and (B). These linear relationships are empirically 

* Estimated value. 
7 KIOH (= IO'.') stands for the equilibrium reaction : 

PdCl:- +OH- P [PdCl,(OH)]2- +Cl-, 

and j& stands for the equilibrium reaction : 

Pd’+ +4Cl- e PdCl:-. 

expressed as follows : 

k& = rn~+rn~T,,, (1) 

where L = Meth or SMC, and rnk and rnk are the 
intercepts and slopes at various pH values for both 
systems. In the Pd(II)-Meth and Pd(II)-SMC sys- 
tems the intercepts have constant values within 
experimental errors, in the former the value is 3.5 
s-i and in the latter it is zero. On the other hand 
mve* is inversely proportional to the pH and m_fMC 
is’directly proportional to the pH. Table 1 records 
the values of mj for both systems at various pH 
values, interpolated from their plots against experi- 
mental pH values. 

The possible ligand species which may primarily 
exist in the pH range used (l-3.5) are the protonated 
and dipolar species since the pKvalues are 2.24 and 
9.17 for Meth,16 and N 2.2* and 8.75 for SMC.17 
The metal species, on the other hand, are the tetra- 
chloro complex of Pd(I1) (PdCl:-, log /I4 = 11.11’ *) 
and likely the species [pdCl,(OH)]*- 

(log/-&on = logK,ou+log/?,, = 16.8118T). 
The interaction of Pd(I1) species with the ligand 

species may be described by the following reaction 
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PdCI:-+LH: P PdCl,LH+2Cl-+H+ ; k,, k-1 (4 

PdCl:- +LH; P [pdCI,L]- +2Cl- +2H+ ; kz. k- 2 @I 

K ICH 11 
PdCl:- + LH P PdCl,LH + 2Cl- ; h, k, (4 

PdCl:-+LHF?[PdC12L]+2C1-+H+; k,, k-4 

K IOH 11 K ICH 11 
[PdCl,(OH)]2-+LH: PP~CI,LH+C~-+H~O; k,, k 5 

FdCl,(OH)12-+LH: PFdCl,L]-+Cl-+H++H,O; k6, k_, 

[PdC13(0H)‘J2-+LHFtPdCl,LH+Cl-+OH-; k,r k-7 

~dCl,(OH)]Z-+LH~[PdCl,L]-+C1-+H20; ks, k-8 

(d) 

(e) 

(f ) 

(g) 

(h) 

Scheme 1. 

where ki and k_i are the forward and backward cesses are ignored if one considers only the fast rate 
micro-rate constants, and KICH and K1oH are the step. The formation of other mononuclear com- 
deprotonation constant of PdC12LH and the mixed plexes was also neglected due to the presence of 
chloro hydroxo complex of Pd(I1) excess metal concentration with respect to the 
{PdC1,2+ + OH- G? [PdC13(OH)]2- + Cl-}, respect- ligands. 
ively. In this mechanism the polymerization pro- The rate equation describing the mechanism in 

Table 1. Values of mj obtained at interpolated pH values for the Pd(II)-Meth and Pd(II)-SMC systems” 

PH 

L L L L’ 
m, (10m3 mj (lop2 
s-’ M-l) s-’ M-‘) Qz (:lO-‘) Q2 (4;O-7) 

Ml?lQJ m,XQlQJ 
(x lo-“) (x 10-9) 

1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.4 
2.5 
2.6 
2.7 
2.8 
3.0 
3.2 
3.4 
3.5 

3.40 
3.35 

3.25 
- 

3.15 
3.05 
3.00 
- 

2.85 
- 

2.75 
- 

2.60 
- 

2.45 

2.40 
2.20 
- 

2.0 

- 27.130 
4.0 17.400 
4.4 - 

4.7 7.186 
4.9 - 

5.2 3.030 
5.7 1.320 
- 

6.2 
6.6 
- 

6.9 
7.4 
- 

7.9 
- 

8.4 
8.9 
9.4 
9.9 

10.0 

- 

0.410 

0.200 
- 

0.075 

0.044 
- 

0.018 
0.010 

- 

0.005 

65.730 
42.230 
27.180 
17.600 
11.460 
5.010 

2.260 
1.530 

- 

0.740 
0.380 

- 

0.200 
- 

0.120 
0.068 
0.038 
0.024 
0.019 

922 
583 
- 

233 
- 

95 
40 
26 
- 

12 
- 

54 

20 

11 

4 
2 

- 

1 

- 

263.0 
186.0 
128.0 
86.0 
60.0 
28.0 
- 

14.0 
10.1 
- 

5.1 
2.8 
- 

1.6 
- 

1.0 
0.6 
0.4 
0.24 
0.19 

a L = Meth, and L’ = SMC. 



Scheme 1 is as follows : 

where : 

C, = [PdCl,LH], 

C2 = [PdCl,L-1, 

Q = ‘+ [H+l Ir-r'l' 
1 K2h+zEh 

(K,,, and K2h are the deprotonation constants of the 
mSMC = k_3[Cl-]2+k_S[Cl-] = 3.5~~‘. 

ligands), If the term corresponding to the slopes is 
rearranged, one gets the following equation : 

Q2 = 1 + Km~[OH-l miQlQ2 = (k, +kdH+12/K&h 
[Cl-] ’ 

+ {(h + kd/&, + (k, + kd 
Q3 = C&H + WWKKH, 

X K,K,o,/K,,K,[cl-l)[+l 
Q‘, = k_ JCl-]2[H+]+k_3[Cl-]2 

+(k7+k8)KwK~o~/Kth[Cl-l, (6) 
+k_,[Cl-]+k_,[Cl-][OH-1, 

where K, is the ionic product of water (= 10-‘3.78 
QS = k_2[Cl-]2[H+]2+k_4[C1-]2[H+] at 25°C) and Q, N 1. 

+k_,[H+][Cl-]+k_,[C1-1, 
Table 1 shows the values of mjQ,Q2 at interpo- 

lated values of pH for the Pd(II)-Meth and Pd(IIk 
SMC systems. The plots of this dependence are 
shown in Fig. 3(A) and (B) for both systems. The 
dependence on H+ follows a quadratic relationship, 
specially in the pH range l-2.5. The coefficients of 
eqn (6) are equal to (8.19*4.17)x IO”, 
(9.88k3.26) x 1012 and (9.11 kO.03) x lOI for the 
Pd(IIkMeth system, and 

Q 
8 

= m+lQ4+Q (1.08+0.08)x 1012 and (2.93+0.1)x lG13 for::e 
K 

5. 
ICH Pd(II)-SMC system. Table 2 shows a numerical 

The integrated form of eqn (2)* is : comparison of the rate constants of both systems. 
It seems from Table 2 that the interactions of Pd(I1) 
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Figure 2(A) indicates that the Meth complex of 
Pd(I1) has a large value for the formation constant 
since it represents the backward rate constant. On 
the other hand, the intercepts have constant values 
independent of the pH in the Pd(II)-SMC system. 
In another way : 

mfMC = es/Q3 2~ Q4 1: (k_3+k_4KlcH)[C1-]2 

+ (k- 5 +k- eKm)[C1-1. (5) 

Equation (5) is correct if Kit-H < [H+] and mi is 
independent of pH. If one accepts the approxi- 
mations that k_4K,CH and k_,K,,, are much less 
than k_3 and k_ 5, respectively (KICH < k-4 and 
K ICH < k- & then : 

CC,), 
A 

with Meth or SMC are identical in the sense that 

‘n(C2)m-(C2)t = In* = kLGJ (3) most of the reactions in Scheme 1 are significant 

where : 
Table 2. Micro-rate constants obtained in this work for 

kt’te = QdQ3+QJ'dQ,Q2. (4) the Pd(II)-Meth and Pd(II)-SMC system 

The terms, Qg/Q3 and Qg/Q,Q2 stand for the Rate constants Pd(II)-Meth Pd(II)-SMC 

intercepts and slopes expressed in eqn (1) for the 
Pd(II)--Meth and Pd(II)-SMC systems. k,+kz 3.6 x IO4 3.0 x 102 

The intercepts are zero in the Pd(II)-Meth system. k,+ka 6.7 x lo3 1.9 x 103 
k,+k,” 6.95 x lo8 7.6 x 10’ 
k,+ks 1.0 x 109 = Zero 

*Where A,,, A,, C, and C, are the abaorbances at “In determining these constants, the assumption has 
infinite time t and time t, concentration at infinite time t been made that either the term (k7+ k8)&,,&,,/~,[Cl-] 
and time t, respectively. or the term (k, + k6)K,J&/K,,,KB[Cl-] is equal to zero. 
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Fig. 3. Dependence of m)Q ,Q2 on hydrogen ion concentration for: (A) the Pd(II)-Meth system, and 
(B) the Pd(II)-SMC system. 

in the formation of the mononuclear complexes. 
However, the Pd(II)-Meth system is more labile 
than the Pd(II)-SMC system despite the fact that a 
six-membered metal complex is formed in the for- 
mer and a five-membered complex in the latter, 
assuming that the amino nitrogen and etherial sul- 
fur are the sites of the ligation. In addition, the 
substitution reactions involving [PdCl,OH]‘- are 
more labile than those involving PdCl:-. 
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Abstract-Visible absorption spectra and the molar-conductance curve for CuBr2 in N,N- 
dimethylformamide (DMF) as well as the spectra for the Cu(C104)2-Et4NBr-DMF and 
CuBr2-DMF<hlorobenzene systems have been studied. The results indicate the formation 
of the CuBr,(DMF)- complex being the predominating bromo complex of copper(I1) in 
the most concentrated solutions of CuBr, in DMF. The stability constants of the individual 
bromo complexes of copper(I1) have been determined : log/?, = 3.35, log/I, = 5.4, and 
log/33 = 8.8. 

The nonaqueous copper(I1) chloride systems have 
been extensively studied spectrophotometrically by 
Vierling and coworkers,’ and the solvent effect on 
the stability, the electronic spectra, and the struc- 
ture of copper(I1) chloro complexes was discussed. 
Their results provided quantitative evidence of the 
well-known facts that the complexes of copper(I1) 
are less stable in better solvating solvents and the 
solvation of the anion is an effect of minor import- 
ance. However, their opinion concerning the ex- 
clusive existence of uncomplexed copper(I1) in the 
form of the four-coordinate Cu(solvent):+ cations 
seems to be questionable. 

We report here the copper(I1) bromide (CuBr,) 
system in N,N-dimethylformamide (DMF). The 
copper(I1) chloride complexes in DMF were studied 
spectrophotometrically by Gutmann,’ Vierling,3 
and spectrophotometrically and calorimetrically by 
0htaki,4 providing the experimental evidence for 
the existence of four chloro complexes of copper(I1) 
in the system. However, there is a lack of quanti- 
tative data of non-aqueous CuBr, solutions. Chmur- 
zynski et al. 5 investigated the DMS&CuBr, system 
and identified four consecutive bromo complexes 
of copper(I1) from spectrophotometric data. The 
corresponding acetonitrile system was studied by 

*Author to whom correspondence should be addressed. 

Barnes and Hume,6 who have shown that CuBr, 
undergoes reduction, producing CuBr. 

The present work was undertaken in order to 
determine the nature and stability of complexes 
formed in DMF solutions of CuBr,. In previous 
papers we reported the study of ionization equi- 
libria of CoBr, and NiBrz in this solvent. It 
has been shown that the most important factor con- 
trolling the electrolytic properties of the DMF 
solutions of CoBr, is the high stability of the 
tetrahedral CoBr,(DMF)- complex,7 while the oc- 
tahedral NiBr(DMF): complex is the predominat- 
ing species in DMF solutions of NiBr2.’ 

EXPERIMENTAL 

DMF (analytical grade) was dried using a 4A 
molecular sieve and distilled under reduced pressure 
at 45-50°C. The specific conductivity of the purified 
solvent was in the range 3.0-5.0 x lo-’ S cn-‘. 

DMF-solvated CuBr, and Cu(ClO4)2 were pre- 
pared from the respective hydrates by dissolving 
them in DMF, followed by removing any excess of 
the solvent under reduced pressure at ca 65°C. The 
crystalline solids were recrystallized twice from 
anhydrous DMF. The products were used to 
prepare the stock solutions immediately before 
measurements. 

The reagent grade tetraethylammonium bromide ’ 
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(Et,NBr) was recrystallized twice from anhydrous 
acetonitrile and dried in uucuo at elevated tem- 
perature. 

The stock solutions of CuBr, and Cu(ClO& were 
analysed for copper(H) by standard EDTA 
titrations. Solutions for measurements were pre- 
pared by weighed dilutions, and the concentrations 
were calculated using the known densities deter- 
mined independently. 

Absorption spectra were measured using a Beck- 
man W 5270 spectrophotometer. A conductance 
bridge Beckman RC 18A was used, Details of the 
procedures for measuring values were identical to 
those described previously.5~7~g*‘3 

RESULTS AND DISCUSSION 

It is convenient to start a discussion of the results 
obtained for DMF solutions of CuBr, from an 
analysis of the spectrophotometric results obtained 
for the three-component Cu(ClO&-Et,NBr (vari- 
able concentration)--DMF solutions. The study of 
the spectral effects generated by an increasing con- 
centration of Et,NBr provides the possibility of the 
identification of consecutive bromo complexes of 
copper(I1) formed. 

Our spectrophotometric and conductometric 
studies9 have shown six-coordinated Cu(DMF)i+ 
to be the only detectable species in DMF solutions 
of Cu(ClO&. This conclusion is consistent with 
that derived from X-ray diffraction measurements 

on the solution of Cu(ClO& in DMF reported by 
Ishiguro and Ohtaki. I1 However, four of the six 
DMF molecules have a shorter Cu-0 bond 
length. This observation explains the behaviour 
of the solvated Ct.?+ within the Mn*+-Zn*+ 
series. ’ 

Figure 1 shows the electronic absorption spectra 
(500-1500 nm) of a series of solutions containing 
Cu(C10J2 at an approximately constant con- 
centration of 0.0050 mol dmp3, and Et4NBr at a 
number of different concentrations not exceeding a 
3 : 1 Et4NBr : CU(C~O~)~ mole ratio. The spectrum 
of copper(I1) for pure Cu(C10.J2 in DMF is indi- 
cated by curve 1. The position and intensity of 
the band are characteristic of tetragonally distorted 
octahedral copper(I1) complexes. ‘* As is seen, 
addition of Et,NBr brings about a rapid increase 
in the intensity of the band accompanied by a reg- 
ular shift of the maximum from 790 nm towards 
longer wavelengths. Further changes in the spec- 
trum of copper(I1) induced by an addition of 
Et,NBr consist in a development of an absorption 
band with a maximum at 592 nm. The band is 
observed at Et4NBr/Cu(C10J2 ratios exceeding 
1 .O. With increasing Et,NBr concentration the band 
changes in intensity only, indicating the presence of 
one bromo complex of copper(I1) absorbing light 
in this spectral range, while the changes in the long- 
wavelength range are due to the consecutive bromo 
complexes of copper(I1). 

The changes in the spectrum of copper(I1) caused 

7Go 900 no0 

Fig. 1. Absorption spectra of Cu(ClO,),-Et,NBr solutions in DMF at 25°C. The concentrations 
(mol dm-‘) of Cu(ClO& and Et,NBr are, respectively: (1) 0.00519, 0.0; (2) 0.00513, 0.00247; (3) 
0.00531, 0.00482; (4) 0.00556, 0.00729; (5) 0.00512, 0.00970; (6) 0.00513, 0.01213; (7) 0.00511, 

0.01448. 
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Fig. 2. Absorption spectra of Cu(C10&Et4NBr- sol- 
utions in DMF at 25°C. The concentrations (mol dmm3) 
of Cu(ClO& and Et,NBr are, respectively : (4) 0.00556, 
0.00729; (5) 0.00512, 0.00970; (6) 0.00913, 0.01213; (7) 
0.00511, 0.01448; (8) 0.00518, 0.01675; (9) 0.00536, 
0.02207 ; (10) 0.00534, 0.03218 ; (11) 0.00545, 0.05349 ; 
(12) 0.00540, 0.10837; (13) 0.00500, 0.13319; (14) 

Fig. 3. Plots of the mean absorption coefficient of 
copper(I1) against the CEf,NBI/CCU~cIOSI ratio for 
Cu(ClO,),-Et,NBr solutions in DMF at 25°C for the 
isosbestic point at 587 mn. (1) C,-U~c,os, = 0.005 mol 

dm-3, (2) CcU~,-,o,~, = 0.00034. 

0.00511, 0.17235. 

by an increasing Et,NBr concentration are illus- 
trated in Fig. 2 (showing the 592~nm band only). 
This band seems to be due to the higher bromo 
complex of copper(I1). Moreover, the drastic 
difference in shape and position suggests a cor- 
responding change in the geometry of the complex. 
We infer that the band is associated with the pres- 
ence of a four-coordinate bromo complex of 
copper(B). At Et,NBr/Cu(ClO& ratios from ca 1.3 
to 4.1 an increase in Et,NBr concentration results in 
the gradual growth of this band. When the 
Et,NBr/Cu(CIOJz ratio amounts to 19.5 a distinct 
change in the spectrum of copper(I1) is observed. 
The effect consists in the development of a new 
band with the maximum shifted toward shorter 
wavelengths. Subsequently, two well-defined isos- 
bestic points can be observed on the spectra at 504 
and 587 nm. Their appearance indicates a two- 
species equilibrium established within the 19-34 
range of the Br-/Cu*+ ratio. Due to the high excess 
of bromide ion we infer that one of the complexes is 
the CuBr:- complex. The effect of increasing the 
Et,NBr concentration becomes more clear when 
the mean molar absorption coefficient of copper(I1) 
at the wavelength of the isosbestic point is plotted 
against the Br-/Cu*+ ratio. Figure 3 shows the 
corresponding plots for the isosbestic point at 587 
nm obtained for two series of Cu(C10J2-EL,NBr 
solutions markedly differing in Cu(C10J2 con- 
centration. Curve 1 represents the results obtained 

for the series of solutions containing Cu(ClO& at 
a constant concentration of 0.0050 mol dm- 3, while 
curve 2 shows the results obtained in the same range 
of Et,NBr/Cu(ClO,), ratios for a lower con- 
centration of Cu(ClO& (0.00034 mol dme3). As is 
seen, the isosbestic point may be observed for the 
set of spectra corresponding to curve 1, as is indi- 
cated by the horizontal section of the plot. More- 
over, this fact indicates clearly that the isosbestic 
points can be observed for more concentrated sol- 
utions only. This observation seems to be of prac- 
tical importance for a study of the analogous 
systems. 

The spectra of a series of solutions of CuBrz 
within the concentration range 0.0005-0.06 mol 
dm- 3 at 25°C are shown in Fig. 4. The most charac- 
teristic feature of the presented set of spectra of 
copper is the presence of the absorption band 
with a maximum at 592 nm observed previously for 
Et,NBr/Cu(ClO& ratios exceeding 1.0, but lower 
than 19.5 (Figs 1 and 2). Inspection of Fig. 4 shows 
that the band position is independent of salt con- 
centration, while a variation in the intensity with 
the increase in CuBrz concentration is observed. 
The effect of concentration becomes more evident 
when the mean molar absorption coefficient of 
copper is plotted against the CuBr, concen- 
tration for the isosbestic point at 587 nm (Fig. 5). 
The most characteristic feature of this dependence 
is the sharp increase in the intensity with the 
increase in CuBr, concentration below 0.01 mol 
dmm3, while a further increase in the salt con- 
centration affects the spectrum to a lesser extent. 
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Fig. 4. Visible absorption spectra of CuBr, solutions in DMF at 25°C. The molar concentrations of 
CuBr, are: (1) 0.0004834, (2) 0.0007023, (3) 0.0009793, (4) 0.001953, (5) 0.003644, (6) 0.007327, (7) 

0.01022, (8) 0.01319, (9) 0.02021, (10) 0.02682, (11) 0.04020, (12) 0.05536. 

This fact may be interpreted in terms of replacing 
the six-coordinated complexes with the four-coor- 
dinated one. The independence of the band position 
and shape of CuBr, concentration suggests that 
only one four-coordinated complex of copper(I1) 
exists in solution. Moreover, an increase in the 
CuBr, concentration in the solution brings about 
an increase in its relative content. 

Figure 6 shows the molar-conductance curve of 
CuBr, in DMF at 25°C while the experimental 
values are listed in Table 1. We may note that the 
limiting molar conductance of CuBrz would have 

“__----/4___1 

Fig. 5. Plot of the mean molar absorption coefficient of 
copper(I1) for DMF solutions of CuBr, at 25°C for the 
isosbestic point at 587 nm. The broken line corresponds 
to 50% of copper(I1) in the form of the CuBr,DMF- 

complex. 

the value 187.3 S cm2 mall ‘, calculated from 
known ionic conductances,‘,” and this value is sig- 
nificantly higher than the value obtained for the 
most dilute solution. The solid line in Fig. 6 indi- 
cates a fragment of the molar-conductance curve 
predicted for CuBr, with the assumption that the 
solute exists in DMF as a 1 : l-type electrolyte, i.e. 
the CuBr(DMF): - Br- complex electrolyte. It 
becomes clear that extensive complex formation 
must occur already in the lowest concentration 
range. Moreover, it can be seen from Fig. 6 that the 
molar-conductance curve runs almost horizontally 
at higher CuBr2 concentrations. Such behaviour 
was found to be characteristic of the formation of 
ionic species in solution.7*‘3 This range of higher 
concentrations corresponds to the appearance of 
the band with a maximum at 592 nm in the spectrum 
of the CuBr2 solution. Thus, we infer that the band 
is due to the presence of the CuBr,@MF)- complex 
anion. Formation of this tribromo complex of 
copper(I1) is responsible for the low molar-con- 
ductance values. A qualitative confirmation of this 
conclusion is provided by the effect which the 
addition of a non-coordinating diluent of low 
polarity (chlorobenzene) exerts on the spectrum of 
CuBr, dissolved in DMF. The spectra of copper(I1) 
observed at a high chlorobenzene content are shown 
in Fig. 7 along with the spectrum of CuBr, in pure 
DMF. As is seen, the addition of diluent results in 
the disappearance of the band with a maximum at 
592 nm. However, this effect is accompanied by 
the development of a new absorption band with a 
maximum at ca 652 nm (curve 4, 95 mol % of 
chlorobenzene). It may be expected that the 
decrease in the dielectric constant of the medium 
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Fig. 7. Absorption spectra of copper(I1) for CuBr,- 
DMF-chlorobenzene solutions at 25°C for constant 
CuBr, concentration (0.00512 mol dm-‘) and variable 
chlorobenzene mole fraction : (1) 0.0, (2) 0.638, (3) 0.862, 

(4) 0.945. 

species and the non-ionic CuBr2(DMF)2 complex 
is formed. Additional manifestations of this process 
are the changes observed at longer wavelengths con- 
sisting of a decrease in intensity and a blue-shift of 
the broad band with a maximum between 920 and 
940 nm. 

The most important feature of the spectra 
obtained at 25°C for the DMF solutions of CuBr, is 
the band due to the presence of the CuBr,(DMF)- 
complex located in the spectral range where absorp- 
tion due to the six-coordinate species can be 
ignored. Thus, the band intensity is directly related 
to the mole fraction of copper(I1) existing as the 
tribromo complex. Figure 5 shows the con- 
centration dependence of the mean molar absorp- 
tion coefficient of copper(I1) in DMF solutions of 
CuBr,(@ at the isosbestic point at 587 nm where 
the molar absorption coefficients of CuBr,(DMF)- 

ZOOF I 

I 
600 em ml m J/n-n w33 

Fig. 8. The influence of temperature on the absorption 
spectrum of copper(I1) for CuBr,-DMF-chlorobenzene 

solution (CcuBr, = 0.0051, Xchlorobcnrcne = 0.945). 

and CuBi-- have a common value of s34 = 588 dm3 
mol- ’ cm-‘. The above results permit the cal- 
culation of the equilibrium concentration of the 
CuBr,(DMF)- complex. Thus, ignoring absorp- 
tion due to other species, the mole fraction of the 
tribromo complex may be calculated as : 

c3 E 

c=G- 
(1) 

Inspection of the plot presented in Fig. 5 shows that 
the value of E approaches 320 dm3 mol- ’ cn- ’ in 
the more concentrated solution. Taking into 
account the value of s34 the mole fraction of 
CuBr,(DMF)- amounts to 0.54. It means that 
more than 50% of the copper(I1) exists as the 
CuBr,(DMF)- complex in more concentrated sol- 
utions of CuBr,. It should be noted that the value 
of 0.54 is lower than the value of $ expected for 
complete binding of bromide to the CuBr,(DMF)- 
complex. However, we infer that such a situation 
is possible for the most concentrated solutions of 
CuBr,. It corresponds to the formation of a com- 
plex electrolyte of type ML:+ - 2MX& (L denotes 
the solvent molecule) known to be one of the most 
common coordination forms of the transition-metal 
halides in donor solvents.‘,‘“i4 

The results presented above provide the possi- 
bility of calculating stability constants of all the 
complexes assumed to be formed in DMF solutions 
of CuBr,. In the computer analysis performed we 
assumed the formation of the CuBr+, CuBrz and 
CuBr; formal complexes, the corresponding for- 
mation constants being defined as : 

K” = 
C” 

G dBr-1 
Yll, 

where n = 1, 2 or 3, and Y, is the quotient of the 
respective activity coefficients. Variations in the 
activity coefficients were assumed to follow the 
Debye-Hiickel equation involving the ion-size par- 
ameter BA, the latter being estimated from con- 
ductance data9 as 3.3. Taking into account the 
equations 

c= co+c,+c2+c3, (3) 

2C = C,+2Cz+3C3+[Br-1, (4) 

arising from the material balance for the cation and 
anion we attempted to find the best values of K,, 
describing the properties of the DMF solutions of 
CuBrl for the range of concentrations in which the 
absorption due to CuBr,(DMF)- was measured. 
The resulting values of the logarithms of the for- 
mation constants are : log K, = 3.35 (f O.lO), 
log K, = 2.05 (kO.05) and log K, = 3.40 (kO.05). 
The equilibrium concentrations of the single com- 
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donor strength found by Gutmann” is as follows : 

Fig. 9. Formation diagram for the copper(I1) complexes 
in DMF solutions of CuBr, at 25°C. 

plexes found for different concentrations of the sol- 
ute have been used for preparing the distribution 
diagram shown in Fig. 9. As is seen, the dominating 
bromo complexes of copper(I1) are the mono- and 
tribromo species while the formation of the 
dibromo complexes is an effect of minor importance 
for the CuBr,-DMF system as well as for the 
CuBr2-DMF-chlorobenzene solutions. The estab- 
lished sequence of the formation constants, 
K, > K2 < K3, reflects properly the change in the 
coordination number of the central metal atom 
upon coordinating the third bromide anion. 

It seems to be of interest to compare the data 
obtained with results reported by Vierling for the 
chloro complexes of copper(I1) in DMF. ’ The for- 
mation constants obtained correspond to values of 
3.35,5.40 and 8.8 for the logarithms of the stability 
constants of the mono-, di- and tribromo complexes 
of copper( respectively, while the values for the 
corresponding chloro complexes are 4.4, 9.0 and 
12.0. It seems to be obvious that the higher stability 
of the chloro complexes is a consequence of the 
better donicity of chloride anion. The order of 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 
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Abstract-Methylphosphinediacetic acid (H,G) is coordinated to nickel(I1) in two different 
ways, depending on whether its carboxyl groups are protonated or dissociated. The acid 
behaves as a monodentate tertiary phosphine in that it yields a series of trans-square planar 
NiX2(H2G), complexes (X = Cl, Br, NCS or CN) which are stable in the solid state and 
as solutions in polar non-aqueous solvents. In neutral aqueous solution the NiG:- complex 
is the predominant species (log j?* = 8.24 at 25°C and I = 0.1) even in excess nickel(I1). 
Solid NiG*4Hz0 is the nickel salt of this anion, Ni[NiG,] * 8Hz0. The X-ray structural 
determination of the barium salt, BaNiGz * NaCIO,. 5H20, revealed the uncommon cis- 
square planar arrangement around nickel with the G2- anions acting as chelating P,O- 
bidentate to nickel and as 0-monodentate to barium. Sodium and perchlorate ions are 
located between the complex units and, surprisingly, cannot be removed on recrystallization. 

Phosphineacetic acids belong to the class of 
functionalized phosphines which are capable of 
coordinating metal ions through the soft or hard 
donor or through both donors simultaneously as 
chelating or bridging ligands. Depending on the 
metal ion type and the structure of the particular 
phosphineacetate, all these coordination modes 
have been demonstrated for complexes studied in 
this laboratory. ’ From the ligands investigated, 
those with the general formula RP(CH2C02H)2 
represent a series which offers a possibility of study- 
ing the influence of the R substituent on the coor- 
dination properties of the potentially terdentate 
-P(CH&02)‘- group. As expected, the coordi- 
nation behaviour has been shown to change drasti- 
cally from R = C6H,2 to R = C2H,.3 Hence, a 
program was developed to synthesize and study 
several ligands containing R groups with very 
different steric and/or electronic parameters. The 
present paper describes nickel(I1) complexes of 
methylphosphinediacetic acid4 (H,G) as the ligand 
involving the sterically undemanding methyl sub- 
stituent with a marked + I effect. 

*Author to whom correspondence should be addressed. 
t Anorganisch-Chemisches Institut der Universitlt 

Bonn. Present address : Institut ffir anorganische Chemie 
II, Egerlandstrasse 1, 8520 Erlangen, F.R.G. 

EXPERIMENTAL 

The synthesis of the ligand4 and most of the 
experimental techniques3-’ have been described. All 
manipulations with solutions were carried out in a 
dry argon atmosphere ; the solids are air-stable. 

Preparation of the complexes 

NiC12(H2G)2 : 1 mmol NiCl* * 6H20 and 2 mm01 
H2G * HCl were dissolved in a small amount of 
water and repeatedly evaporated in vacua to dryness 
with excess acetic acid-benzene (1: 1 vol.) until a red 
crystalline material separated. This was dissolved in 
hot acetic acid, filtered and allowed to cool slowly. 
Recrystallization from acetic acid and drying at 
8O”C/O.2 kPa gave the product in 55% yield. 

NiX2(H2G)2 (X = Br, NCS or CN) were 
obtained by metathesis of the chlorocomplex with 
stoichiometric amounts of KX in acetic acid, fil- 
tration of KC1 and crystallization (for X = CN, 
crystallization was induced by addition of benzene). 
Yields of the recrystallized (acetic acid) and dried 
complexes varied between 40 and 70%. The iodo 
complex could not be obtained pure because of 
irreversible precipitation of anhydrous Ni12. For 
measurements in solution, the complex was freshly 
prepared by metathesis and removal of KC1 by 
filtration where necessary. 

1407 
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NiG * 4H20 : 1 mm01 HIG. HCl was dissolved in 
4 cm3 water, neutralized by 1.5 mmol Li2C03 and 
mixed ‘with 1.02 mmol hydrated nickel(I1) per- 
chlorate. The product was precipitated by slow 
addition of excess ethanol. After washing with 
ethanol and drying at 25”/0.2 kPa the yield was 
85%. 

BaNiG,*NaClO,* 5Hz0 : 4.00 mmol H,G*HCl, 
2.00 mmol hydrated nickel(I1) perchlorate and 2.00 
mmol hydrated barium(I1) perchlorate were dis- 
solved in 6.00 cm3 2.00 M NaOH. After addition 
of 6 cm3 ethanol at 60°C and cooling, the product 
suddenly crystallized out. It was recrystallized twice 
from 50% (vol.) aqueous ethanol and dried at 
25ClO.2 kPa with an overall yield of 65%. 

CAUTION : the compound detonates violently 
on heating above 230°C. 

Numerous attempts to obtain a product of this 
type in the absence of sodium and/or perchlorate 
ions failed. 

The samples containing 64Ni were prepared from 
64Ni0 (Tekhsnabeksport, U.S.S.R.) by scaling 
down the procedures outlined. 

Analytical data for all the new compounds (C, 
H, Ni, P, halogens, N, Na, Ba and Hz0 where 
appropriate) agreed with the calculated values 
within + 0.5 relative %. 

Crystal structure determination 

The preparation of single crystals of BaNiGz - 
NaClO, - 5H 2O involved considerable difficulty, 
mainly because of the notorious tendency of needle- 
like crystals to aggregate along the needle axis. 
Finally, 0.2 mm01 NiBr2(H2G)2 dissolved in 1 cm3 
water was neutralized with 0.4 cm3 2 M NaOH, and 
the solution was poured into a long 5-mm internal 
diameter test tube and mixed with 1.4 cm3 of a 
freshly prepared 5% gelatine solution in 50 vol. 
% aqueous ethanol. After formation of the gel, a 
solution of 0.2 mm01 Ba(ClO,),* 3Hz0 in 2 cm3 
ethanol was carefully layered on the top, the tube 
was sealed and left undisturbed for 2 weeks at room 
temperature. Crystals which formed in the gel 
layer were isolated by thorough decantation with 
70 vol. % and then absolute ethanol. Their identity 
and quality was confirmed by Weissenberg photo- 
graphs. The sample chosen for X-ray measurement 
was about 1.0 x 0.15 x 0.04 mm’. 6898 reflections 
were collected for 3” < 28 c 54”. 5244 asymmetric 
data yielded a final number of 4386 strong re- 
flections with F > 4~. The symmetry is triclinic, 
space group Pi, a = 6.991(2), b = 11.470(3), 
c = 15.341(3) A, CI = 102.09(2)“, B = 91.60(2)“, 
y = 90.47(2)“, I’ = 1202.2(5) A’, d, = -1.99 (flo- 
tation in bromoforn-benzene), d, = 2.02 g cmA3, 

Z = 2, R = 0.045, R, = 0.040, and the number of 
refined parameters is 331. The measurement was 
carried out on a Nicolet R3m diffractometer. The 
radiation was MO-K,, the unit cell was refined using 
16 reflections, and the Wykoff scan from 2.0 to 
29.3” min-‘, scan width 1.0”. Structure deter- 
mination using direct methods (SHELXTL), aniso- 
tropic refinement of non-hydrogen atoms, the 
hydrogen atoms were calculated for ideal tetrahedra 
and refined in rigid groups. Isotropic hydrogens, 
water hydrogen atoms with a fixed temperature fac- 
tor of 0.1. The last refinement used a weighting 
scheme with w = l/a’[RJ. Final atomic coordi- 
nates, thermal parameters and a list of bond lengths 
and angles have been deposited with the Cambridge 
Crystallographic Data Centre. 

RESULTS AND DISCUSSION 

The properties of the complexes are summarized 
in Table 1. 

H2G as the ligand 

Analogously to other monophosphineacetic 
acids, H2G in non-aqueous solvents of medium 
polarity coordinates to nickel(I1) as a monodentate 
phosphine forming complexes of the NiX2(H2G)* 
type. Their properties in the solid state and in sol- 
ution are consistent6 with the familiar trans-square 
planar structure and with uncoordinated, strongly 
hydrogen-bonded ligand carboxyl groups. The 
trans geometry follows unambiguously from the 
number of isotope-substitution-sensitive bands in 
the far-IR spectra. 5,7 As is usual for nickel(I1) com- 
plexes, the thiocyanate is N-bonded. 8 

With the exception of the cyano complex, all 
members of the series decompose instantaneously 
in water to yield HZG and Nix*. The solutions in 
non-aqueous solvents contain monomeric mol- 
ecules of the complexes, are non-conducting, and 
their UV-VIS spectra are identical with the solid- 
state spectra. The conductivity of the aqueous sol- 
ution of Ni(CN)2(H2G)2 can be explained by a par- 
tial dissociation of carboxyl protons as indicated’ 
by the solution IR spectrum. In contrast, the 
Ni-CN bond persists even in a strong acid. All the 
complexes are kinetically labile as indicated by their 
NMR spectra consisting of broad bands. The spec- 
tra become sharper on cooling but remain unre- 
solved at -40°C which is the temperature where 
the solubility of the samples becomes impracti- 
cally low. Hence, the only information from the 
NMR spectra is the coordination shifts which 
exhibit usual trends suggesting a strong P + Nio- 
interaction. 
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G2- as the ligand 

In aqueous solution, the G2- anion coordinates 
to nickel(I1) with the formation of the NiG:- com- 
plex anion. The Ni(C10&-G2--H+ system was 
studied potentiometrically with a glass electrode at 
25”C, I = O.l(Na)ClO,, total G = 0.002 and 0.003 
M, 0.0004 < total Ni < 0.006 M, 1.8 < log H+ < 
12.5, and the stability constants obtained by the 
standard data treatment lo are : 

b3ho = log [NiG,J/(pi][G12) = 8.24(6), 

10gB,,, = log [NiH~21/([NWl[G12) = 12.5(2), 

1ogP 122 = log[NiH2G2]/([Ni][H12[G12) = 16.1(2) 

(charges omitted). Interestingly, no detectable 
amounts of 1: 1 complexes are formed in the system 
under the given experimental conditions. 

The properties of the complexes containing the 
NiG:- anion suggest a square-planar arrangement 
involving the ligand as bidentate P,O-chelating with 
one carboxylate group free and thus easily pro- 
tonated. Further protonation destroys the NiG2 
core completely. The formally 1 : 1 solid compound, 
NiG* 4H20, should be certainly formulated as 
Ni[NiGd -8H2O: the nickel(I1) ion outside the 
NiG2 core seems to be coordinated by water mol- 
ecules and/or intra- and intermolecular carboxyl 
oxygens in a pseudo-octahedral arrangement, anal- 
ogous to dinickel(I1) ethylenediphosphinetetra- 
acetate.‘@),’ The structure of the barium salt of 
the complex anion represents a problem of special 
interest. Firstly, the compound contains the stoi- 
chiometric amount of sodium perchlorate which 
cannot be removed on recrystallization from 
aqueous ethanol. The IR spectrum indicates that 

the perchlorate is present as the ionic species. 
Secondly, the geometry of the (presumably planar) 
nickel coordination environment remains un- 
clear on the basis of the spectral data: down to 
the temperature where measurements in aqueous 
methanol are possible, the complex is NMR-labile 
and the spectra thus yield no information about the 
P-CH 2 virtual coupling ; ’ ’ further, the IR spectrum 
is obscured by ligand bands in the region where the 
isotopic shifts of v(Ni-0) should be of diagnostic 
value. However, the solution IR spectrum clearly 
shows the presence of two types of COO groups.g 
Consequently, an X-ray structural determination 
was undertaken. 

The perspective view of the structure together 
with the atom numbering is depicted in Fig. 1 and 
the stereoview of the unit cell in Fig. 2. Table 2 
summarizes the important distances and angles. 
The structure consists of NiG:- complex anions 
with P,O-chelating ligands ; the uncoordinated car- 
boxyls form ionic bonds to barium(I1). Hence, the 
G2- anion should be formally considered as a 
simultaneously chelating and bridging terdentate 
ligand, which is a novel bonding type among 
phosphineacetates. The interspace available permits 
almost exact accommodation of perchlorate and 
sodium ions, thus probably explaining why anal- 
ogous compounds without sodium perchlorate 
could not be prepared. 

The conformation of the chelate rings and, conse- 
quently, the pertinent bonding distances and angles 
differ from one ring to another but are all un- 
exceptional. As usual,’ the main distortion of the 
ligand resulting from its coordination is located on 
the phosphorus atom with bonding angles varying 
between 97.4 and 125.8”. For the carboxylate 

O(21)” 

W(2) 
W(5) & No 

W( 3) 

? 
O(l1)’ 

Fig. 1. Perspective view of the structure of BaNiG, *NaClO,* 5H20 with closest intermolecular 
contacts. Hydrogen atoms (omitted for clarity) are given the numbers of their bonding partners. W 

denotes the oxygen atom of a water molecule. For symmetry code, see Table 2. 
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Table 2. Important bond distances (A) and angles (“) with esds in parentheses” 

(a) Ni environment 

Ni-P( 1) 
Ni-P(2) 
N&0( 12) 
N&0(22) 

2.139(2) P( l)-Ni-P(2) 100.8(l) 
2.137(l) P(l)-Ni-O(l2) 85.9(l) 
1.903(3) P( 1)-N&0(22) 173.1(l) 
1.907(4) P(2)-N&0(12) 1728(l) 

P(2)-N&0(22) 86.1(l) 
0(12)-N&0(22) 87.2(2) 

(b) Ba environment 

Ba-O( 14) 
Ba-O(23) 
Ba-W( 1) 
Ba-W(1)’ 
Ba-W(4) 

2.695(5) Ba-O(13)ti 2.805(5) 
2.687(5) Ba-O( 14)“’ 2.888(5) 
2.861(4) Baa( 12) 2.905(4) 
2.901(4) Baa(22) 2.853(5) 
2.855(7) 

(c) Na environment 

Na-W(2) 
Na-W(3) 
Na-W(5) 
Na-O(ll)’ 
Na-O(21)” 

C&0(31) 
C&0(32) 
C&0(33) 
C&0(34) 

2.264( 12) 
2.440(8) 
2.320(13) 
2.345(4) 
2.332(4) 

W(2)-Na-W(3) 
W(2 jNa-W(5) 
W(3)-Na-W(5) 
0(1 l)‘-Na-O(21)” 
0( 1 I)‘-Na-W, 
0(21)“--Na-W(mean) 

(d) Cl environment 

118.5(4) 
109.6(5) 
131.8(4) 
168.3(2) 

90(5) 

1.332(9) 0(31)-C&0(32) 
1.327(13) 0(31jC1-0(33) 
1.409(7) 0(31)-C1-0(34) 
1.420(8) 0(32)-C&0(33) 

0(32)--C1-0(34) 
0(33)-Cl-o(34) 

(e) Intermolecular contacts 

109.6(7) 
111.0(6) 
109.7(6) 
110.1(6) 
107.2(6) 
109.1(5) 

W( l)-Ba” 
W(1)--0(11)” 

W(l>--o(23) 

W(2>--0(24)” 
W(3)--0(13) 
W(3)-0(24)” 

W(4>-0(2l) 
W(5FX33) 

2.901(4) 
2.791(6) 
2.846(7) 

2.882( 12) 
2.797(8) 
2.763(8) 

2.842(8) 
2.786( 14) 

Ba-W( l)-Ba’” 
Ba-W(l)-O(ll)” 
Ba-W(1)--0(23) 
Ba’“-W(l)--O(ll)‘” 
Ba’“-W( 1)--0(23) 
O(1 lp-W(1>-0(23) 
Na-W(2)-0(24)” 
Na-W(3)-0( 13)’ 
Na-W(3)-0(24)” 
0(13)‘--W(3w(24)” 
Ba-W(4)-0(21) 
Na-W(5)-0(33) 

110.3( 1) 
105.6(2) 
122.3(2) 
90.8(l) 

112.8(2) 
110.1(2) 
138.2(5) 
108.3(2) 
111.6(2) 
124.5(3) 
88.1(2) 

173.3(4)6 

0 W denotes the oxygen atom of a water molecule. Symmetry code : i, 1 -x, -y, 
1-z;ii,1-x,l-y,1-z;iii,2-x,-y,-z;iv,3-x,-y,-z;v,x+l,y,z;vi, 
x, y, z+ 1. 

*Not assumed to be hydrogen bonding. 
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Fig. 2. Stereoview of the unit cell down the a-axis. 

groups bonded to nickel, the carbonyl and hydroxyl 
C-O distances can be safely distinguished (1.218, 
1.206, 1.306, 1.317 A, respectively), suggesting a 
high degree of covalency of the Ni-0 bond. In 
contrast, the carboxylate bonds to barium are ionic 
with a mean C-O distance of 1.238(7) A. 

The environments of all three cations are more 
or less unusual. The nickel(I1) coordination poly- 
hedron represents a rare example of the &-square 
planar monophosphine complex for which, to our 
knowledge, only one other representative has been 
safely authenticated. I2 The NiPzOz moiety is planar 
within f0.04 A and the distortion of the angles 
from an ideal square is attributable to the bulkiness 
of phosphorus. The available data suggest that 
there is a general tendency for P,O-chelating 
phosphineacetates to assume the P,P-cis arrange- 
ment in complexes of Group VIII metals,l(b)~(c)~@) 
forming chelate rings of very similar envelope 
conformations irrespective of the metal ion type. 

The environment of barium(I1) includes nine oxy- 
gen atoms from water molecules and intra- and 
intermolecular carboxylate groups. As expected, 
the intramolecular bonding distances to 0(14) and 
0(23) are considerably shorter than the remaining 
Ba-0 contacts ; consequently, the geometrical 
arrangement is distorted and does not seem to be 
simply related to any of the ideal polyhedrons 
calculated for the hard-sphere model. ’ 3 Roughly 
stated, the BaO, moiety can be approximated as a 
pentagonal bipyramid with doubled axial positions 
and barium in the centre : the O(14) and 0(23) 
atoms together with three water molecules con- 
stitute an approximate equatorial plane (within 
+0.34 A including barium) yielding, probably by 
chance, the exact theoretical 0-Ba-0 angle of 

72(6)“. Four intermolecular carboxylate oxygens 
arranged as two couples, 0(13)“‘+0(14)“’ and 
0(12)‘+0(22)‘, complete the arrangement at the 
two doubled axial positions. The straight line con- 
necting the centers of gravity of the two couples of 
oxygen atoms intersects the mean equatorial plane 
at an acceptable angle of 85.7” and at a distance 
of only 0.25 A from barium. The two pairs of axial 
oxygens adopt a staggered conformation with a 
dihedral angle of 45.8” between the Ba_0(13)“i 
0( 14p and Ba-O( 12)‘--0(22)v planes. 

The environment of sodium(I) is a distorted 
trigonal bipyramid with three water molecules 
forming an equatorial plane (within +0.03 8, in- 
cluding sodium) and with two intermolecular car- 
boxylate oxygens at the axial positions. 

The water molecules are coordinated at barium 
and sodium ; W( 1) acts as a bridge between two 
adjacent barium ions. The hydrogen atoms of the 
water molecules could not be located precisely but, 
according to the geometry of 0. . .O contacts,14 
are likely to be involved in hydrogen bonding to 
carboxylate oxygens (Table 2). The various degrees 
of participation of the water molecules in coor- 
dination and hydrogen bonding conform to the 
temperature factors of the water oxygen atoms. 
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Abstract-The formation of borate complexes of several mono-, di- and trisaccharides in 
aqueous solution [t = 25”C, I = 0.1 M (KCl)] was studied by the potentiometric method. 
Values of the stability constants pi and /I2 of the 1: 1 and 1: 2 species were calculated for 
all compounds, using an extended version of the Antikainen equation. Raffinose, melezitose, 
saccharose and other fructose-containing oligosaccharides gave complexes of low stability, 
whereas lactulose and fructose gave very stable complexes. It is concluded that fructose 
moieties in oligosaccharides complex the borate anion by their 2- and 3-OH groups, in 
agreement with recent work by ’ 'B NMR. 

‘The compiexafion oft3orate ion ay poiyriydroxy 
CDYIlpD~llhShZiSbEWl W&?lJY Sbdileb, mDSk 05 &I> f Or 
m&tic& pzxpose~. an& many _oo@& an& sugars 
have been tested for the potentiometric deter- 
mination of boric acid. Another interest of this reac- 
tion can be found in the field of bioinorganic chem- 
istry, since many biological molecules contain 
hydroxyl groups in positions favourable for com- 
pilexation. ks a resu& many sugars can be separated 
as borate comp\exes on anion-exc~ange resm~,‘~~ 
and the use of a boric a&l s&tion as an &rent 
permits the determination of several carbohydrates 
by HPLC with conductimetric detection3 We had 
begun the determination of the stability constants 
of the specjes involved jn such experjments when a 
preliminary paper” by Lajunen et al. agpeared on 
the same subject. These authors published stability 
constants for several borate-sugar complexes, most 
of which were assigned 1 : 1 stoichiometries. How- 
ever, we have detected both 1: 1 and 1: 2 borate- 
sugar ratios for all the sugars we have studied. 
Examination of earlier literature revealed other dis- 
crepancies of the same type. For example, two 
papers ‘s6 reported that all the sugars investigated 
formed 1: 1 as well as 1: 2 species, while the 1: 1 
complex was claimed7 to be absent in the case of 
arabinose. 

This prompted us to publish this account of our 

*Author to whom correspondence should he addressed. 

worlt in progress, using a moaXeci treatment of 
tie bati o&iimeb by tie &as&r& poren%omertic 
me&o& Numer%c& c&c&a?rons jasG3s1e& b,r a 
micro-computer) were performed instead of the 
traditional graphical methods, in order to avoid 
the problems encountered when the 1: 1 and 1: 2 
complexes are of similar stabilities. It allowed 
the first determination of the stabilit,v constits of 
&re com@exes 01 two trisaccharides. 

Principle 

The principle of the potentiometric deter- 
mination of the stability constants of borate-polyol 
complexes has been widely described.‘+10 It is we11 
known that the acidity of boric acid, according to 
eqn (l), increases when complexation by a polyol 
occurs, as represented in eqn (2). One can therefore 
consider the new ionization equilibrium (3) of acid- 
ity constant K’a : 

HB@B-+H+, (1) 

B- +nL+BL,, (2) 

HB+nL+BL,+H+, (3) 

where HB stands for boric acid, B- for the borate 
ion, and BL; for the 1: n complex formed with the 
neutral ligand L. The acidity constants are K, for 
boric acid alone and KL in the presence of ligand at 
concentration [L]. 

The values of pK: can easily be obtained by titrat- 

1415 
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ing HB +L mixtures with a strong base. A more 
convenient method has been described’ in which 
the ligand is added to a solution of borax. Attention 
must be paid to avoid : (i) the formation of polybor- 
ates, by using a low total boron concentration ; and 
(ii) the protonation of the complexes, by working 
in neutral or slightly acidic media. Using these 
assumptions, Antikainen’ derived the relationship 
known as the “Antikainen equation” : 

K:, = k&l” + K,, (4) 

in which k,,, the equilibrium constant for eqn (3) 
can be related to the stability constant pn : 

Dn = PWI[B-IL]” = k/K,. (5) 

Subsequent studies have developed various for- 
mulations of this equation. When the complex is 
unique, a graphical treatment leads to a straight 
line, the slope and intercept of which determine the 
values of n and k,. The intervention of a second 
species causes a curvature of the graphs, which are 
then treated anew so as to show two segments of 
slopes 1 and 2, respectively. 

This method was found of little accuracy when 
applied to sugars which form two complexes of 
comparable stabilities. It made us look for a method 
which would not rest on the assumption of only one 
predominant species, but would take into account 
the simultaneous formation of several complexes. 
As a matter of fact, an extensive study lo of the 
well-known borate-mannitol system’ showed that, 
although small contributions of several other com- 
plexes could be demonstrated, a satisfactory 
description of the system in neutral media was poss- 
ible by considering only the anionic 1 : 1 and 1 : 2 
complexes. This conclusion was assumed to be true 
in every borate-sugar system, allowing us to write 
thus the analytical borate concentration : 

CB =[B-]+[BL-]+[BL;]. (6) 

The concentrations of complexes BL- and BL; 
can be calculated as a function of [B-l using the 
stability constants j?r and /I2 : 

CB = [B-1(1+B,[Ll+B2[L12). (7) 

Using the notion of the conditional stability con- 
stant” which is basically identical to the apparent 
acidity constant Ki used by Antikainen, we can 
write : 

KL = q[H+]/[HB]. (8) 

Finally, combining eqns (7) and (8) yields eqn 

(9) : 
K; = KU +/31[Ll+P2[L12), (9) 

which is a more general form of the Antikainen 
equation. 

EXPERIMENTAL 

Chemicals 

All the sugars, of the highest available com- 
mercial grade (Aldrich or Fluka), were used without 
further purification. The borax solutions were pre- 
pared from disodium tetraborate (Prolabo) and 
their concentrations were checked by titration with 
sodium hydroxide in the presence of sorbitol. ‘* The 
borax concentration was kept very low to avoid any 
formation of polyborate ions (50 mg in 100 cm3, 
corresponding to cg = 2.62 x 10m3 M). The ionic 
strength was always 0.1 M (KCl). 

In order to prevent any chemical or microbial 
degradation, the sugars were added in solid form in 
the borax solutions. It had the further advantage of 
minimizing the dilution effect of their introduction. 

Apparatus 

The measurements were made in a cell thermo- 
stated at 25°C by a water bath. The pH-metre 
was a Metrohm E 632, fitted with a Metrohm com- 
bined glass electrode, calibrated with commercial 
buffers (Prolabo Normadose). With some sugars, 
it was necessary to wait about 15 min before the 
stabilization of the pH values. However, we verified 
in several runs that the final values were repro- 
ducible. 

Calculations 

The experimental pH values of the borax-sugar 
mixtures (equivalent to pKi values) were compared 
to values calculated from eqn (9) on a micro-com- 
puter, using a laboratory-made BASIC routine. An 
iteration was then performed on the /I, and /I2 par- 
ameters until the observation of the closest agree- 
ment between the two sets of values. 

RESULTS 

The complexes formed by the borate ion and 12 
carbohydrates, including mono-, di- and tri- 
saccharides, were studied by the potentiometric 
method. The values of the conditional acidity con- 
stants of boric acid, K:, were determined vs the 
concentration [L] of the ligand. Generally, we used 
the method’ based on the measurement of the pH of 
borax-ligand mixtures, but when the complexation 
was fast, we checked that identical values of Ki were 
obtained from the titration curves of boric acid by 
a base in the presence of ligand. For most sugars, 
however, the reaction was slow and the readings of 
pH were made after complete stabilization. It was 
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verified by duplicating the runs that the final pH Table 2. Borate+melezitose complexes: data for cal- 

values were highly reproducible, showing the culation of stability constants [t = 25”C, Z = 0.1 M 

observed pH drifts to be a slow conformational (KClN= 

evolution to a definite equilibrium state. 
The pKa value for uncomplexed boric acid in pK: of boric acid 

our experimental conditions was checked in each Mass of ligand Ll 

experiment for [L] = 0. The mean value was 
[g (100 cm’))‘] (mall-‘) Calc6 Exp 

pKO = 9.04 f 0.02. 1 0.0185 8.92 8.92 
Typical sets of data and calculations are pre- 2 0.0370 8.84 8.84 

sented in Tables l-4. The parameters ~3, and /I2 3 0.0555 8.78 8.78 
were adjusted in eqn (9) until complete agreement 4 0.0740 8.72 8.72 
between calculated and experimental pK: values. 5 0.0925 8.67 8.67 
For a given run, the accuracy on log Bn was f 0.02. 6 0.1110 8.62 8.62 

The comparison of several runs showed the values 7 0.1295 8.57 8.57 

to have a mean standard deviation of f0.08. The 8 0.1480 8.53 8.53 

values of the stability constants are collected in 9 0.1665 8.49 8.49 

Table 5 and compared with literature values of 10 0.1850 8.45 8.45 

different origins. 
12 0.2220 8.38 8.38 

List of di- and trisaccharides” 

Lactose 4-0-/?-D-galactopyranosyl-D-glucose 
Maltose 4-0-a-D-glucopyranosyl-D-glucose 
Saccharose cl-D-glUCOpyranOSyl-B-D-fructose 
Lactulose 4-0-/?-D-galactopyranosyl-D-fructose 
Melibiose 6-O-cc-D-galactopyranosyl-D-fructose 
Turanose 3-0-cc-D-glucopyranosyl-D-fructose 
Raffinose O-a-D-galactopyranosyl-(1 -+ 6)-a-~- 

ghrcopyranosyl-p-D-fructofirranoside 
Melezitose O-a-D-glucopyranosyl-( 1 --t 3)-p-D- 

fructofuranosyl-a-D-glucopyranoside 

“The formulae are represented in Figs 1 and 2. 

’ Concentration of borax = 1.3 1 x 1 OW3 mol l- ‘. 
[L] = concentration of ligand, M = 540.47 g mol- ‘. 

b Calculated using eqn (9) with parameters : Bt = 11, 
B2 = 14. 

DISCUSSION 

For all the oligosaccharides studied, we could 
determine the values of the stability constants /?r 
and Bz, contrary to the results4 of Lajunen et al., 
who generally reported only /3, values for disac- 
charides. Nevertheless, all of these /?, values agreed 

Table 3. Borate-lactulose complexes: data for cal- 
culation of stability constants [t = 25°C Z = 0.1 M 

Table 1. Borate-raffinose complexes : data for calculation W31 
of stability constants [t = 25°C Z = 0.1 M (KCl)] 

pKb of boric acid 
pK: of boric acid Mass of ligand Ll 

Mass of ligand PI [g (100 cm’))‘] (mall-‘) Calc.b Exp 
[g (100 cm3)-‘1 (mall-‘) Calc.6 Rxp 

0.4 0.0117 7.57 7.57 
1 0.0168 8.90 8.89 0.6 0.0175 7.28 7.27 
2 0.0336 8.78 8.78 0.8 0.0234 7.06 7.04 
3 0.0505 8.69 8.69 1 0.0292 6.89 6.86 
4 0.0673 8.61 8.61 1.5 0.0438 6.56 6.52 
5 0.0841 8.53 8.54 2 0.0584 6.32 6.30 
6 0.1009 8.47 8.47 3 0.0876 5.99 5.97 
7 0.1177 8.41 8.41 4 0.1169 5.74 5.74 
8 0.1346 8.35 8.35 5 0.1461 5.55 5.55 
9 0.1514 8.30 8.30 6 0.1753 5.40 5.40 

10 0.1682 8.26 8.25 7 0.2045 5.27 5.26 
12 0.2018 8.17 8.17 8 0.2337 5.15 5.15 

LI Concentration of borax = 1.3 1 x lo- ’ mol 1-l. “Concentration of borax = 1.31 x 10e3 mol 1-r. 
[L] = concentration of ligand, M = 594.52 g mol- ‘. [L] = concentration of ligand, M = 342.30 g mol- ‘. 

‘Calculated using eqn (9) with parameters : /I, = 22, b Calculated using eqn (9) with parameters : B, = 813, 
/Z2 = 47. /I2 = 1.3804 x 10’. 
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Table 4. Borate-erythritol complexes: data for cal- 
culation of stability constants [t = 25”C, Z = 0.1 M 

WTI 

pK: of boric acid 
Mass of ligand IL1 
[g (100 cm3)-‘1 (mall-‘) Calc.b Exp 

0.2 0.0164 8.73 8.74 
0.3 0.0246 8.60 8.60 
0.4 0.0328 8.49 8.49 
0.5 0.0409 8.39 8.39 
0.7 0.0573 8.22 8.22 
1 0.0819 8.02 8.02 
1.5 0.1228 7.77 7.77 
2 0.1638 7.57 7.57 
2.5 0.2047 7.41 7.41 
3 0.2457 7.28 7.28 
3.5 0.2866 7.17 7.17 
4 0.3275 7.06 7.07 

“Concentration of borax = 1.31 x lo-’ mol I-‘. 
[L] = concentration of ligand, M = 122.12 g mol- ‘. 

b Calculated using eqn (9) with parameters : /I, = 71, 
fiz = 813. 

well. It is of interest to note that our values for 
lactose confirm those6 of Evans et al., who also 
found evidence for the formation of two complexes. 
Similarly, our results for arabinose concord with 
two earlier studies5’6 on the existence of two com- 

HOC& HO’?& 

H 

’ i)H 

Melibiose 

HO 

Hi, ’ 

Raffmose 

Fig. 1. 

HOCH, 

p:;H “$$: OH 

HO OH 

Melezitose 

Gal0 OH 

Turanose 

Lactose 

HOyH2 

O-a-D-gh~pyranosyl= Glu o-/3 -D-gdaCtOpyXUIOSyl=Gd 

Fig. 2. 

plexes, although another paper7 considered only the 
1 : 2 species. 

We first thought that the method employed by 
Lajunen et ~1.~ did not allow the determination of 
low /& values, because this paper did not report 
values lower than log)?, = 2.44. It would have 
explained the absence of /I2 for lactose, maltose and 
saccharose. Besides, it could not account for the 
discrepancy on erythritol, for which we found 
logp, = 2.91, with a /?, value close to that given by 
Lajunen et al. 

Therefore, we decided to check the validity of our 
method by studying three aldoses, glucose, galac- 
tose and mannose, for which the literature values 
were in good concordance. It can be seen in Table 
5 that our results are close to previous ones, and we 
infer then that our procedure is as reliable as those 
used earlier. The results for arabinose lead to the 
same conclusion. Since the complexes of erythritol 
and arabinose appear to have stabilities comparable 
to those of the aldoses, there does not seem to 
exist any fundamental difference in the complexing 
behaviours of these monosaccharides, and hence 
any reason for their complexes displaying different 
stoichiometries. It makes the origin of the dis- 
crepancies even more puzzling. 

This study allows interesting comparisons of the 
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Table 5. Stability constants of borat+sugar complexes : f = 25°C Z = 0.1 M 
(RCl) 

This work Reference 4 Other references 

Compound 

D-gdaCtOSe 

D-glucose 

n-mannose 

L-arabinose 

D-arabinose 
Erythritol 
D-fIIICtOSe 

Lactose 
Maltose 
Saccharose 
Melibiose 
Turanose 
Lactulose 
Raffinose 
Melezitose 

Log B1 Log 82 Log BI Log 82 Log B, Log 82 

1.99 2.56 1.97 2.52 2.10 2.47 (5) 
2.09 2.62 (6) 

1.80 3.05 2.07 2.80 1.90 2.89 (5) 
2.11 2.87 (6) 

2.01 2.74 NS 1.70 2.69 (5) 
1.76 2.60 (6) 

2.14 2.99 NS 2.11 2.83 (5) 
ND 3.55 (7) 

NS NS 2.19 3.02 (6) 
1.85 2.91 1.99 ND 
2.82 4.97 NS 3.16 5.07 (6) 
1.43 2.17 1.51 ND 1.36 2.05 (6) 
1.41 1.89 1.36 ND 
0.86 0.70 0.75 ND 

NS 1.82 2.44 
NS 1.91 2.47 

2.91 5.14 NS 
1.35 1.67 NS 
1.05 1.14 NS 

D ND = value not determined, NS = compound not studied. 

stabilities of mono- and disaccharide complexes. 
The complexes of maltose (made of two glucose 
moieties) are weaker than those of glucose itself, 
and the complexes of lactose are weaker than those 
of its two constituents, glucose and galactose. This 
loss of complexing ability of glucose and galactose 
when they are engaged in disaccharides is probably 
due to the formation of the glycosidic link, which 
makes one anomeric hydroxyl group no longer 
available for complexation. 

The case of fructose-containing oligosaccharides 
(Figs 1 and 2) appears much more complicated. 
Fructose is known6*13 to give complexes of much 
higher stability than aldoses. However, saccharose 
forms complexes which present the lowest stabilities 
of all those investigated in this work. Moreover, 
the formation of the 1: 2 complex from the 1: 1 

complex is thermodynamically unfavourable, since 
~9~ < /I,. In the same way, the complexes of tur- 
anose (3-0-a-D-glucopyranosyl-D-fructose) were 
reported4 to be much weaker than those of fructose. 

The results obtained for the trisaccharides can 
now be used to rationalize this difference. Raffinose 
(Fig. 1) can be considered as a combination, either 
of galactose and saccharose, or of melibiose and 
fructose. Lajunen et al’s results4 and ours give the 
following order of stability of the complexes : 

fructose >> melibiose > raffinose > saccharose. 

Thus the addition of galactose to saccharose, to 
form raffinose, increases the complex stability. On 
the other hand, the addition of fructose to 
melibiose, to form raffinose, decreases the complex 
stability. It can be concluded that the complexation 
sites of raffinose and saccharose are not located on 
the fructose moiety. In the case of raffinose, these 
facts even suggest that the galactose moiety con- 
tains the complexation site. 

Similarly, melezitose (Fig. 2) can be considered 
as a combination, either of saccharose and glucose, 
or of turanose and glucose. Since the order of stab- 
ility of the complexes is : 

fructose >> glucose > turanose 

> melezitose > saccharose, 

it is clear that the complexation sites of saccharose, 
turanose and melezitose are not situated on the 
fructose moiety, but on the glucose moieties. It can 
be noticed that the addition of glucose to sacchar- 
ose, which forms melezitose, increases the stability 
of the borate complexes. 

By contrast, other fructose-containing disac- 
charides form complexes as stable as those of fruc- 
tose. This is the case’ 3 for isomaltulose (~-O-IX-D- 
giucopyranosyl-D-fructose) and lactulose, as shown 
in Table 3. It clearly indicates that the borate ion is 
bound to the fructose moiety of the molecule since 
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the other moiety, which is an aldose, would form 
complexes of much lower stability. Further evi- 
dence is given by the comparison with -lactose, 
which only differs from lactulose (Fig. 2) by a glu- 
case moiety replacing the fructose moiety. Lactose 
gives only weak complexes, showing that the pres- 
ence of a fructose moiety is indeed necessary for the 
formation of complexes of high stability. 

We can conclude that the complexing properties 
of the fructose moiety in disaccharides dramatically 
depend on the location of the glycosidic link. This 
is obviously related to the fact that the com- 
plexation with a borate ion requires’4 two adjacent 
hydroxyl groups in adequate positions. The above 
discussion revealed that substitution of the &OH 
group (example of isomaltulose) and of the 4-OH 
group (example of lactulose) had almost no effect 
on the complexes stabilities. On the other hand, 
substitution of the 3-OH group (in the case of turan- 
ose), of the 2-OH group (in saccharose and raffin- 
ose), or of both groups (in melezitose), strongly 
decreased the affinity of fructose towards the borate 
ion. These conclusions are in perfect agreement with 
those of a recent ’ ‘B and 13C NMR study, ’ 3 which 
deduced from the variations of the chemical shifts 
through complexation that borate was bound to 
the 2- and 3-OH groups of fructose, either free or 
combined to glucose in isomaltulose. The present 
study provides evidence that an extended version of 
the Antikainen equation allows an accurate cal- 
culation of the stabihty constants of borate-carbo- 
hydrate complexes, even with large ligands like di- 
or trisaccharides. Such determinations offer a basis 
for the establishment of structure-reactivity cor- 
relations, as examplified for a series of fructose- 
containing oligosaccharides. A demonstration of 
their usefulness can be found in a recent study3 

devoted to the conductimet~c detection of carbo- 
hydrates, in which the observed order of sensitivity 
was exactly the same as the order of complex stab- 
ility shown in Table 5. 
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Abstract-A series of seven tris( 1,3-diketonato)iron(III) chelates were prepared and studied 
using cyclic voltammetry in dichloromethane and dimethylsulphoxide. In the former solvent 
only a single reduction wave is observed and is assigned to the Fe(III)-Fe(I1) couple. 
Despite the metal-based redox chemistry the formal potential is strongly intluenced by the 
substituent groups on the chelating ligands and can be linearly correlated with the sum of 
the Taft inductive parameters for these substituents. In dimethylsulphoxide the reduced 
monoanion [Fe(l,3-diketonate),]- undergoes a following chemical reaction which is inter- 
preted as the extrusion of one 1,3-diketonate ligand. That reaction is an equilibrium and 
the position of the equilibrium is observed to depend upon the electronic effect of the 
substituent groups on the chelating ligands. For the strongly withdrawing tri- 
fluoroacetylacetonate ligand the dissociation of that ligand is essentially quantitative. 

Transition-metal 1,3-diketonato complexes have 
been known for many years and have been sub- 
jected to study by numerous techniques. ‘y2 Much 
research effort continues to be devoted to this topic. 
For example there are several recent literature 
reports into the catalytic properties of the com- 
pound Ru(acac),. 3-6 

Several years ago the polarographic reduction 
potentials of extended series of chromium(II1) 
tris( 1,3-diketonato) and ruthenium(II1) tris( 1,3- 
diketonato) compounds were reported in the 
literature.7*8 A significant variation in these half- 
wave potentials was observed. That variation was 
rationalized on the basis of the relative electronic 
effects of the substituent groups on the 1,3-di- 
ketonato rings. 

For many other transition metals only the parent 

* Author to whom correspondence should be addressed. 
t The following ligand abbreviations are employed : 

acac, acetylacetonate ; tfp, trifluoroacetylacetonate ; 
dbm, dibenzoylmethanide ; bzac, benzoylacetonate ; paa, 
3-phenylacetylacetonate ; tmh, tetramethyl-3,5-hep- 
tanedionate ; maa, 3-methylacetylacetonate. 

compound, M(acac), or M(acac),, has been exam- 
ined electrochemically.g A case in point is that the 
redox chemistry of Fe(acac)3t has been studied by 
several authors.“2 This compound undergoes a 
reversible reduction, assigned to a metal-based 
Fe(III)-Fe(I1) couple, and an irreversible 
oxidation.g The reduction product, [Fe(acac),]-, is 
observed to undergo a coordinative relaxation reac- 
tion with lithium ions in acetonitrile solution. lo 

In the present investigation seven tris( 1,3-di- 
ketonato)iron(III) chelates were prepared and 
investigated using cyclic voltammetry in dich- 
loromethane and dimethylsulphoxide. 

EXPERIMENTAL 

The Fe(II1) chelates were prepared by established 
methods. ’ 3 

Cyclic voltammetric studies were performed in 
dichloromethane and dimethylsulphoxide 
solutions, containing 0.2 and 0.1 mol dm- 3, respect- 
ively, of tetra-n-butylammonium tetrafluoroborate 
as supporting electrolyte, using the instrumentation 
and cell geometry previously described. l4 
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RESULTS AND DISCUSSION 

Iron complexes are particularly suitable for elec- 
trochemical studies because of the existence of two 
well-defined oxidation states (II and III) of the 
metal ion. It was therefore not unexpected that 
the Fe(III)tris( 1,3-diketonates) exhibited uncom- 
plicated voltammetric behaviour in dichlo- 
romethane solution with current-voltage curves 
indicative of near reversible one-electron transfer 
reactions : 

e [Fe(R,COCR2COR3)31-, (1) 

and half-wave potentials strongly in9uenced by the 
nature of the chelate ring substituents. The reversi- 
bility of the electrode reactions was investigated in 
several ways. Plots of &/v’/* and ip,,/ip,a vs v are 
linear in the range 20-500 mV s- ‘, consistent with 
reversible electron transfer. The potentials Ep,c and 
Ep.. were observed to be independent of scan rate 
below 200 mV s-l, and the peak-to-peak sep- 
arations (AE,) to be 60 f. 5 mV at 100 mV s- ‘. Table 
1 contains the voltammetric data on the elec- 
troreductions of this series of tris-chelate com- 
plexes . 

Inspection of the data in Table 1 for the electrode 
reactions in dichloromethane solution immediately 
reveals the qualitative behaviour of the half-wave 
potentials with the nature of the substituent. Poten- 
tials become more positive [i.e. increasing ease of 
reduction of the Fe(II1) species] as the number and 
type of electron-releasing substituents are de- 

creased. Because these complexes can be assumed 
to possess similar trigonal geometries and a com- 
mon redox active centre, the mechanism of electron 
transfer at the electrode surface should be the same, 
and linear free-energy relationships may be sought. 
Earlier two groups’*’ explored such relationships in 
series of ruthenium and chromium t&(1,3-diketo- 
nato) complexes, and arguments were advanced 
for the use of both c’m and ap Hammett parameters 
in such correlations. We have chosen to avoid the 
controversy as to which of Hammett’s parameters 
is more appropriate in these systems by correlating 
our electrode potentials with the one-ligand sum of 
the Taft inductive parameters, which are inde- 
pendent of the stereochemical relationship between 
metal centre and position of the substituent group 
on the metallocyclic ring. 

A plot of the potential for the one-electron 
reduction of the Fe(l,3-diketonato)3 complexes 
against the one-ligand sum of Taft’s inductive par- 
ameters is presented in Fig. 1. Free-energy relation- 
ships of this type have previously been described 
for other metal tris- and bis-chelate complexes,’ ’ 
though a firm theoretical justification has frequently 
been lacking. Thus for the present series of com- 
plexes such a relationship is best regarded as an 
empirical observation on the substituent effects on 
the Fe( 1,3-diketonato), z$ [Fe( 1,3-diketonato)J 
redox couples. 

It was pointed out several years ago that in order 
to correlate E,,* of Cu( 1,3_diketonates), to the elec- 
tronic effect of the substituent groups on the ligands 
the chelates must be similarly substituted, i.e. all 
aliphatic, all aromatic, or all mixed aliphatic-aro- 

Table 1. Cyclic voltammetric results in dichloromethane and dimethyl- 
sulphoxide solutions 

Solvent 

Dichloromethane Dimethylsulphoxide 

b 

Compound E ,pa if& Em Ed.0 -%* Id,./l,,e" 

(1) FeWs +0.02 60+5 +0.12 - +0.35 0.00 
(2) Pe(dbm) 3 -0.50 65*5 -0.36 -0.30 +O.Ol 0.32 
(3) Fe(bmc) 3 -0.53 65+5 -0.41 -0.35 -0.03 0.59 
(4) Pe(paa) 3 -0.65 55+5 -0.56 -0.32 -0.08 0.37 
(5) Fe(acac), -0.62 65+5 -0.48 -0.38 -0.19 0.66 
(6) Fe(maa) 3 -0.78 6Ok5 -0.73 -0.53 -0.21 0.78 
(7) Fe(tmh) 3 -0.97 60f5 _c - - 

“Potentials measured in V vs Ag-AgCl and referenced to the FeCp,- 
FeCp: couple at +0.60 V. 

b Measured at a scan rate of 100 mV s- ‘. 
c Response complicated by additional waves at more negative potentials. 
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(by ca 0.1 V, after having made an appropriate 
correction for the different reference electrodes 
employed in the various studies). These obser- 
vations are in keeping with the higher oxidation 
state becoming more favourable down the triad. 
Clearly the MO to which the electron is being added 
must contain substantial ligand character. Inas- 
much as the tb metal orbitals can mix with the 7~ 
ligand MOs a variation in substituent group will of 
necessity alter the energies of these orbitals” and 
hence a degree of substituent dependence of E,,2 
is expected. The ligand contribution to the redox- 
active MOs is difficult to quantify solely on the basis 
of electrochemical measurements. Nevertheless a 
recent report on the electrochemical properties of a 
series of Ni, Pd and Pt bis(dithio-1,3-diketonate) 
compounds ’ 5 reached the conclusion that for these 
compounds the redox-active MOs are ligand-based, 
a deduction subsequentiy confirmed for [Ni 
(MeCS - CHCS - Me),]- by ESR spectroscopy. l9 
Although the ligand participation in the redox- 
active MOs in this series of compounds is sub- 
stantial we do not feel, at this time, that there is 
sufficient evidence to describe the electron-transfer 
reaction in dichloromethane as anything other than 
an Fe(III)-Fe(I1) couple. 

I I 

0.0 0.5 

ff; 

Fig. 1. Plot of half-wave potentials vs one-ligand sum 
of Taft inductive parameters for tris( 1,3-diketonato) 
iron(III,II) complexes in dichloromethane. Complexes 

are numbered as in Table 1. 

matic substituents. ’ 6 Correlations between different 
classes of these Cu(I1) chelates are not straight- 
forward. The same is not true, however, 
for the Cr(III)7 or Ru(III)‘*‘~ 1,3-diketonate 
complexes, or for the Fe(II1) 1,3-diketonate com- 
plexes discussed in this paper. For each of these 
three series of compounds strong correlations exist 
between the reduction potentials and the electronic 
effect of the substituent group(s), regardless of its 
identity. The other obvious difference between the 
copper complexes and those of the other three 
metals is the geometry of the diketonate ligands 
about the metal ion. It is likely that the electrode 
surface can interact more directly with the chelated 
Cu(I1) than with the chelated M(II1) ions on simple 
stereochemical grounds. Although the details of 
such interactions are unknown the consequences 
are clearly important in determining the nature of 
the ligands’ influence on reduction potentials. 

We turn now to the electrochemical behaviour 
in dimethylsulphoxide solution. Figure 2 illustrates 
the voltammagrams obtained for the compounds 
Fe(acac)3 and Fe(tfp), in dimethylsulphoxide sol- 
ution, while Table 1 contains the pertinent data on 
the potentials for the electron-transfer reactions. 
The voltammagram for Fe(acac)3 is characterized 

The potentials which we have obtained for the 
electroreduction of the Fe(II1) tris( 1,3-diketonate) 
compounds can be compared with those obtained 
earlier for the related ruthenium compounds. The 
potential range encompassed by the series of com- 
pounds described in this paper is some 0.99 V, with 
Fe(tfp), being the easiest to reduce (E,,2 = +0.02 
V), while Fe(tmh)3 is the most difficult to reduce 
(El,* = -0.97 V). The potential interval for the 
related ruthenium complexes is 1.03 V (-0.36 to 
- 1.39 V). ’ 7 A detailed comparison of the reduction 
potentials for pairs of compounds with the same 
ligating groups clearly shows that in every instance 
the iron compound is substantially easier to reduce 

PataM (V YI Aq - AgCl) 

Fig. 2. Cyclic voltammograms of: (A) Fe(acac),, and 
(B) Fe(tfp),, in dimethylsulphoxide solution. Scan rate 

100 mV s-l. 
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by a clean forward wave at -0.48 V. On reverse 
scan two responses are observed. The one at more 
negative potential, -0.38 V, can be attributed to 
the reoxidation of the [Fe(acac)& formed initially. 
The second wave occurs at a significantly less 
cathodic potential, -0.19 V, and can most likely 
be assigned to the oxidation of Fe(acac)2(DMS0)2, 
as discussed below. At a scan rate of 100 mV SK’ 
the current ratio Ij,,/I,,, is ca 0.66. Surprisingly this 
current ratio decreases with increasing scan rate, 
and is observed to be a maximum (ca 0.90) at the 
slowest scan rate, 20 mV s- ‘, which we have 
employed. At the same time it is observed that the 
peak attributed to Fe(acac)z(DMSO)z is a 
maximum at fast scan rates. The voltammetric peak 
at less cathodic potentials, - 0.19 V, is completely 
suppressed by addition of an excess of acac anions, 
in the form of Na(acac), to the electrochemical cell. 
This is indicative of the dissociative nature of the 
chemical reaction coupled to the electron transfer. 
Thus we believe that reaction to be of the form : 

[Fe(acac)J - DMsok Fe(acac)z(DMSO)z+[acac]-. 

(2) 

There are a number of precedents for the dis- 
sociation of the acac ion from a reduced metal ace- 
tonate complex, usually, though not always, in the 
presence of an alkali metal ion.“*’ 1*‘7*2G22 The less 
cathodic oxidative response can be attributed to the 
removal of an electron from Fe(acac)z(DMS0)2. 
As the cation [Fe(acac),(DMSO)d+ was not 
detected in subsequent scans that cation must rap- 
idly recombine with the free [acac]- ion, reforming 
Fe(acac)3. The unusual current response on varying 
the scan rate can best be explained by invoking a 
fast forward reaction and slow back reaction in eqn 
(2). The mechanism for the electroreduction/ 
electrooxidation and coupled chemical reactions 
is fully illustrated in Scheme 1. The voltammetric 
behaviour of Fe(dbm),, Fe(bzac),, Fe(paa), 
and Fe(maa), is similar to that described for 

Fe(acac), Q&& [Fe 
--e 

fast 

- ZDMSO 

+ [acac] - 

slow 

:( acac) 9] - 

fast 

- [acac] - 

+ ZDMSO 

[Fe(acac),(DMSO)$eFe(acac),(DMSO), 
+e 

Scheme 1. A mechanism for the behaviour of Fe(acac), 
in dimethylsulphoxide solution. 

and D. A. TOCHER 

Fe(acac), although the details of the analysis 
differ. In particular it would appear that the pos- 
ition of the chemical equilibrium is significantly 
influenced by the electronic effects of the various 
substituents on the chelating ligands. The data 
which we have available suggest that the more elec- 
tron-withdrawing are the chelating ligands’ sub- 
stituents the further to the right lie the equilibria of 
the type illustrated in eqn (2) (see Table 1). In the 
limiting case of Fe(tfp)3 only a single reoxidation 
wave is observed. When Na[tfp] is added to the 
electrochemical cell the position of that wave shifts 
to a value ca 100 mV more cathodic and now occurs 
close to the potential at which we would expect 
to observe the oxidation of [Fe(tfp)3]-. Thus the 
voltammetric peak initially observed at +0.35 V 
must be due to the oxidation of Fe(tfp)*(DMSO)*, 
i.e. the redox behaviour of Fe(tfp), in dimethyl- 
sulphoxide can also be rationalized on the basis of 
the scheme described earlier. 

CONCLUSIONS 

We have shown that the [Fe( 1,3-diketonate)$- 
couple is strongly influenced by substituent groups 
on the ligand, yielding an approximately linear plot 
of Elj2 vs Taft inductive parameter (03). The sub- 
stituent dependence is very similar to that for the 
[Ru(l,3-diketonate)$- couple, and is interpreted 
as the redox-active orbital having appreciable 
ligand character. The assignment from elec- 
trochemical studies alone of a redox process as 
being substantially metal- or ligand-based in 
character must be treated with caution. However, 
the systematic shifting in potentials on changing the 
metal centre from ruthenium to iron argues strongly 
for metal-based processes. 

Measurements in dimethylsulphoxide solutions 
indicate that the reduced monoanions are activated 
towards substitution in the strongly coordinating 
solvent. The ability of the metal ion to participate 
in such coupled chemical reactions is a function of 
the substituent groups on the ligand and can be 
suppressed by addition of the free 1,3-diketonate 
anion. Parallels have been drawn between these 
reactions and the coordinative relaxation reactions 
of reduced metal 1,3-diketonates. 

1. 
2. 

3. 
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Abstract-Mono- and dinuclear rhodium(I) complexes of formulae [Rh(L,)(bipym)]+ and 
[(Rh(L2)}2@-bipym)]2f [L2 = diolefin or (CO),] have been prepared and their cata- 
lytic activity in hydrogen-transfer reactions explored. The heterodinuclear [Cl,Pd(p- 
bipym)Rh(tfb)]ClO, complex was obtained by reacting [Rh(tfb)(bipym)]+ with [PdCl,(cod)] 
or alternatively from [Rh(tfb)(acetone),]+ with [PdCl,(bipym)]. Ion-pair complexes of for- 
mulae [Rh(diolefin)(bipym)]+[RhCl,(diolefin)]- (diolefin = cod, nbd or tfb) were prepared 
by adding bipym to acetone suspensions of [RhCl(diolefin)],. 

The preparation and properties of cationic rho- 
dium(1) complexes with chelating nitrogen donor 
ligands are of growing interest;lm3 in particular, 
some of them, containing diolefins as ancillary 
ligands, are active catalyst precursors for hydrogen- 
transfer reactions.“7 There is also an increasing 
interest in the synthesis of mixed-valence or homo- 
and heterobinuclear complexes with bidentate 
bridging ligands,8 due to the possibility of exploring 
their electronic interactions in a fundamental way 
and also utilizing such complexes for multi- 
electron transfer catalysis ; very recently a cationic 
ruthenium(II)-palladium(I1) binuclear complex, 
and binuclear platinum(I1) complexes bridged by 
2,2’-bipyrimidine (bipym) have been reported.’ 

In this paper we describe some neutral and cationic 
rhodium(l) complexes, as well as a rhodium(Ik 
palladium(I1) complex, with the bipym ligand which 
can potentially act as a chelate or “bidentate” 
bridging ligand between two metal centers. 

RESULTS AND DISCUSSION 

A general route for the synthesis of cationic spe- 
cies of the type [Rh(L,)(bipym)]+ F2 = tetra- 
fluorobenzobicyclo(2,2,2)octatriene (tfb), bicyclo- 
(2,2,l)heptadiene (nbd), 1,5-cyclooctadiene (cod) 

*Author to whom correspondence should be addressed. 

or (CO) 2] (compounds l-4) involves the reaction of 
the solvated [Rh(L,)(Me,CO)JClO, intermediate 
with bipym, in the stoichiometric ratio 1: 1. Com- 
pound 4 was also obtained by bubbling carbon 
monoxide through a dichloromethane solution of 
any of the [Rh(diolefin)(bipym)]C104 complexes, 
or by reaction of [Rh(acac)(CO)2] (acac = 
acetylacetonate) with bipym in the presence of per- 
chloric acid. After working up the compounds 
were isolated as air-stable microcrystalline solids in 
good yield ; they are 1 : 1 electrolytes in acetone or 
nitromethane, and their IR spectra show bands due 
to the uncoordinated perchlorate anion at cu 1100s 
and 620s cm-‘. Complex 4 shows, in dichloro- 
methane solution, two strong v(C0) bands at 
2105 and 2050 cm- ’ typical of cis-dicarbonyl 
derivatives, lo suggesting an electron density on the 
rhodium atom similar to that found for related 2,2’- 
bipyridine or 1, lo-phenanthroline cationic com- 
plexes. ‘o,1’ The coordinated bipym ligand in these 
complexes has two prominent bands near 1570 and 
1550 cm-’ assigned to ring-stretching modes, a 
strong band at cu 745-750 cm-‘, due to the C-H 
bending mode, and one near 660 ascribed to the 
ring-bending mode of the phenyl groups. The low 
solubility of these compounds, in most solvents, 
prevented the obtaining of NMR spectra. 

Most probably, the mononuclear [Rh(L,) 
(bipym)]+ complexes are square-planar with the 
bipym ligand acting in a bidentate way. Thus, these 

1427 
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rhodium complexes have the capability of acting as 
N-donor ligands for metals, and could be con- 
sidered as “metalloligands”. So, homobinuclear 
rhodium complexes of formula [{ Rh(diolefin)} &- 
bipym)](ClO,), (S-7) can be prepared by reacting 
[Rh(diolefin)(Me,CO)J+ species with the mono- 
nuclear [Rh(diolefin)(bipym)lC10, complexes, or 
more directly by treating the solvated species with 
bipym in the ratio 2 : 1; they are obtained as air- 
stable black or brown microcrystalline solids, which 
are insoluble in diethylether or hexane, and only 
slightly soluble in acetone or dichloromethane. 
These products are 1: 2 electrolytes in acetone and 
their IR spectra show bands of the uncoordinated 
perchlorate anion at ca 1100s and 620s cm- ’ which 
are split, in the solid state, for complex 5, may be 
indicating a coordination of the perchlorate anion 
in the solid state ; a possible formulation could be 
[Rh(OClO,)(tfb)(bipym)Rh(tfb)]ClO,.* The coor- 
dinated bipym in these homobinuclear compounds 
presents, in the IR spectrum, differences from their 
monometallic precursors ; I2 so, the 1550-cm- ’ 
band, assigned to ring-stretching modes in the 
monometallic complexes is absent in the bimetallic 
derivatives ; there is also an invariable decrease in 
energy, by ca 15-20 cm- ‘, of the C-H bending 
mode, and finally the addition of the second metal 
leads to loss of the band near 600 cm-‘. 

The mononuclear [Rh(L2)(bipym)]+ compounds 
can also act as N-donor ligands for other metals, 
so, reaction of the “metalloligand” complex 1 
with [PdCl,(cod)], in acetone, gave the hetero- 
binuclear [Cl,Pd(p-bipym)Rh(tfb)]ClO, (8). An 
alternative synthesis of this heterobinuclear com- 
plex was by the reaction of [PdCl,(bipym)] (9) 
{obtained from pdCl,(cod)] or [PdCl,(tht),] (tht 
= tetrahydrothiophene)} with the solvated species 

[Wtfb)We2COL1 + ; compound 8 was prepared as 
a brown, air-stable solid and it is a 1 : 1 electrolyte 
in acetone solution. Its IR spectrum shows bands 
due to the uncoordinated perchlorate anion at 
1100s and 625s cm- ’ ; the coordinated bipym bands 
are similar to that found for the homobinuclear 
complexes, that is 1580s cm- ’ (ring-stretching) and 
735s cm-’ (C-H bending) ; there are also two 
v(Pd-Cl) at 335 and 360 cm-‘, corresponding to 
two chlorine atoms cis to the palladium atom. 

* In this context, it is interesting to mention that, while 
the pentacoordinated tetrafluorobenzobarrelene com- 
plex of formula [Ir(OC10,)(tfb)(diolefin)] (diolefin = 
tfb13 or cod14) and [Rh(OC103)(tfb)J’5 have been re- 
ported, only square-planar [M(diolefine),]ClO,(M = 
Ir or Rh) compounds were obtained for diolefin = 
cod,16 Me3tfb” or nbd.18 

Attempts at preparing neutral dinuclear rhodium 
complexes containing the “RhCl(diolefin)” moiety 
and bipym as a bridging ligand, prompted us to 
explore the reaction of [RhCl(diolefin)], with bipym 
(Rh : bipym ratio 2 : 1). With the diolefin cod, a red, 
very insoluble solid was obtained, in acetone (10a) ; 
analytical results revealed the presence of only one 
molecule of bipym for two rhodium atoms, and its 
IR spectrum in the solid state showed an absorption 
characteristic of a M-Cl terminal band tram to a 
c---C double bond in the species “MCl(cod)L”.” 
These data suggested the formulation of the com- 
plex as a binuclear square-planar compound of for- 
mula [{RhCl(COD)},(p-bipym)]. Stirring this red 
compound in chloroform caused the colour to 
change to green (lob), the 260-cm-’ band dis- 
appeared, and the product was slightly more soluble 
than the red solid. An ‘H NMR spectrum of com- 
pound lob shows two different types of cod : vinyl 
resonances at 4.27 (br, 8H), aliphatic resonances at 
2.50 (br, 2H), 2.40 (br, 2H) and 1.76 (br, 2H), and 
1.27 (br, 2H) ppm. This spectrum is characteristic 
of species of type [Rh(cod)(bipym)][RhC12(cod)].20 

When the diolefin was nbd or tfb, compounds 11 
and 12 were obtained ; they are dark-green solids, 
with IR spectra similar to that found for compound 
lob, so we formulated them as ion-pair species. 

The reaction of [RhCl(diolefin)], with bipym 
(Rh : bipym ratio 1 : 1) in acetone gave, for the diole- 
fins cod and nbd, compounds 10a and 11, while, 
for tfb, a mononuclear rhodium compound was 
prepared (13). This compound did not show the 
v(Rh-Cl) absorption band present in square- 
planar rhodium(I) chlorine complexes, indicating 
that the compound is probably five-coordinated, 
but in acetone solution it shows some conductivity 
(20 a- ’ cm2 mol- ‘) which suggests an equilibrium 
between neutral five-coordinated and ionic square- 
planar species, with ionic chlorine.2’ 

Finally, we have used the related 2,4,6-tris(2- 
pyridyl)-s-triazine (tpt) which has six nitrogen 
atoms and could potentially coordinate to three 
metallic centers. Thus, reacting this ligand with 
the solvated species [Rh(nbd)(Me,CO),]+ in the 
ratio 1: 3 gave the cationic trinuclear complex 

[{Rh(nbd)},(tpt)l(ClO,), (14). 

Catalytic activity 

The above-mentioned similarity of bipym to 2,2’- 
bipyridine or l,lO-phenanthroline prompted us to 
explore the ability of the diolefin complexes as cata- 
lyst precursors for hydrogen transfer from iso- 
propanol to acetophenone in the presence of pot- 
assium hydroxide. Thus, after 1 h of reaction 
the extent of conversion (“A), using 2,5-norbor- 
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nadiene rhodium precursors, decreased in 
the sequence [{Rh(nbd)),(bipym)](ClO& (52) > 
[Rh(nbd)(bipym)][RhClz(nbd)] (8) > [Rh(nbd) 
(bipym)]ClO, (4), whilst under similar conditions 

the well-known complex [Rh(nbd)(phen)]C1044 
converted 60%. Interestingly 8 1% conversion 
was observed using [{ Rh(nbd)} 3(tpt)](C104)3 as 
the catalyst precursor. 

EXPERIMENTAL 

C, H and N analyses were carried out with a 
Perkin-Elmer 240-B microanalyzer. Conductivities 
were measured at 20°C in ca 5 x lop4 M acetone or 
nitromethane solutions using a 9501/01 con- 
ductometer. IR spectra were recorded on a Perkin- 
Elmer 599 spectrophotometer over the range 
4000-200 cm-‘, using Nujol mulls between poly- 
ethylene sheets or in dichloromethane solution 

between NaCl plates. The GLC analyses were 
performed on a Perkin-Elmer 3920B chromato- 
graph connected to a Perkin-Elmer M-2 inte- 

grator. The starting materials, [RhCl(cod)],,” 
[RhCl(nbd)]2,23 [RhCl(tfh)]2,24 [Rh(acac)(CO)2]25 
and [PdC12(cod)]26 were prepared by published 
methods. 

[Rh(diolefin)(bipym)lC10, (l-3) 

An acetone solution (15 cm3) of [Rh(di- 
olefin)(OCMe2),]+ (diolefin = tfb, cod or nbd) 
{prepared by treating the appropriate [RhClL212 
(0.1 mmol) with AgClO, (42 mg, 0.2 mmol) in ace- 
tone for 30 min and filtering off the AgCl formed} 
was added to a solution of bipym (32 mg, 0.2 mmol) 
in acetone. Evaporation of the solution to ca 1 
cm3 and addition of diethyl ether (15 cm3) gave 
compounds l-3 as microcrystalline solids which 

Table 1. Color, analytical results, conductance and yields for the new complexes 

Compound Color 

Analyses 
[found (talc.) (%)I 

Yield 
C H N &fa (%) 

DWfb)(bipymW04 

[Rh(nbd)(bipym)]ClO, 

[Rh(cod)(bipym)]ClO, 

[WCWbipymW04 

WWfb)I 2@hw-Nl(C104)2 

[(Rh(nbd)},(bipym)l(C104), 

[{Cod)} 4biwmW10& 

[Cl,Pd(bipym)Rh(tfb)]ClO, 

PdCL(biwm)l 

[Rh(cod)(bipym)][RhCl,(cod)] 

[Rh(nbd)(bipym)][RhCl,(nbd)] 

[Rh(tfb)(bipym)l[RhCl,(tfb)l 

tRhCKtW(bipm)l 

WW4 &pfW10& 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

Orange 

Brown 

Brown 

Yellow 

Black 

Brown 

Brown 

Brown 

Yellow 

Dark-green 

Dark-green 

Dark-green 

Red 

Brown 

41.2 
(40.9) 
37.1 

(37.9) 

(%) 
27.9 

(28.8) 
38.0 

(37.8) 
35.2 

(35.3) 
36.7 

(36.9) 
31.0 

(31.4) 
28.6 

(28.6) 

(Z) 
41.5 

(42.4) 
42.1 

(43.3) 

(E) 
38.5 

(39.0) 

(ii) 
(:I) 
3.5 

(3.8) 

(E) 
1.9 

(1.7) 

(E) 

(E) 
1.4 

(1.4) 

(!) 

(Z) 
3.5 

(3.7) 

(E) 

(E) 

(E) 

(Z) 
12.4 

(12.6) 
11.4 

(11.5) 
13.2 

(13.4) 

3::) 
7.4 

(7.5) 
7.4 

(7.2) 

(Z) 
17.3 

(16.7) 

(E) 

(K) 

(Z) 

(C:, 

(Z) 

110 

131 

121 

7gb 

317 

223 

239 

151 

- 

- 

- 

20 

85 

80 

85 

86 

72 

88 

74 

70 

93 

84 

92 

93 

67 

72 

LI Acetone solvent (in R- ’ cm2 mol- ‘). 
b Nitromethane solvent. v(C0) for complex 4 : 2105 and 2050 cn- ’ (in dichloromethane). 



1430 M. P. GARCIA et al. 

were filtered, washed with diethyl ether and dried 
in vacua. 

WW%@~pymW10~ (4) 

This complex was prepared by two different 
routes : 

(i) To a solution of [Rh(acac)(CO),] (80 mg, 0.31 
mmol) in acetone (20 cm3) were added successively 
HC104 (0.31 mmol) and solid bipym (0.31 mmol). 
A slow precipitation of a yellow solid began 
immediately. After stirring the suspension for 30 
min, diethyl ether (15 cm3) was added and then the 
solid was filtered off, washed with diethyl ether and 
dried in vacua. 

(ii) Carbon monoxide was bubbled through a 
solution of [Rh(diolefin)(bipym)]CIOd (diolefin = 
tfb, cod or nbd) (0.10 mmol) in 5 cm3 dichloro- 
methane for 15 min, at room temperature. The 
resulting solution was vacuum concentrated to ca 
0.5 cm3. Slow addition of diethyl ether led to pre- 
cipitation of required complex, which was filtered 
off, washed with diethyl ether, and vacuum dried. 

[(Rh(diolefin)}z(bipym)](C1O& (5-7) 

An acetone solution (20 cm’) of [Rh(di- 
olefin)(OCMe2),]+ (diolefin = tfb, cod or nbd) 
(0.26 mmol) was added to a solution of bipym (20.5 
mg, 0.13 mmol) in acetone (5 cm3). The initial yel- 
low colour of the solution changed immediately to 
dark red and a black solid was formed. The mixture 
was stirred for 30 min, and then the solid was fil- 
tered off, washed with diethyl ether and air dried. 

[C1,Pd(bipym)Rh(tfh)]C104 (8) 

This complex was prepared by two different 
routes : 

(i) To an acetone suspension (30 cm3) of complex 
1 (0.15 mmol) solid [PdCl,(cod)] (0.15 mmol) was 
added. The mixture was stirred for 24 h giving a 
brown solid and a brown-reddish solution. After 
removing part of the acetone and adding diethyl 
ether, the solid was filtered off, washed with diethyl 
ether and air dried. 

(ii) An acetone solution (20 cm3) of [Rh(tfb) 
(OCMe2),]C10, (0.14 mmol) was added to a sus- 
pension of pdCl,(bipym)] (9) (0.14 mmol) in 
acetone (10 cm3). Precipitation of a brown solid 
began immediately. The mixture was stirred for 
30 min. Diethyl ether was added, and then the 
solid was filtered off, washed with diethyl ether 
and air-dried. 

lPdCl2(bipym)l(9) 

This complex was prepared by two different 
routes : 

(i) To an acetone solution (20 cm3) of bipym (159 
mg, 1.0 mmol) solid [PdCl,(cod)] (1.0 mmol) was 
added. The suspension was stirred for 12 h, yielding 
a light yellow solid which was filtered off, washed 
with acetone and vacuum dried. 

(ii) Slow addition of a solution of [PdCl,(tht),] 
(353.0 mg, 1.0 mmol) in 10 cm3 of acetone, to a 
solution of bipym (170.0 mg, 1.0 mmol) in 10 cm3 
of acetone led to instantaneous precipitation of a 
yellow solid. After 30 min, the solid was filtered off, 
washed with acetone and vacuum dried. 

[{RhCl(cod)} d-WW (104 

Addition of bipym (35.0 mg, 0.22 mmol) to a 
suspension of [RhCl(cod)12 (54 mg, 0.11 mmol) in 
20 cm3 of acetone led to instantaneous precipitation 
of a red solid, which was filtered off, washed with 
acetone and vacuum dried. 

[Rh(cod)(bipym)][RhClz(cod)] (lob) 

A suspension of [{ RhCl(cod)} ,(bipym)] (65.1 mg, 
0.10 mmol) in 10 cm3 of chloroform was stirred for 
30 min. The green solid formed was filtered off and 
vacuum dried. 

[Rh(nbd)(bipym)][RhCl,(nbd)] (11) 

Addition of bipym (37.9 mg, 0.24 mmol) to a 
suspension of [RhCl(nbd)]* (55.2 mg, 0.12 mmol) 
in 20 cm3 of acetone led to instantaneous pre- 
cipitation of dark-green solid, which was filtered 
off, washed with acetone and vacuum dried. 

The precedure described for preparation of 11 
was used, but starting from [RhCl(tfb)], (50.0 mg, 
0.07 mmol) and bipym (10.8 mg, 0.07 mmol). A 
dark-green solid was obtained. 

[RhCl(ttb)(bipym)] (13) 

The procedure described for preparation of 12 
was used, but starting from [RhCl(tfb)], (100.0 
mg, 0.14 mmol) and bipym (48.4 mg, 0.31 mmol). 
A red solid was obtained. 

[{Rh(nbd)I 3WtllW04)3 (14) 

An acetone solution (20 cm’) of [Rh(nbd) 
(OCMeJX]C104 (0.1 mmol) was added to a sol- 
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ution of tpt (0.06 mmol) in acetone (10 cm’). 
The initial yellow colour of the solution changed 
immediately to red. The mixture was stirred for 
30 min. Evaporation of the solution to cu 2 cm3 
and addition of diethyl ether gave a brown solid 
which was filtered off, washed with diethyl ether 
and vacuum dried. 

Table 1 collects analytical results, conductance 
and yields for the reported complexes. 

Catalytic activity 

The hydrogen-transfer reactions were carried out 
under argon in refluxing isopropanol with magnetic 
stirring. The equipment consisted of a 50-cm3 round 
bottomed flask, fitted with a condenser and pro- 
vided with a secum cap. The catalysts were prepared 
by adding potassium hydroxide (0.1 mmol) in iso- 
propanol(1 cm’) to an isopropanol solution (8 cm3) 
of precursor complex (0.02 mmol referred to rho- 
dium). The resulting solution was refluxed for 1 h, 
and 2 mm01 of the substrate in isopropanol(1 cm’) 
were injected. Reactions were followed by GLC 
using FFAP on Chromosorb GHP 80/100 mesh 
(3.6 m x { in.) at 120°C. 
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Abstract-Two compounds of the general formula [L3VQ.K1)3L3]BPh4 [L = tetra- 
hydrofuran (1) or 3-methyltetrahydrofuran (2)] were prepared and investigated via single- 
crystal X-ray studies. Compound 1, tris(~-chloro)hexakis(tetrahydrofuran)divanadium(II) 
tetraphenylborate, crystallizes in space group P2 ,/c with unit-cell dimensions : a = 16.636(6) 
A, b = 16.771(5) A, c = 19.158(5) A, /I = 110.71(4)“, V = SOOO(6) A3, Z = 4. Compound 
2, tris(~-chloro)hexakis(3-methyltetrahydrofuran)divanadi~(II) tetraphenylborate, forms 
monoclinic crystals (space group Cc) with a = 18.376(5) A, b = 10.843(3) A, c = 29.317(6) 
A, j3 = 103.02(2)“, I/ = 5691(5) A3, Z = 4. Refinement, by least-squares methods, using a 
data to parameter ratio of 6.1 for 1 and 9.1 for 2, converged with an unweighted discrepancy 
index of 7.46 and 5.31% for 1 and 2, respectively. The V-V’ distances are : 2.978(3) 8, for 
1 and 2.976(l) A for 2. The use of 3-methyltetrahydrofuran as a supporting ligand is 
discussed since such substituted THF molecules reduce the tendency to disorder in the 
[V2(p-Cl)3(THF)6]+ cations. 

The reduction of VC13(THF)3 in tetrahydrofuran 
(THF) with Zn or AlR,(OR) affords novel, van- 
adium(II), face-sharing bioctahedral complexes, 

IV&-Cl)3(THF)&ZnzCl6 or [V,(p-Cl),(THF),] 
A1R2C12, respectively. ‘v2 These compounds 
proved to be useful starting materials for a variety 
of unusual dinuclear and polynuclear van- 
adium complexes. 3-7 However, crystallographic 
studies of [V2(p-Cl)3(THF)6]2Zn2C16, and in 
particular those of [V2(~-C1)3(THF)6]A1R2C12 
(R = C2H5), were very difficult because of an exten- 
sive disorder in the THF ligands at room tem- 
perature. For ~2(,&Cl)3(THF)6]2Zn2C16 the quality 
of the intensity data was greatly improved by col- 
lection at - 100°C and the structure was satis- 
factorily refined (the unweighted discrepancy 
index was O.O45).’ Crystals of p,(p-Cl),(THF),] 
AlEt,Cl, diffracted poorly (even at - 1OOC) and 
the structure could not be satisfactorily refined 

*Author to whom correspondence should be addressed. 

because of additional severe disorder in the 
diethyldichloroaluminate anion.2 

In order to overcome these problems we decided 
to substitute 3-methyltetrahydrofuran for THF to 
see whether such substitution would improve the 
quality of the intensity data and result in a better 
crystallographic structure of the [v&-Cl),L6]+ 
cation. 

We report here the preparation of a new 
compound, [L3V(p-C1)3L3]BPh4 (2) (L = 3-methyl- 
tetrahydrofuran), and its complete X-ray analysis. 
The crystallographic data are further compared 
with those for the THF analog (l), and it is dem- 
onstrated that a more accurate and nondisordered 
structure was obtained for the 3-methyl- 
tetrahydrofuran derivatives. 

EXPERIMENTAL 

All operations were performed under an atmos- 
phere of argon by using standard Schlenk tech- 
niques and a double-manifold vacuum line. THF, 
3-methyltetrahydrofuran and hexane were freshly 
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distilled from benzophenone ketyl prior to use. Sol- 
utions were transferred via stainless steel cannulae 
and/or syringes. Anhydrous VC13 was purchased 
from Strem Chemicals, Inc. and 3-methyl- 
tetrahydrofuran and AlEt,(OEt) (as a 25 wt % sol- 
ution in toluene) were purchased from Aldrich 
Chemical Co. NaBPh, was deaerated in uucuo at 
room temperature. 

W&-CMTHFWPh~ (1) 

This compound was prepared from [v,(p- 
Cl) 3(THF) d z(ZnlCls) according to our earlier pub- 
lished procedure. I@) Better X-ray quality crystals 
were obtained by the following modified procedure. 
Several solutions of different concentration of 1 in 
THF were prepared and each of them was carefully 
covered with hexane at room temperature. The sol- 
utions were allowed to stand undisturbed for several 
weeks, after which period good-quality crystals of 
1 were obtained from the most dilute solution. 

IV,@-Cl),(3-methyltetrahydrofuran),]BPh, (2) 

A solution of VC13 (0.6 g, 0.8 mmol) in 10 cm3 
of freshly distilled 3-methyltetrahydrofuran was 
refluxed for 12 h under argon in a 50-cm3 round- 
bottomed three-neck flask equipped with a mag- 
netic stirrer and a reflux condenser. The solution 
became clear and red-orange in color. To this sol- 
ution of VCl,(3-methyltetrahydrofuran), in 3- 
methyltetrahydrofuran was added 7.5 cm3 of a 
25 wt % solution of AlEt,(OEt) in toluene via a 
syringe. The solution was stirred for 7 days at room 
temperature during which time the color changed 
to a bright green. This solution of [v,(@1),(3- 
methyltetrahydrofuran),]AlCl,Et2 was then filtered 
through Celite 545 (Fisher Scientific Co.) onto 1.0 
g (2.9 mmol) of NaBPh,. The solution was stirred 
for 12 h at room temperature and filtered through 
Celite to a Schlenk tube. Freshly distilled hexane 
(25 cm3) was carefully placed on top of this solution 
and the Schlenk tube was allowed to stand undis- 
turbed for several days. Green X-ray quality crys- 
tals of 2 were isolated by filtration, washed with 
hexane and dried in uacuo [yield 1.5 g, 1.4 mmol 
(83%)]. 

X-ray crystallography 

General procedures that have already been fully 
described elsewhere were used to determine the 
crystal structures.’ Information about data col- 
lection and structure refinement for 1 and 2 is given 
in Table 1. The intensity data were corrected for 
Lorentz and polarization effects. The positions of 

vanadium atoms in the unit cell of 1 (space group 
P2,/c) and 2 (space group Cc) were determined by 
direct methods using program MULTAN 84. A 
series of isotropic least-squares refinements and 
Fourier syntheses then revealed the rest of the struc- 
ture. Two THF rings in 1 were assigned a disordered 
model with a fractional occupancy factor 0.5 for 
each carbon atom. Taking into account the number 
of observed reflections for 1 it was reasonable to 
limit anisotropic refinement to the V, Cl and 0 
atoms only. In the case of 2 all atoms could be 
refined anisotropically. Since the 3-methyl- 
tetrahydrofuran derivative crystallized in a non- 
centrosymmetric space group the enantiomorph 
giving lower residuals was chosen for refinement. 

Tables of positional and isotropic equivalent 
thermal parameters, anisotropic thermal pa- 
rameters, Bs, observed and calculated structure 
factors, as well as full lists of bond distances and 
angles for both compounds have been deposited as 
supplementary material with the Editor at Queen 
Mary College. 

RESULTS AND DISCUSSION 

Figures 1 and 2 show the two divanadium(I1) 
cations, 1 and 2, respectively, and define the atomic 
numbering scheme used in the tables and the fol- 
lowing discussion. Tables 2 and 3 list important 
interatomic dimensions for 1 and 2, respectively. 

The structure of tris(p-chloro)hexakis(tetra- 
hydrofuran)divanadium(II) tetraphenylborate (1) 
has already been described by us in 1985.1cb) At 
that time, however, we were not able to obtain 
good-quality crystals of this compound so the 
reported structural determination was not very 
accurate. Since that time we have learnt more 
about complexes containing the [(THF),V(p- 
Cl),V(THF),]+ cation and not only were we able 
to obtain better-quality single crystals of 1 (which 
still exhibit disorder in the THF ligands) but we 
have also prepared a new compound in this area 
which possesses non-disordered 3-methyltetra- 
hydrofuran ligands, namely tris&-chloro)hexa- 
kis(3-methyltetrahydrofuran)divanadium(II) tetra- 
phenylborate (2). 

The immediate coordination sphere of the two 
vanadium centers in both cations is that of a bioc- 
tahedron sharing a face comprised of three chlorine 
atoms. The V-V distance of 2.978(3) A in 1 and 
2.976(l) A in 2 is ca 3 A, a value very similar to 
those in other compounds containing the V(~-cl)~v 
unit which we have reported, e.g. 2.993(l) 8, in 
[(THF)3V(p-Cl)3V(THF)3],Zn,C1,.2 As expected 
the metal-ligand distances are practically the same 
in both compounds. 
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Formula 
Formula weight 
Space group 
Systematic absences 

a (A) 
b (A) 
c (A) 
fx (“) 
B (“) 
Y (“) 
v (A’) 
Z 

dcalc (g cm- ‘) 
Crystal size (mm) 
~(Mo-K,) (cm- ‘) 
Data collection instrument 
Radiation (monochromated in 

incident beam) 
Orientation reflections, 

[number, range (20)] 
Temperature (“C) 
Scan method 
Data collection range [20 (“)I 
Number of unique data, total 

with F,’ > 3a(Fz) 
Number of parameters refined 

::b 
Quality-of-fit indicator’ 
Largest shift/esd, final cycle 
Largest peak (e A- ‘) 

VZC~AW~H~~B VdWWLJ-boB 
960.13 1044.29 

p2,/c cc 
OkO,k#2n; hkl, h+k # 2n; 
h01, I # 2n h01, 1 # 2n 
16.636(6) 18.376(5) 
16.771(5) 10.843(3) 
19.158(5) 29.317(6) 
90.0 90.0 
110.71(4) 103.02(2) 
90.0 90.0 
SOOO(6) 5691(5) 
4 4 
1.275 1.219 
0.35 x 0.30 x 0.20 0.70 x 0.50 x 0.45 
5.655 5.019 
Enraf-Nonius CAD-4 Syntex PT 

25, 6.5-26.9 15, 15.529.5 
22 5 
W28 0 
4 < 28 < 45 4 c 28 < 50 
3334 7135 
2001 5408 
328 593 
0.0746 0.053 1 
0.0867 0.0667 
2.076 1.399 
0.06 0.23 
0.388 0.491 

MO-K, (I, = 0.71073 A) 

a R = I: IlFol- IW~ If’ol. 
bR, = [CW(~F~~-~F,~)~/~W~F~~~]“*; w = l/a’(lF,,I). 

‘Quality-of-fit = @ w(lF,J - IFcl)2/(Nobs -IV,.,,,)] I”. 

a221 

C(24) C(54) 

C(32) 
'X42) 

C(6 

Fig. 1. ORTEP drawing (50% probability level) of the v,Cl,(THF)d’ cation. The carbon atoms 
have been assigned the same isotropic thermal parameter for the sake of clarity. 



1436 J. A. M. CANICH et al. 

C(42)f 

Cc251 

C(52)fi 

C(65) 

Fig. 2. ORTEP drawing (40% probability level) of the [V,C1,(3-methyltetrahydrofuran]+ cation. The 
carbon atoms have been assigned the same isotropic thermal parameter for the sake of clarity. 

Table 2. Important interatomic distances (A) and angles (“) for 

[V~C1dTWW’h~= 

V(l)-----v(2) 
WI-Cl(l) 
YlF--cl(2) 
V(l)-Cl(3) 
V(lW(1) 
V(l)_-o(2) 
V(lWx3) 

Cl(l)-V(lbCl(2) 
cl(l)---v(l)--cl(3) 
cl(l)-v(l~o(l)~ 

Cl(l)---V(l)_-o(2) 
Cl(l)_V(l~O(3) 
U(2)-V( 1 )-U(3) 

Cl(2)_V(l>--o(l) 
C1(2)-V( 1 )-O(2) 
Cl(2~(1 )-o(3) 
Cl(3t_V(l)-o(l) 
C1(3)-V( 1)-O(2) 
C1(3)-V(l)-O(3) 

W)_V(l)---o(2) 
O(l)--V(l)_-o(3) 
o(2)-V(l~(3) 
Cl(1 tV(2>--cl(2) 
Cl( l)-V(2)-Cl(3) 

2.978(3) 
2.488(4) 
2.479(4) 
2.470(4) 
2.161(8) 
2.146(7) 
2.149(8) 

85.2( 1) 
87.9( 1) 
95.7(3) 

175.0(2) 
91.2(2) 
89.2( 1) 

177.5(3) 
90.4(2) 
92.6(2) 
88.6(3) 
89.7(2) 

178.0(3) 
88.5(3) 
89.7(3) 
91.3(3) 
85.8( 1) 
88.1(l) 

w3-cl(l) 
w3----cl(2) 
V(2)-Cl(3) 
V(2)--o(4) 
V(2)--0(5) 
V(2W(6) 

Cl( 1 >-V(2)--0(4) 
Cl(l)-V(2W(5) 
Cl( 1 >-V(2W(6) 
Cl(2)-V(2Fl(3) 
Cl(2)-V(2)--0(4) 
Cl(2)-V(2W(5) 
Cl(2)_V(2W(6) 
Cl(3)_V(2>-0(4) 
Cl(3tV(2to(5) 
Cl(3)_V(2W(6) 
0(4)_V(2)_-0(5) 
0(4)_V(2W(6) 
0(5)_V(2>--0(6) 
V(l)-Cl(l)-V(2) 
V( 1 )-Cl(2)-V(2) 
V(l)-Cl(3~(2) 

2.469(3) 
2.471(3) 
2.480(4) 
2.142(8) 
2.125(7) 
2.162(8) 

94.9(2) 
176.7(2) 
93.5(2) 
89.1(l) 
92.3(2) 
91.4(2) 

179.3(2) 
176.8(2) 
90.0(2) 
90.6(2) 
87.0(3) 
88.1(3) 
89.2(3) 
73.8(l) 
74.0( 1) 
74.0( 1) 

“Numbers in parentheses are estimated standard deviations in the least 
significant digits. 
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Table 3. Important interatomic distances (A) and angles (“) for [vzC13(3- 
methyltetrahydrofuran)dBPh,,” 
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WFW 
WI-W) 
Ylb-4x2) 
V(l)--cl(3) 
V(l)--G(1) 
V(l)-G(2) 
V(l)_G(3) 

2.976( 1) 
2.475(2) 
2.483(2) 
2.488(2) 
2.184(4) 
2.137(4) 
2.146(4) 

Cl(l)-V(lNl(2) 87.64(6) 

Cl(l)-V(lWl(3) 88.92(6) 

Cl(l)_V(l)--o(l) 87.5( 1) 

Cl(l)_V(l~G(2) 175.6(l) 

Cl(l)-V(lFG(3) 93.7( 1) 
C](2)-V( 1 )-Cl(3) 86.83(6) 

Cl(2>-V(lbG(l) 94.8( 1) 

Cl(2)-_V(l )-G(2) 90.6( 1) 

Cl(2)-V(1 )--o(3) 175.0(l) 

Cl(3)-V(l)-G(l) 176.0(l) 

Cl(3)-V(l+~(2) 95.0( 1) 

Cl(3)_V(l )--o(3) 88.4( 1) 

G(l)-V(l)-G(2) 88.6(2) 

G(l)-V(l)-G(3) 90.0(2) 

G(2)+1)--0(3) 88.5(2) 
Cl( I)-V(2)-Cl(2) 87.40(6) 
Cl( l)-V(2)---Cl(3) 88.90(6) 

w3---cl(l) 2.483(2) 

W~C@) 2.486(2) 

V(2)---~1(3) 2.481(2) 

V(2)-+(4) 2.146(4) 

V(2)+(5) 2.161(4) 

V(2)--0(6) 2.131(4) 

Cl( 1 )-V(2)-0(4) 175.7(l) 

Cl(l)-V(2+0(5) 88.7( 1) 

Cl( l)-V(2)-0(6) 94.0( 1) 

Cl(2)-V(2)-Cl(3) 86.93(6) 

Cl(2)-V(2)-0(4) 96.0( 1) 

Cl(2)-V(2~(5) 175.9(l) 

Cl(2)--V(2)-0(6) 89.4( 1) 

Cl(3)-V(2)--0(4) 88.6( 1) 

Cl(3)---V(2)-G(5) 94.3( 1) 

Cl(3)-V(2)--0(6) 175.2(l) 

G(4)---V(2)-0(5) 88.0(2) 

0(4)_V(2)-G(6) 88.7(2) 

G(5)-V(2)--0(6) 89.5(2) 

V(l)_Cl(l~V(2) 73.76(5) 

V(l)-Cl(2FV(2) 73.58(5) 

V(l)-Cl(3kV(2) 73.58(5) 

“Numbers in parentheses are estimated standard deviations in the least 
significant digits. 

As mentioned in the introduction, the disorder in 
the THF ligands of 1 is extensive. It is associated 
with the adoption of different conformations by a 
particular THF ring. In some cases the different 
carbon atom positions could be resolved and they 
have been dealt with in a conventional manner by 
assigning fractional occupancy factors. In general, 
however, different conformations could not be 
resolved and the corresponding carbon atoms had 
relatively high thermal parameters. In contrast, the 
structure of 2 required no disorder treatment since 
well-refined carbon atoms of 3_methyltetrahydro- 
furan ligands were obtained, and this led to a lower 
unweighted discrepancy index of 5.31%. The esti- 
mated standard deviations of the interatomic 
dimensions are lower, roughly by a factor of 2 in 
the 3-methyltetrahydrofuran derivative. 

The crystallization of 2 in a noncentrosymmetric 
space group indicates that the introduction of sub- 
stituted THF leads to the formation and resolution 
of chiral isomers. 

This report clearly shows that substitution of dis- 
ordered THF ligands by 3-methyltetrahydrofuran 
results in more accurate X-ray structure deter- 
mination. We believe that this is an artifice that 
could profitably be employed in many other cases. 

Acknowledgement-We thank the National Science 
Foundation for support. 
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Abstract-The title compound was prepared by prolonged reaction of Os,(CH3COO),Cl, 
with Hfhp (Hfhp = 6-fluoro-2-hydroxypyridine) in refluxing toluene in the presence of 
LiCl. The product, Os#hp),Cl (l), is a result of ligand displacement with a concomitant 
core reduction of Osfi+ to OS:+. Crystals were grown by slow diffusion of hexane into a 
dichloromethane solution of 1. Crystallographic data are as follows: tetragonal crystal 
system, space group I4mm (No. 107), a = b = 11.000(3) A, c = 13.142(2) A, V= 1590(l) 
A3, Z = 2. The molecule possesses crystallographic 4mm symmetry, with the OS-OS bonds 
lying along the four-fold axes. The four fhp ligands are arranged in a polar fashion around 
the diosmium core, blocking one axial site. The second axial position is occupied by a 
chloride ion. The 

1 
rincipal distances in 1 are: OS(~)-OS(~) = 2.341(l) A, 

Os( 1)---N = 2.027( 12) , Os(2j-O = 2.014(S) A, OS(~)--Cl = 2.487(7) A. The title com- 
pound was also inves~gat~ by several physical methods. The elec~~he~st~ as deter- 
mined by cyclic voltammetry revealed two processes : a reversible, one-electron reduction 
at E 1,2 = -0.63 V in dichloromethane and an irreversible oxidation at E,, = +0.95 V in 
dichloromethane vs Ag-AgCl at room temperature. The electronic spectrum shows strong 
bands at 413 nm (E = 4290 M-i cm-‘), 309 nm (s = 23,560 M- ’ cm- ‘) and at 294 nm 
(E = 26,500 M- ’ cm- ‘) as well as shoulders at 334 and 261 nm. 

In this laboratory we are continuing our inves- 
tigation of compounds that contain a multiply- 
bonded OS;+ (n = 4, 5 or 6) core. Early reports 
suggested that attempted ligand substitution reac- 
tions on OS~(CH~COO)~C~~ usually afford mono- 
meric products, ’ but further investigations in our 
laboratory*-s and elsewhere’ since then have pro- 
vided routes to an array of multiply-bonded dios- 
mium complexes. Our synthetic efforts have been 
focused on ~rn~~ds containing 6-substituted 
oxypyridine anions as ligands. These ligands are 
generally useful in spanning multiply-bonded 
dimetallic units.7 The steric demand of the sub- 
stituent in the 6-position of the %hydroxy- 
pyridinato ring plays a crucial role in determining 
the structure and properties of the product. With 
the relatively bulky chlorine atom as a substituent 

*Author to whom correspondence should be addressed. 

two interesting molecules have been synthesized. A 
polar complex,’ Osz(chp),Cl, containing the OS:+ 
core is formed in the reaction of diosmium- 
tetraacetate dichloride with 6-chloro-2-hydropy- 
ridine. In the same reaction, a second product is 
formed,’ Os,Cl,(chp),*L (L = py or H,O), an 
Os(II1, III) complex with four terminal chloride 
ions, two tram chp ligands and an axial, neutral 
ligand. 

It has been shown previously that 6-fluoro-2- 
hydroxypyridine @Bhp) characteristically prefers 
to form a polar arrangement (also called a 4 : 0 
arrangement) of the four ligands across the dimetal 
unit. The complexes M~~~P)~.~F (M = Cr, MO 
or W),‘* R~~(fhp)~Cl’ ’ and Rh2(fhp)4* DMSO” 
have previously been synthesized, and all have the 
4: 0 arrangement. The work reported here was 
undertaken to determine how the ~os~urn unit 
would behave toward the same ligand. 

1439 
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EXPERIMENTAL 

Starting materials 

0s2(CH3C00)&12 was prepared by a literature 
procedure. ’ The ligand, Hfhp, was obtained from 
Dow Chemical Co. Lithium chloride was dried at 
110°C overnight. Dry and deoxygenated solvents 
were freshly distilled before use. 

Preparation ofOs,(lhp),Cl (1) 

0sz(CH3C00),C12 (0.1 g, 0.145 mmol), LiCl(0.6 
g, 14 mmol), Hfhp (0.6 g, 5.3 mmol) and 10 cm3 
of toluene were refluxed for 3 days under an 
argon atmosphere. The crystalline diosmium- 
tetraacetate dichloride gradually disappeared and 
a brown precipitate was deposited. The reaction 
mixture was cooled and filtered. The solid residue 
was washed several times with diethyl ether to 
remove unreacted ligand. The remaining solids were 
extracted with CH2C12 until the washings were 
almost colorless. The brown-yellow CH2C12 sol- 
ution was concentrated and carefully layered with 
hexane. In a few days a uniform mass of well- 
formed, block-shaped crystals was deposited. They 
were filtered, washed with hexane and air dried. The 
yield is 70 mg (ca 56%). The complex is air-stable 
in the solid state and in solution. 

Found : C, 28.2 ; H, 1.5. Calc. for 
OS~C~F~O~N~C~,,H,~ : C, 27.8 ; H, 1.4%. Electronic 
spectrum (850-250 nm, CH2C12 solvent): A,,, = 
413 nm (E = 4300 M-l cm- ‘), Iz = 334 nm (sh), 
J-x = 309 nm (E = 23,600 M- ’ cm-‘), kaX = 
284 nm (E = 26,500 M- ’ cm- ‘), A = 261 nm (sh). 

Measurements 

Elemental analyses were performed by Galbraith 
Laboratories Inc. The electronic spectra were meas- 
ured on CH2C12 solutions (HPLC grade) using a 
Cary 17D spectrophotometer. Electrochemical 
measurements were done with a Bioanalytical Sys- 
tems Inc., model BAS 100 Electrochemical 
Analyzer in conjunction with a Bausch & Lomb, 
Houston Model DMP 40 digital plotter. Exper- 
iments were carried out in CH2C12 containing ca 
0.2 M tetra-n-butylammonium hexafluorophos- 
phate (TBAH) as a supporting electrolyte. A 
three-electrode cell configuration was used with 

* Calculations were done on the VAX-l l/780 com- 
puter at the Department of Chemistry, Texas A&M Uni- 
versity, College Station, Texas with a VAX-SDP software 
package. 

a platinum disk and a platinum wire as working 
and auxiliary electrodes, respectively. All po- 
tentials are referenced to the Ag-AgCl electrode 
at 24+2”C with full positive feedback resistance 
compensation, and are uncorrected for junction 
potentials. Magnetic measurements were made at 
room temperature on CH2C12 solution by the Evans 
method on a Varian 390 spectrometer. A correction 
for the diamagnetism of the ligand was applied. X- 
band ESR spectra were obtained on CH2C12 frozen 
solutions using a Varian E-6S spectrometer. 

X-ray crystallographic procedures 

The structure of a single crystal of 1 was deter- 
mined by application of general procedures which 
have been fully described elsewhere.* I3 The per- 
tinent crystallographic data are summarized in 
Table 1. Important bond distances and angles are 
given in Table 2. A regular, block-shaped crystal 
of approximate dimensions 0.3 x 0.4 x 0.6 mm was 
mounted in a capillary in mother liquor. The 
diffraction data were collected on a CAD 4 auto- 
diffractometer equipped with graphite-mono- 
chromated MO-K, (A = 0.71073 A) radiation. 
Lorentz, polarization and absorption corrections 
were applied. There are five possible space group 
choices consistent with the systematic absences. 
These are 1422, I4mm, Iam2, Ia2m and I4lmmm. 
Given the cell volume and the expected molecular 
formula, O~#hp)~Cl, there must be two molecules 
in the unit cell. With Z = 2 and an ordered model, 
the only possible space group is I4mm, with the 
molecule on a four-fold axis. One OS atom can 
be placed at the origin, which than allowed us to 
determine the position of the other OS atom from 
the Patterson map. The alternating least-squares 
and difference Fourier cycles revealed positions of 
all non-hydrogen atoms. As the refinement pro- 
gressed it became clear that absorption still affected 
the calculations, despite an earlier empirical absorp- 
tion correction based on psi scans. The program 
DIFABS14 was applied to the data. Successful 
refinement confirmed our choice of space group. 
The largest peaks in the final difference Fourier map 
were ghosts of heavy atoms. In a final cycle, 497 
data were used to refine 57 parameters to give 
R = 0.028 and R, = 0.054. 

RESULTS AND DISCUSSION 

Preparation 

The O~#hp)~Cl compound reported here is 
formed in good yields (ca 60%) in the reaction of 
0s2(CH3COO),C12 with Hfhp in refluxing toluene 
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Table 1. Crystal data for Os&p)&l 
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Formula 
Formula weight 
Space group 
Systematic absences 

a (A) 
b (A) 
c (A) 
z (“) 
B (“) 
Y (“) 
V(A’) 
Z 

dcale (g cm- ‘) 
Crystal size (mm) 

p(Mo-KJ (cm- ‘) 
Data collection instrument 
Radiation (monochromated in 

incident beam 
Orientation reflections 

[number, range (Z(3)] 
Temperature (“C) 
Scan method 
Data collection range [20 (“)I 
Number of unique data, total 

with F,’ > 3o(Fz) 
Number of parameters refined 
Transmission factors (max, min) 

::b 
Quality-of-fit indicator’ 
Largest shift/esd, final cycle 
Largest peak (e A- ‘) 

OS~C~F~O~N~GOHI~ 
864.19 
z4mm (No. 107) 
h+k+l# 2n, 
Okl (k + I# 2n), 
hhl (I # 2n) 
ll.OOO(2) 
ll.OOO(2) 
13.142(4) 
90.0 
90.0 
90.0 
1590(l) 
2 
1.805 
0.3 x 0.4 x 0.6 
81.28 
CAD-4 

MO-K, (1, = 0.71073 A) 

25, 16” < 20 < 35” 
24 
W-28 
4-50 

587,497 
57 
0.998,0.892 
0.0283 
0.0354 
1.145 
0.16 
1.5 

= R = C IlFol -IFclIP Vol. 
b R, = [Cw(lF,I-IF,~)*/Zw(F,~*]“*; w = l/a’(lF,I). 
‘Quality-of-fit = [X w(lF,I - IFCl)*/(Nob- Nwammrs)] I/*. 

in the presence of LiCl. Attempts to run the reaction 
in molten Hfhp in a fashion analogous to the pre- 
viously described syntheses”’ of Osa(chp),C1 and 
Os&(chp), * L did not yield any identifiable prod- 
ucts. The use of stoichiometric amounts of 0s2(CH3 
COO)&12 and Hfhp (1 : 2) in the presence of LiCl, 
in an attempt to obtain O~#&(fhp)~, yielded only 
1 in lower yields. We have not, under any 
conditions, seen evidence of the formation of 
O~#X,(fhp)~. Also, use of Me&Cl, which has been 
shown to remove acetate ions and other oxygen- 
containing ligands from the multiply-bonded 
dimetallic units, has failed in this case. The role of 
LiCl is unknown (although its use has been 
reported16 before) and we do not wish to speculate 
on the mechanistic aspects of the reaction since the 

additional complicating factor is the reduction of 
the diosmium unit. 

The reducing agent is most likely Hfhp, but the 
possibility of disproportionation cannot be excluded 
in view of the 60% yield of reaction. 

Spectroscopic and magnetic properties 

The visible region of the electronic spectrum of 1 
in CH2C12 displays one strong band at 413 nm 
(a = 4300 M- ’ cm-‘). This is similar to the pre- 
viously observed band for the Osz(chp),C1 complex 
(J_, = 412 mn, E = 3800 M-’ cm-‘). 

The ground electronic state for this molecule is 
most likely a spin-quartet derived from the 
&r4~2S*z*2 electronic configuration, since it has 
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Table 2. Selected bond distances (A) and bond angles (“) 
for Os,(fhp),Cl” 

Atom 1 Atom 2 Distance 

OS(l) Os(2) 2.341(l) 
OS(~) N 2.027( 12) 
Os(2) Cl 2.487(7) 

Os(2) 
Z(S) 

2.014(5) 
F 1.38(2) 
0 C(1) 1.21(4) 
N C(1) 1.46(5) 
N C(5) 1.26(3) 

Atom 1 Atom 2 Atom 3 Angle 

Os(2) OS(l) N 89(l) 
OS(l) Os(2) Cl 180.00(O) 

OS(l) Os(2) 0 89.9(6) 
Os(2) 0 C(1) 123(2) 

OS(l) N C(1) 117(2) 
0 C(1) N 120.3(6) 

‘Numbers in parentheses are estimated standard devi- 
ations in the least significant digits. 

a room-temperature magnetic moment in CH2C12 
solution of 3.70 BM. For Os2(chp),C1 a moment of 
only 2.90 BM was found, and this was taken to 
mean that there was substantial population of a 
spin-doublet derived from a a2rr46*a2*7r* or 
azn462n*3 configuration. In the present case there 
would appear to be much less thermal access to 
such a doublet state. The Os,(fhp),Cl compound 
exhibits an ESR signal at - 196°C (in frozen 
CH2C12 solution), but it has a different appearance 
from the one shown by Os,(chp),Cl. We are not 
certain how to interpret this result. In any case, 1 
can be added to the list of diosmium complexes, of 
both the III, III and II, III types whose magnetic 
properties require more detailed study. 

Electrochemistry 

The electrochemical properties of the compound 
were studied by cyclic voltammetry. CH2C12 sol- 
utions with TBAH as a supporting electrolyte were 
used. A reversible, one-electron reduction at 

* Supplementary material available. Full listing of bond 
angles, bond distances, anisotropic displacement par- 
ameters and observed and calculated structure factors 
(6 pages) have been deposited with the Editor. Atomic 
positional parameters have been deposited with the Cam- 
bridge Crystallographic Data Centre. 

El,* = -0.63 V and an irreversible oxidation at 
E,,, = +0.90 V (Fig. 1) were observed. The pre- 
sumably metal-based reduction represents the 
following process : 

OS:+ +e- -+ OS:+. 

For the similar Os,(chp),Cl complex this reduction 
was observed at -0.60 V. To our surprise the oxi- 
dation appears to be irreversible, although the 
above-mentioned Os,(chp),Cl undergoes reversible 
oxidation at almost the same potential (+ 0.90 V). 

Molecular structure* 

Selected bond distances and angles are presented 
in Table 2, and Fig. 2 presents an ORTEP view of 
the molecule with the atoms labeled. The molecular 
symmetry is rigorously C& (4mm) with Os( l), OS(~) 
and Cl lying along a four-fold axis. The four thp 
ligands are placed on two perpendicular mirror 
planes. The asymmetric unit consists of OS(~), 
OS(~), Cl and one fhp ligand. 

The molecule has a polar arrangement with the 
four fhp ligands pointing in one direction. One axial 
site, which is unoccupied, is encumbered by the four 
fluorine atoms. The second axial site is occupied 
by a chlorine atom. The perfect C,-geometry is 
possible in this case because the relatively small 
fluorine atoms do not come in close contact. In 
contrast, the polar molecules with chp or mhp as 
ligands are always twisted from the ideal eclipsed 
conformation to alleviate repulsive X---X inter- 
actions. 

The Os-Os distance is 2.341(l) A. This is the 
same distance, within experimental error, as found 
earlier in Osz(chp),C1. Additional distances and 
angles are at about the expected values. 

We wish now to compare some experimental 
results for 1 to those of the isomorphous and iso- 
structural Ru2(fhp)4Cl, as summarized in Table 3. 

I I I I I I 
+ 1.50 1.0 0.5 0.0 0.5 -1.00 

Volts versus AglAgCL 

Fig. 1. Cyclic voltammogram of O~#hp)~Cl (measured 
at 200 mV s-’ in 0.2 M TBAH-CH,Cl, at a Pt-disk 

electrode). 
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Table 3. Comparison of selected experimental properties of Os2(fhp)&l 
and Ru&hp),Cl 

G@hP),Cl Ru,(fh~).,Cl 

Visible 

&,X (e) 
El12 09 

Magnetic moment (BM) 
M-M (A) 

M-o (A) 
M-N (A) 
M-Cl (A) 

413 (4290) 522 (4720) 

+0.95,” -0.63 + 1.68, -0.01 
3.70 
2.341(l) 2.284( 1) 
2.014(5) 1.971(2) 
2.027( 12) 2.089(4) 
2.487(7) 2.427(3) 
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As far as the structural parameters are concerned, 
the only difference between these two structures can 
be attributed to the larger size of OS than Ru. This 
in turn leads to a longer metal-metal bond (by 
0.057 A). The Os-Cl and OS-O distances are also 
slightly longer than the corresponding Ru ones, but 
the OS-N distances are shorter (by about 0.06 A). 

As a part of our investigation of diosmium chem- 
istry we have established the formation of a second 
polar diosmium complex. 1 is formed in reasonable 
yield from OS~(CH~COO)~C~~. Ligand substitution 
is accompanied by a reduction from an OS;+ to an 
OS:+ dimetallic core. 
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[Fe2S,(CO),]2- AS A CLUSTER PRECURSOR: SYNTHESIS AND 
STRUCTURE OF [MoFe3S,(CO),J2- AND OXIDATIVE 

DECARBONYLATION TO A PERSULFIDE-BRIDGED MoFe,S, 
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Abstract-Reactions of [Fe&(CO),]‘- (3) with [Cl,FeS,MS,]‘- [M = MO (4) or W (6)] 
and [C12FeS2VS2FeC12]3- (8) in acetonitril*THF solutions afford the new clusters 
[MFe,S,(CO)& (M = MO (5) or W (7)] and [VFe6S,(CO),~3- (9). (Et,N), (5) crystallizes 
in orthorhombic space group Pbcn with a = 15.314(7) A, b = 16.627(6) A, c = 29.971(13) 
A, and Z = 8. Cluster 5 is formed by displacement of chloride from 4 by 3 to yield a species 
with the [Fe,(p3-S),Fe(p2-S)ZMoS2]Z- core arrangement containing one Fe(II) and Mo(V1) 
in distorted tetrahedral sites. Similar structures are proposed for 7 and 9, with the latter 
containing two 3 ligands bound to the [VFe,S,]‘+ core of 8. Treatment of 5 with RSSR 
results in oxidative decarbonylation and formation of [Mo2Fe&8(S2)2(SR)6]4- (10) (R = p- 
CsH4C1 or p-C6H4Br), which consists of two [MoFe3(p3-S)4]3+ cubane-type subclusters 
bridged by two p2-q3-Sz- groups. Cluster 10 was also obtained in a direct-assembly system 
consisting of [MoS,]‘- + 3FeC1, + S:- + 7RS- in methanol. Evidence is presented that the 
solid-state structure of 10 is maintained in solution. The redox change [MoFe3(p2-S)2(p3- 
S),SA’- (5) + [MoFe3(ps-S)4(S2)]‘+ (10) is described as an oxidatively induced core internal 
conversion in which there is net Fe and S oxidation and MO reduction. It is argued that the 
reduction of tetrahedral Mo(V1) to or near Mo(III), stabilized in a six-coordinate site, is a 
significant factor in the formation of the cubane structure. The formation of the cubane 
cluster [VFe3S4C13(DMF),]‘- from 8 and FeCl, is similarly promoted by the reduction of 
tetrahedral V(V) to or near V(II1). The syntheses of 5,7,9 and 10 illustrate the utility of 3 
as a cluster precursor. 

At present, the synthetic cluster species most closely 
related to the native cluster which is the FeMo- 
cofactor of nitrogenase are those containing one or 
two cubane-type MoFe,(p3-S)4 cores. The leading 
aspects of these clusters have recently been sum- 
marized.’ Their synthesis is usually achieved by 
direct cluster assumbly involving the simple 
reactants [MoS,]‘-, FeC13 and thiolate in an 
alcohol solvent. In this way the double-cubane 
clusters [Mo,Fe$s(SR),]3- 2-4 (1) and 
[Mo2Fe7Ss(SR),,]3- 5 (2), containing the indicated 
bridge units, have been prepared in good yield. 
Single cubanes of general types 

* National Institutes of Health Postdoctoral Fellow 
(1984-1985). 

t Author to whom correspondence should be addressed. 

[MoFe3S4(SR)3(cat)L]*-~3- 68 [cat = 3,6-disub- 
stituted catecholate(2 -)] and [MoFe,S,(SR), 
(dmpe)] I- ’ [dmpe = 1,2-bis(dimethylphosphino) 
ethane] are accessible by bridge cleavage of 2. The 
single cubanes exhibit certain electronic features” 
and possess MO site structural properties’*” that 
bear an apparent resemblance to corresponding 
aspects of the cofactor. 

Recently we have been exploring other routes to 
Mo-Fe-S and other heterometal FeS clusters of 
possible biological relevance. Noting the chelating 
ability ’ ‘7 ’ 3 of the Seyferth anion [Fe,S,(CO),]2- I2 
and the possibility of oxidative decarbonylation’ 4 
of reaction products by disulfides leading to new 
clusters, we have examined the reactions of this 
anion with Fe(I1) complexes derived from the thio- 
metalates of MO, W and V. Among the results 
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presented are the synthesis and structure of a new 
cluster type exemplified by ~oFe,S,(CO),]2-, and 
the identity of its decarbonylation product. The 
information provided here augments earlier brief 
reports lx’ 6 of some of the principal findings of this 
research. 

EXPERIMENTAL 

Preparation of compounds 

All operations were performed under a pure dini- 
trogen atmosphere. Acetonitrile was purified by dis- 
tillation from CaH2 and stored over 3-A molecular 
sieves. Methanol and THF were distilled from 
Mg(OMe), and Na-K alloy, respectively. 

Fe&(CO),, l2 Na2S2,17 N-bh[M0~~1,‘~ 
(Et4N),[MFeS,Cld (M = Mo19 or Wzo), and 
(Et.,N)3~Fe2S4C14]21 were prepared as described. 
Bis (p-chlorophenyl)disulfide was obtained as a 
white crystalline solid by the iodine oxidation of p- 
ClC6H,$H in methanol. Solutions of 
Li2[FeS2(CO),] in THF were prepared by the 
method of Seyferth et al. I2 

(Et4N)2[MoFe$6(C0)6] (5). A freshly prepared, 
bright green solution of 5.8 mmol of 
Li,[Fe2S2(CO),] (3) in 100 cm3 of THF at -78°C 
was treated with an equimolar, red-brown solution 
of (Et,N),[MoFeS,Cld (4) in 400 cm3 of aceto- 
nitrile. The reaction mixture was slowly warmed over 
5 h to ambient temperature, stirred overnight, and 
filtered to remove LiCl and a black insoluble solid. 
Ether (- 200 cm3) was added to the dark purple 
filtrate to afford 2.21 g (43%) of crude product as 
a purple-brown microcrystalline solid. Recrys- 
tallization of this material from acetonitrile-ether 
[3 : 1 (v/v)] afforded 1.80 g (35%) of pure product 
as purple-brown microcrystals. Found : C, 29.9 ; H, 
4.7; Fe, 18.6; MO, 10.7; N, 3.2; S, 21.6. Calc. for 
C22H40Fe3MoN206S6: C, 29.9; H, 4.6; Fe, 18.9; 
MO, 10.8; N, 3.2; S, 21.7%. IR (MeCN): vco 2042 
(m), 2004 (s), and 1960 (vs) cm- ‘. Absorption spec- 
trum (MeCN) : A,,, (E& 331 (23,600), 410 (sh), and 
470 (8960) nm. 

(Et,N)2[WFe&(CO)6] (7). A freshly prepared 
solution of 1.86 mm01 of Li,[Fe,S,(CO),] in 50 cm3 
of THF at -78°C was treated with an equimolar, 
bright orange solution of (Et4N),[WFeS,C12] (6) in 

‘SR 

2 

200 cm3 of acetonitrile. Following slow warming 
over about 12 h to room temperature, the reaction 
mixture was filtered to remove LiCl and a black 
insoluble solid. The volume of the orange-brown 
filtrate was reduced to - 75 cm3, 30 cm3 of ether 
were added, and the solution was cooled to - 20°C 
to afford 1.3 g (72%) of crude product as a gold- 
brown microcrystalline solid. Recrystallization of 
this material from acetonitrile-ether [2 : 1 (v/v)] 
gave 1.1 g (61%) of pure product as gold-brown 
microcrystals. IR (MeCN) : vco 2043 (m), 2004 (s), 
and 1959 (vs) cm- I. Absorption spectrum (MeCN) : 
A,, (Ed) 272 (19,700), 360 (14,800) 415 (8810) 464 
(5570) and 524 (5100) nm. 

(Et,N)3~Fe6S8(CO),2] (9). To a solution of 2.90 
mmol of Li2[Fe2S2(C0)6] in 100 cm3 of THF at 
- 78°C was added a solution of 1.19 g (1.45 mmol) 
of (EtqN),[VFe2S,C1,] (8) in 250 cm3 of acetonitrile. 
After the reaction mixture was warmed to room 
temperature over - 12 h, it was filtered to remove 
LiCl. The volume of the purple filtrate was reduced 
to - 80 cm3. The solution was cooled to -20°C 
and filtered to remove additional LiCl. Addition of 
ether (- 80 cm’) to the filtrate caused the sep- 
aration of 1.1 g (54%) of crude product as a purple- 
black microcrystalline solid. Recrystallization of 
this material from acetonitrileether [l : 1 (v/v)] 
afforded 0.62 g of pure product as a black crystalline 
solid. Found: C, 31.3; H, 4.5; Fe, 24.8; N, 3.1; S, 
18.5; V, 3.8. Calc. for C36H60Fe6N3012S8V: C, 
31.6; H, 4.4; Fe, 24.5; N, 3.1; S, 18.7; V, 3.7%. 
IR (MeCN): vco 2035 (m), 1998 (s), and 1955 (vs) 

- ‘. Absorption spectrum (MeCN) : &,, (cy) 3 16 
;:,500), 416 (11,500), 526 (sh), and 560 (12,100) 
nm. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (10). (i) 
By oxidative decarbonylation of 5. A solution of 
0.65 g (2.26 mmol) of bis(p-chlorophenyl)distide 
in 20 cm3 of ether was added to a stirred solution 
of 1.00 g (1.13 mmol) of 5 in 100 cm3 of acetonitrile. 
The reaction mixture gradually changed from a pur- 
ple-brown to a yellow-brown color over a period of 
1 day. The mixture was stirred at ambient tem- 
perature for 4 days, or at 50°C for 10 h, after which 
no bound CO was detectable (IR). Following 
reduction of the solvent volume to - 40 cm3, the 
mixture was filtered to remove disulfide. THF (- 50 
cm’) was added to the yellow-brown filtrate, the 
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solution was cooled at -20°C for N 4 h, and then 
filtered to give 0.80 g of crude product as a black 
microcrystalline solid. The product was separated 
from the more soluble salts of [Fe,&@-p-C6H4- 
Cl),]“- (n = 2 or 4’3 by thorough washing with 
acetone-acetonitrile [3 : 1 (v/v)]. This procedure 
afforded 0.48 g (37%) of pure product as a black 
microcrystalline solid. Found : C, 34.9 ; H, 4.4 ; Cl, 
9.1; Fe, 15.0; MO, 8.6; N, 2.4; S, 25.0. Calc. for 
C66H104C16Fe6M02N4S18: C, 35.6; H, 4.6; Cl, 9.3; 
Fe, 14.6; MO, 8.4; N, 2.4; S, 25.1%. Absorption 
spectrum (MeCN): &,,x (Ed) 348 (sh), and 437 
(30,600) nm. The p-bromobenzenethiolate deriva- 
tive was prepared analogously with use of bis(p- 
bromophenyl)disulfide. 

(ii) Direct synthesis. A slurry of 2.0 g (7.7 mmol) 
of (NH4),[MoS,] in 50 cm3 of methanol was added 
to 0.85 g (7.7 mmol) of Na& to produce a bright 
red solution. This was treated with a mixture of 
NaOMe (5.4 mmol) and p-Cl&H,SNa (54 mmol) 
(from 59.4 mmol of NaOMe and 54.0 mmol of the 
thiol) in 300 cm3 of methanol. A filtered solution of 
3.7 g (23 mmol) of FeCl, in 100 cm3 of methanol 
was added dropwise to the bright red reaction mix- 
ture over a period of 30 min. The resultant purple- 
brown reaction mixture was stirred for 16 h to 
afford an intense yellow-brown solution. Addition 
of 2.6 g (15 mmol) of Et4NC1 caused separation of 
a brown amorphous solid, which was collected by 
filtration. This material was extracted with 1 1 of 
acetonitrile to effect separation from chloride salts, 
the extract was filtered, and the solvent was 
removed in vucuo. The solid residue was washed 
with 5 x 100 cm3 of acetone, leaving 1.2 g of crude 
product as a brown amorphous solid. Recry- 
stallization of this material from acetonitrile-THF 
afforded 1.0 g (11%) of pure product as a black 
microcrystalline solid. Found : C, 34.9 ; H, 4.4 ; Cl, 
9.1; Fe, 15.0; MO, 8.6; N, 2.4; S, 25.0%. The 
product was spectroscopically identical with that 
prepared by method (i). The p-bromobenzene- 
thiolate derivative was prepared analogously 
with use of p-BrC6H4SNa. 

Structure determination of(Et4N),[MoFe3S,(CO),] 

Collection and reduction of data. Single crystals 
of 5 were obtained by ether diffusion into a pro- 
pionitrile solution. A crystal was mounted in glass 
capillary which was sealed under dinitrogen. 
Diffraction experiments were performed with a Nic- 
olet R3M four-circle automated diffractometer 
equipped with a MO X-ray tube and a graphite 

*Atomic coordinates have also been deposited with 
the Cambridge Crystallographic Data Centre. 

monochromator. Data collection parameters are 
summarized in Table 1. The final orientation matrix 
and unit-cell parameters were obtained from the 
least-squares refinement of 25 machine-centered 
reflections having 20” G 28 ,< 25”. Selected omega 
scans were symmetrical and exhibited full widths at 
half-height of 0.37-0.45”. Three standard reflec- 
tions examined after every 63 observations showed 
no signs of decay over the course of data collection. 
The data were corrected for Lorentz and pola- 
rization effects and an empirical absorption cor- 
rection was applied with the programs XTAPE and 
XEMP of the SHELXTL structure determination 
package (Nicolet XRD Corporation, Madison, 
WI). The systematic absences OM) (k = 2n+ l), h01 
(1= 2n+l), and hk0 (h+k = 2n+l) uniquely 
define the space group as Pbcn (No. 60). 

Solution and reJinement of the structure. The 
structure was solved by a combination of direct 
methods (MULTAN) and Fourier techniques. Trial 
positions of the MO and Fe atoms were taken from 
the E-map derived from the phase set with the high- 
est combined figures of merit. The remaining non- 
hydrogen atoms were located in subsequent Fourier 
refinement cycles by using the program 
CRYSTALS. Atom-scattering factors were taken 
from a standard source. 22 Isotropic refinement con- 
verged at 20%. The asymmetric unit consists of 
two cations and one anion. Both cations displayed 
thermal parameters sufficiently large to indicate dis- 
order, which was not successfully modeled. The 
anion and the cation nitrogen atoms were aniso- 
tropically refined by using blocked-cascade least- 
squares refinement. The cation carbon atoms were 
refined isotropically by using the method of 
additional observational equations.23 Several car- 
bony1 groups also have thermal parameters sugges- 
tive of disorder. In the final stages of refinement, 
hydrogen atoms were placed at a distance of 0.98 
A from bonded carbon atoms and assigned an iso- 
tropic thermal parameter of 0.05 A*. Unique data 
used in the refinement and final R values are given 
in Table 1. Tables of atom coordinates, thermal 
parameters, and structure factors have been 
deposited as supplementary data with the Editor, 
from whom copies are available on request.* 

Other physical measurements 

All measurements were performed under strictly 
anaerobic conditions. ‘H NMR spectra were rec- 
orded on a Brisker WM-300 spectrometer, CD3CN 
was purified by distillation from CaH, and was 
stored over 3-A molecular sieves. UV-visible and 
IR spectra were recorded on a Cary Model 219 and 
a Perkin-Elmer Model 599B spectrophotometer, 
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Table 1. Summary of crystal data, intensity collection and structure 
refinement parameters for (Et,,N),[MoFe,S6(CO)6] 

Formula 
Molecular weight 

a (A) 
b (A) 
c (A) 
Crystal system 

V(A3) 
z 

&= (g cm- 3, 
Space group 
Crystal dimensions (mm) 
Radiation 
Absorption coefficient (p) (cm- ‘) 
Transmission factors (max/min) 
Scan speed (deg min- ‘) 
Scan range (“) 
Background/scan time ratio 
Data collected 
Total reflections 
R merge (% ) 
Unique data [Fz > 3.0a(Fi)] 
Number of variables 
Rb (X) 
R,‘(%) 

GJ-f4&3MoN2%% 
884.43 
15.314(7) 
16.627(6) 
29.971(13) 
Orthorhombic 
7631(5) 
8 
1.64 
Pbcn 
0.12 x 0.46 x 0.70 
MO-&, (1 = 0.71069) 
18.1 
0.9410.54 
2.00-29.3 (8-20 scan) 
1.25+(2&.,-2&) 
0.25 
545” (+h, +k, +I) 
5820 
2.8 
3220 
282 
8.3 
9.5d 

a Rnerge is defined by : 
l/2 

where Ni is the number of reflections in a given set, Fj is one 
member of the set, and pj is the mean. 

b R = [E (IF,1 - IF,l)P l&II. 
‘R =~w((FI*-IF~~)/ZEW~F~~]“~. 
d<eighting scheme ior least-iquares refinement : w = l/a(F,). 

respectively. Solution magnetic moments were 
determined by the usual NMR method.24 Elec- 
trochemical measurements were made with stan- 
dard PAR instrumentation ; other details are given 
in a figure legend. 

RESULTS AND DISCUSSION 

Synthesis and properties of derivatives of 

[FeMW~12- 

Reduction of persulfide-bridged Fe2Sz(CO)a 
affords the highly reactive dianion 
[Fe2S2(C0)6]2- I2 (3). Recent work has shown that 
the LUMOs of the isostructural compounds 
Fe,E,(CO), (E = S*’ or Sez6) are mainly E-E anti- 
bonding in character and that the Se-Se bond is 

broken upon reduction (EXAFS determination).27 
With its demonstrated ability to chelate a variety of 
main-group and transition-element halides to form 
species containing MFe2(p3-S)Z and MFe4(,u3-S)4 
cores, ‘*,I3 3 is a potentially useful precursor in clus- 
ter synthesis. The reactions of 3 carried out in this 
study are shown in Fig. 1. The clusters 
[MFe&(CO),]‘- [M = MO (5) or W (7)] were pre- 
pared according to reaction (1) : 

+ [MFe,S,(CO),]*- +2Cl-, (1) 

which involves displacement of chloride from the 
tetrahedral Fe(I1) centres of [MFeS4C12]‘- 
[M = MO (4) or W (6)]. These ligands had been 
shown earlier to be susceptible to substitution by 
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+ 

Cl, _... s . ..* /s *- 

Cl/‘LJ% 

4 

I THF- MeCN 

RSSR 

MeCN-Et,0 

Cl, *.,s . . . . ,s\ /.. C13- 

cl/F\‘“\s’k~l 

6 6 

I THF- MeCN THF-MeCN 

MeOH [MoS412-+ 3FeC13 
- +7NaSR + Na2S2 

Fig. 1. Scheme showing the synthesis of clusters 5, 7, 9 and 10 from the common precursor 
[Fe,S,(C0),]2- (3) and their established (5 and 10) or probable (7 and 9) structures. 

thiolate. I9 In the related reaction (2) : 

2[Fe,S2(CO)6]2- + [VFe2S4C14]3- 

-+ [VFe$s(C0)12]3- +4Cl- (2) 

the heptanuclear cluster ~Fe,Ss(CO),,]3- (9) was 
derived from the “linear” precursor [VFe2S4C14]3- 
(S), whose VFe&, core is nonlabile.2’ In contrast, 
the isoelectronic and isostructural clusters 
[MFe2S4C14]2- (M = MO or W) form an equi- 
librium mixture with 4/6 and FeCl, in DMF 
solution. Presumably because of core lability, all 
attempts to prepare [MoFe&(CO)12]2- even in 
acetonitrileTHF solution yielded only 5. 

Clusters 5, 7 and 9 are most simply recognized 
by their characteristic LMCT visible spectra, which 
are shown in Fig. 2. These are perturbed versions 
of the spectra of the parent [MS4]2-*3- ions*’ and 
indicate retention of the M(V1 or V) oxidation state. 
IR spectra in the carbonyl region are nearly ident- 
ical for the three clusters. The three-band patterns 
are similar in intensity to that of Fe2S2(C0)6 (vco 
2080,2038 and 1998 cm- ‘) but are shifted to lower 
frequencies by about 40 cm- ‘, a consistent feature 
of metal derivatives containing the intact Fe2S2 
(CO), group.‘2~13~28~30 Diffraction quality crystals 

of only 5 were obtained. Cluster 7 was not analyzed 
inasmuch as its preparation, purification and IR 
spectrum were strictly analogous to those of 5. The 
indicated structure of 9 is entirely probable and 
follows from its composition and IR spectrum, and 
the structure of 5. 

Structure of[MoFe,S,(CO),]*- 

The crystal structure of the Et4N+ salt of cluster 
5 consists of well-separated anions and cations. The 
latter are unexceptional and are not further con- 
sidered. Two perspectives of the structure of 5 are 
shown in Fig. 3. Selected interatomic distances and 
angles are collected in Table 2. In addition to 
Fe2S2(C0)625 itself, there are other species whose 
structures are pertinent to a consideration of that 
of 5. These formally contain the dianion 3 and 
include a variety of Fe2@2-SR)2(C0)6 compounds 
with Fe;(SEt)2(C0)63’ prototypical, Fe2(p2- 
SR)012-SHgR)(C0)632 (R = Me or Et), Ge- 
[S2Fe2(C0)6]233 (ll), [Fe,S,(CO),J*- 3o (12), and 
[MoOFe,S,(CO),2]2- 29 (13). The only other struc- 
turally characterized derivative of 3 is 
[Fe&(CO)l 212-, which contains two 
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Fig. 2. Visible-absorption spectra of [MoFe,S,(CO),]*- (5) [WFe,S,(CO),]‘- (7), and 
[VFe,S,(CO), $- (9) in acetonitrile solutions. 

[FezS2(C0)6]‘- groups joined by a disulfide bond.34 bination of 3 and 4 (Fig. 1) with the anticipated 
The configuration of cluster 5 approaches Czv- chloride displacement. The [MoFe,(p,-S)2(p3- 

symmetry, with the Cz-axis containing MO and S)d2+ core contains a roughly planar Mo&2-S)2Fe3 
Fe(l), and is immediately recognizable as a com- portion with atom displacements of < 0.06 A from 

[MoFe,S,(CO),]‘- 

Fig. 3. Two views of the structure of [MoFe,S,(CO),]‘- (5) showing 50% probability ellipsoids and 
the atom-labeling scheme. The views are related by a 45” rotation around the idealized Cpaxis. 
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the MoS(3,4)Fe(l-3) plane.* The Fe&-S)2 frag- 
ment consists of two triply bridging atoms S(5,6) 
equidistant (f 1.55 A) from the Fe3 plane. In this 
sense, the fragment is similar to the [Fe&]‘+ core 

of FGW+W~14-,35 except that the Fe atoms 
form an isosceles rather than an equilateral triangle. 
The S2Fe(l)S,MoS, portion consists of two edge- 
shared irregular MoS4 and FeS, tetrahedra. The 
dihedral angle MoS(1,2)/MoS(3,4) = 89.6” and 
Fe(l)S(3,4)/Fe(l)S(5,6) = 92.8”. Chelation of Fe(l) 
by atoms S(5,6) of subunit 3 is anticipated in ll- 
13. 

The MO and Fe(l) atoms occupy sites which 
approach local Cz,-symmetry. The expanded ter- 
minal S( I)--MO-S(~) [l 11.9(2)“] and compressed 
bridging S(3)-Mo-S(4) angles [104.7(2)“], and 
the shorter MO-S terminal (mean 2.16 A) than 
bridging distances (mean 2.262 A), are typical of 
p2-$ binding to [MoS412-.’ These effects are well 
exemplified by [(PhS),FeS,MoS,]*- 36 in which, for 
example, the terminal and bridging Mo-S bond 
lengths (S-Mo-S bond angles) are 2.149 A 
[112.2(l)“] and 2.262 A [105.5(l)“], respectively. As 
its NH: salt, [MoS412- is nearly perfectly tetra- 
hedral,37 with mean bond distances and angles of 
2.178(6) 8, and 109.5(7)“. The coordination unit of 
the unique atom Fe(l) is severely distorted from a 
tetrahedral arrangement. Bond angles range from 
85.6(2) to 119.2(l)“, with the lower limit being the 
chelate bite angle S(S)---Fe(l)-S(6), which cor- 
responds to an S . . . S bite distance of 3.107(6) A. 
This angle at Ge [86.4(2)” (ll)] and Fe [86.8(l)’ 
(12), and 84.1(5)” (13)] in other complexes is nearly 
the same. However, the bite angle of 3 is not con- 
strained from lower values inasmuch as it is 
decreased to 70.8(3)” at MO in 13.29 

Carbonyl-ligated atoms Fe(2,3) exhibit distorted 
square pyramidal coordination with basal planes 
C(2,3)S(5,6) and C(4,5)S(5,6), disposed at a 
dihedral angle of 66.8”. Atoms Fe(2) and Fe(3) are 
displaced 0.31 and 0.32 A, respectively, from their 
basal planes toward apical carbonyl groups. Atom 
S(6) nearly symmetrically bridges Fe( l-3), the mean 

*All planes are unweighted least-squares planes. 

distance being 2.301(3) A. Bridging by S(5) is less 
regular [mean 2.302(22) A] and is the principal fea- 
ture that degrades core symmetry below C2”. The 
F+Fe distance of 2.491(4) A is 0.06 8, shorter than 
that in Fe,S,(CO),, and reflects the consistent but 
not necessarily monotonic tendency of the metal- 
metal bond to decrease as the S * * * S bite is increased. 
This effect also appears with Fe2S2(C0)6 and 3 in 
THF solution, where from EXAFS results the two 
Fe-Fe distances differ by 0.03 A.” (With 
[Fe2Se2(C0)6]0*2- in THF the Fe-Fe bond length 
increases by about 0.03 8, upon passing to the 
dianion.27) More information is required to estab- 
lish any relationship between bite distance or Fe2S 
dihedral angle and Fe-Fe bond length in deriva- 
tives of 3. Given that the upper occupied MOs of 3 
are mainly sulfur in character and the LUMO has 
a Fe-Fe antibonding component, 3 * measurable 
differences in Fe-Fe and S * * * S distances in a more 
extensive series of compounds can be anticipated. 
These effects notwithstanding, it is evident that frag- 
ment 3 retains its essential geometrical and elec- 
tronic features in the derivatives 5 and 11-13. The 
structure of 5 is most consistent with the oxidation 
state assignment Mo(V1) + Fe(I1) + 2Fe(I) in the 
[MoFe3S4]*+ core. The magnetic moment of 4.90pB 
(acetonitrile, 297 K) is due to tetrahedral Fe(B) and 
is the same as the value for [(PhS)2FeS2MoS2]2- in 
the solid state.36 

Oxidative decarbonylation of [MoFe3S,(CO),12- 

Reaction (3) effects the core oxidation 
2[Fe2S2]’ + [Fe4S4]*+ +2e- and affords the prod- 
uct cluster with R = Ph in 65% isolated yield : I4 

2Fe,S,(CO), + RSSR + 2RS- 

-+ [Fe,S,(SR),]*- + 12C0. (3) 

Other than with the simpler metal carbonyls, oxi- 
dative decarbonylation reactions using disulfides 
have been little explored. The compositional ident- 
ity of the [MoFe,S,]*’ core of 5 and the 
[MoFe3S413+ cores of 1, 2 and other cubane-type 
clusters ’ suggested the core oxidation 
[MoFe3S4]*+ + [MoFe3S413+ +e- with structural 
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Table 2. Selected interatomic distances (A) and angles (“) for [MoFe,S,(CO),]‘- 

Mo(l)_S(3) 
Mo(lW(4) 

Mo( 1) . . . Fe( 1) 

Fe(2)_S(6) 
Fe(2)-S(5) 
Fe(3k-S(5) 
Fe(3)-S(6) 

Fe(2)--Fe(3) 

C(lk-o(l) 
C(2W(l) 
C(3)---O(3) 
C(4)-O(4) 
C(5)--O(5) 
C(6wx6) 
Mean 

S(l)-Mo(lFS(2) 
S(3)-Mo(ltiS(4) 
S(l)-Mo(lFs(4) 
S(l)-Mo(lH(3) 
S(2)-Mo(lw(3) 
S(2)-MowS(4) 

MO(l)-S(3>-Fe(l) 
Mo( I)-S(4)-Fe( 1) 

S(5)-Fe(3)-Fe(2) 

S(5)_Fe(3)-C(4) 
S(5)_Fe(3)--C(6) 
S(5)-Fe(3)--C(5) 

S(6)--Fe(3)-Fe(2) 

S(6)-Fe(3)--C(4) 
S(6)_Fe(3)--C(6) 
S(6)_Fe(3)_C(5) 

Fe(3k-C(4W(4) 
Fe(3>-C(5W(5) 
Fe(3k-C(6)--0(6) 

2.142(6) 
2.170(6) 

2.260(5) 
2.265(5) 

2.762(5) 

2.303(6) 
2.318(6) 
2.312(7) 
2.301(6) 

2.491(4) 

1.180(23) 
1.156(26) 
1.186(27) 
1.158(27) 
1.165(30) 
1.134(22) 
1.163(19) 

111.9(2) 
104.7(2) 
110.2(3) 
110.0(3) 
110.3(2) 
109.4(2) 

75.2(2) 
75.3(2) 

57.6(2) 
159.0(9) 
102.3(8) 
88.0(9) 

57.3(2) 
87.2(8) 

104.9(8) 
155.5(9) 

98.5(l) 
91.4(12) 
99.4(12) 

173.4(24) 
177.0(20) 
177.9(30) 

WI-W 
WltW 

WI-W 
Wll---S(6) 

Fe( 1) . . . Fe(2) 
Fe( 1) . . Fe(3) 

Fe(2WY) 
Fe(2)-C(2) 
Fe(2)_C(3) 
Fe(3)_C(4) 
Fe(3)-C(5) 
Fe(3)-C(6) 
Mean 

S(5). . . S(6) 

WI-W 1 l--SW 
WI-WFW 
W-WFW) 
W-Wl)_-S(5) 
WFWO--S(5) 
W-W 1 KW) 

Fe(l)-S(S)-Fe(3) 
Fe(l)-S(6)-Fe(2) 
Fe(l)--S(S)-Fe(2) 
Fe(l)-S(6bFe(3) 

S(6)-Fe(2eFe(3) 

S(6)_Fe(2)-C(3) 
S(6)_-Fe(2k-C(1) 
S(6)_Fe(2>--C(2) 

S(5)-Fe(2pFe(3) 

S(5)-Fe(2>--C(3) 
S(5)-Fe(2)--C(l) 
S(5PFe(2)_C(2) 

C(3tFe(2tC(l) 
C(3)---Fe(2)-C(2) 

C(2)-Fe(2)_C(l) 

Fe(2WX3W(3) 
Fe(2)-C(2)--0(2) 
Fe(2WW-W) 

2.267(6) 
2.256(5) 

2.277(6) 
2.298(6) 

3.088(6) 
3.126(6) 

1.752(20) 
1.802(25) 
1.757(25) 
1.755(24) 
1.793(28) 
1.801(21) 
1.777(24) 

3.107(6) 

104.8(2) 
85.6(2)* 

119.2(2) 
116.7(2) 
117.4(2) 
113.2(2) 

85.9(2) 
84.3(2) 
84.4(2) 
85.7(2) 

57.2(2) 
158.8(9) 
102.6(8) 
87.1(7) 

57.3(2) 
87.4(8) 

104.6(7) 
154.1(7) 

98.4( 11) 
91.7(9) 

101.1(10) 

175.0(21) 
173.6(22) 
176.1(22) 

“[Fe&-S)2(CO)~]2- chelate “bite” distance. 
’ [Fe,@,-S),(CO),]*- chelate “bite” angle. 
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rearrangement, and probable conversion of ter- (n = 2 or 4) detected by ’ H NMR together with a 
minal sulfide to an oxidized form. After some exper- lesser amount of unknown products (6 4.8,5.2, 15.2 
imentation, reaction (4) was developed by using and 17.3). No VFe3S4 cubane cluster was detected, 
excess disulfide (R = p-C,H,Cl or p-CsH4Br*) : but it is available by another routeI (uide infru). 

2[MoFe,S,(CO),]*- + 3RSSR 

+ [Mo2Fe&(S2)2(SR)6]4- + 12C0. (4) 

Products were obtained in - 40% yields as Et4N’ 
salts. Structure 10 (R = p-C6H4Br) was established 
by X-ray analysis and has been described.’ ’ Rela- 
tively poor crystal quality led to insufficient data for 
precise structural determination of these crystals, 
which have two formula units per asymmetric unit. 
However, the configuration of the anion was estab- 
lished as the double cubane 10 whose subclusters 
are joined by two p2-q3 persulfide bridges in bridge 
unit 14. Subcluster dimensions are unexceptional. ’ 
In 14 nonbridging sulfur atoms are in a syn arrange- 
ment ; their MoS, groups are roughly parallel 
(dihedral angle 17”). The bridge is folded such that 
the two Mo(~~-S)~ groups are disposed at a dihedral 
angle of 22”. Mean values (A) of certain bond 
lengths are indicated; the MO * a. MO distance of 

Direct synthesis and properties of 

[Mo2Fe6Ss(SR)6(S2)214- 

The establishment of the structure of 10 raised 
the possibility of a direct synthesis of the cluster, 
i.e. a procedure not requiring isolation of an inter- 
mediate. Cluster assembly reaction (5) in methanol 
conducted with the indicated stoichiometry gave 
the desired cluster in 11% purified yield : 

2[MoS,]*-+6FeC13+14RS-+2S:- 

+ [Mo2Fe&(S2)2(SR)6]4- 

+ 18Cl- +4RSSR. (5) 

Thus, as all other cubane-type MoFe,S, clusters,‘-5 
10 can be prepared from simple reactants in a 
redox-buffered system that produces the 
[MoFe3S413+ core oxidation level. The low-yield is 
offset by the use of inexpensive, readily accessible 
reagents. 

3.97(7) A is nonbonding. The p2-v3 mode of 
persulfide bridging has been less frequently en- 
countered than other arrangements.39 Three prior 
examples are known.40 Of these, the most relevant 
is (Me5C5)2M02(~2-S2)3(S2)2,40(d) whose corres- 
ponding bridge fragment has dimensions within 
0.03 8, of those of 14. In this molecule the bridge 
structure also includes a pz-q2-S:- group. Cluster 
10 provides the only case of an Mo~(~~-~~-S:-)~ 
bridge unit. 

Attempted oxidative decarbonylation of 
[WFe3S,(C0)J2- (7) did not proceed analogously 
to reaction (4). [(RS)2FeS2WS2]2- 36 and 
Fe,S,(SR),]‘- were the only identifiable products, 
suggesting that the usual reducibility order W(V1) 
< Mo(V1) applies to 5 and 7. A similar reaction of 
[VFe6S,(Co),J3- (9) afforded mainly [Fe&(SR)4]2- 

*These substituents afforded disulfides of sufficient 
oxidizing power and by-product clusters [Fe,S,(SR)4]2- 
(n = 2 or 4) whose salts were separable from 10. With 
R = Ph reaction (4) was much slower, and with R = 
pC6H,N02 the reaction was nearly complete in 10 h at 
ambient temperature, but by-product clusters were not 
readily separable. 

In solution, 10 displays an intense absorption 
band at 437 nm, in the region typical of thiolate- 
ligand clusters. *-’ Retention of the solid-state struc- 
ture in solution is adequately shown by the elec- 
trochemical and NMR results in Fig. 4. The coupled 
one-electron reductions at E,,* = - 1.14 and - 1.34 
V are entirely typical of double cubanes such as 1 
and those with Mo~@~-OR)~ bridges.&’ Potential 
separations of about 200 mV are a common feature 
of clusters with MO. . . MO distances of 3.2-3.8 A. 
This feature extends to 10, whose MO ... MO is 
N 0.2 A longer than the previous upper limit. All 
other cubane-type MoFe3S4 clusters have either 
trigonal (e.g. 1 and 2) or mirror symmetry,’ prop- 
erties clearly reflected in their isotropically shifted 
NMR spectra. While 10 has overall C,,-symmetry, 
its subclusters lack symmetry owing to the unsym- 
metrical nature of the bridge 14. The occurrence of 
three m-H signals is consistent with retention of this 
bridge structure in solution. 

The presence of persulfide and the unsymmetrical 
nature of the bridge 14 with the long Mo-S bond of 
2.64(5) 8, suggest possible ligand-induced cleavage 
with or without persulfide reduction to single 
cubanes having MoL(SH), or MoL(q*-S2) coor- 
dination. The former group might also afford a 
sulfide-bridged double cubane. Reduction of coor- 
dinated persulfide by thiol or thiolate is 
documented.4’ Unfortunately, we have thus far 
been unable to effect regiospecific bridge reactions. 
Thiols (p-ClC6H4SH, PhSH and EtSH), NaBH, 
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[Mo,Fe,S,(S-p- C6H,Cl)6(S,),]4- 

m-H 

Fig. 4. Upper: ‘H NMR spectrum (300 MHz) of [MozFe,SB(S2)2(S-p-C6H4C1)6]4- (10) in CD&N 
solution at 298 K. Lower: cyclic voltammogram of 10 in acetonitrile solution (0.1 M n-Bu,NCl 
supporting electrolyte, 100 mV s-‘, glassy carbon working electrode). Peak potentials vs SCE are 

given. 

and LiEt sBH proved unreactive, while butane- 1,4- 
dithiol, Et,P, Et,PPh and CN- gave complex mix- 
tures of products usually including [Fe.$,(SR),]Z-. 
Experiments directed toward the attainment of clus- 
ters with the above coordination groups are con- 
tinuing. 

Core conversion reactions 

If the core composition of 5 is taken to include 
the terminal sulfides, the overall redox change of 
oxidative decarbonylation reaction (4) is given by 

*This and following considerations continue the 
description of (S,) as persulfide. Given the formation 
without exception of the 3+ core in synthesis’ and the 
numerous cases of authenticated persulfide binding by 
Mo(III-VI),~~~~~~~)~~~~~~ this description is well-founded. 
However, the X-ray analysis of 10 yields an S-S distance 
of 2.0(2) A, which is insufficiently precise to distinguish 
between coordinated Sz (1.89 A”*) and S:- (2.13 A4’), 
whose bond lengths when uncoordinated are indicated. 

reaction (6) : 

[MoFe3(~L2-S)2(~3-S)ZS212- 

+ [MoFe3(~&S)&)]‘+ + 3ee. (6) 

The product core contains [MoFe,S,13’ * whose 
oxidation state descriptions as deduced from struc- 
tural features and 57Fe isomer shifts of isoelectronic 
delocalized clusters,‘*3*10 is Mo(II1) + 3Fe2.67+. 
Reaction (6) involves, in effect, a one-electron oxi- 
dation of [MoFe,S,12+ with concomitant electron 
redistribution, and the ligand-based oxidation 
2S2- + S:- + 2ee. Given an adequate oxidant, 
reaction (4) succeeds in part because of two inter- 
dependent effects: (i) the Fe atoms become 
sufficiently oxidized to have no affinity for CO and 
are therefore free to bind thiolate and adopt the 
stable tetrahedral FeS,(SR) coordination of cubane 
clusters ; ’ and (ii) internal electron redistribution 
affords an oxidation state at or near Mo(III), which 
concertedly drives the structural rearrangement to 
a stabilized, six-coordinate MO site. These effects 
justify description of reaction (6) as an oxidatively 
induced core internal conversion.” It is similar to, 
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but not strictly a member of, a small but growing synthesis of MoFe$& clusters, all of which utilize 
set of reactions in which an external oxidant leads [MoS,]‘-. However, the intermediate(s) immedi- 
to internal reduction of a metal center.43*4C50 ately prior to cubane formation have not been 
Reactions (7)43 and (8)50 : 

2 t MoS I’- + PhSSPh 4 - (7) 

are clear examples, yielding M(V) products 15 and 
16, respectively, with sulfide and persulfide ligands, 
and no loss of sulfur atoms. These reactions have 
been termed (without mechanistic implication) 
induced internal electron transfers.43’46 Reaction (4) 
differs from them by reason of a net oxidation of 
the metal atom set. The two reaction types, 
however, share the characteristics of ligand 
oxidation, metal atom (partial) reduction, and 
reduction of the external oxidant, whose reduced 
form functions as a ligand in reaction (4). 

Reduction (or oxidation) of a metal atom to an 
oxidation state stabilized by a different stereo- 
chemistry in product than reactant is a common 
occurrence. However, in the form of the generalized 
core component reaction M3S4+ M + M4&3-S)4, it 
is an exceptional means of closing metal cluster 
polyhedra. Indeed, there appear to be only two 
instances of this type of reaction. One of these, 
described in (ii) above, is made explicit in reaction 
(6). The other is reaction (9) : 16*5’ 

tVFe2S4CI,l 3-+ 2FeC12 + [ FeC141’;+Cl‘ 

Me,N H 

I7 
(9) 

Here linear cluster 8’l undergoes the core con- 
version vFe2S4]‘+ +e- +Fe*+ + [vFe,S,]*+ with 
incorporation of Fe’+, electron redistribution, and 
reduction of V(V) to or near the V(II1) level,51*52 
which is stabilized by six-coordination. Presum- 
ably, reduction precedes capture of Fe*+. Note that 
[MoFe3S413+ and the core of product 17 arc iso- 
electronic and are similarly delocalized.” In reac- 
tions (4) and (9) closure to the cubane core is 
strongly driven by the instability of the reduced 
heterometal in its original tetrahedral site. The same 
point likely applies to reaction (5) and other direct 

I6 

identified. This concept of cluster closure may be 
applicable in other systems. The scope of reac- 
tions analogous to (9) with other reductants and 
metal sources remains to be established. Lastly, 
the preparations of 5, 7, 9, 10, 1230 and 1329 
illustrate the utility of the Seyferth anion 3 as a 
precursor in cluster synthesis. 
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Abstract-The preparation and properties of Ni(I1) complexes of the title ligand (L) are 
described and the X-ray crystal structure of Ni2LC14(H20)3(CzH,0H), is reported. The 
crystal structure shows that the two nickel ions are not bridged but exist as two distinct 
distorted octahedral species. Six coordination about one nickel ion is produced exclusively 
by L to give the cationic species [NiLI’+. The second nickel ion achieves six coordination 
through an interesting combination of ligands to produce the novel complex [NiC12(H20)3 
(C,H,OH)]. Since the two remaining chloride ions are hydrogen bonded to two of the 
water molecules and the ethanol molecule of [NiClz(H20)3(CzHsOH)] the entire complex 
can be considered to be formed by the cocrystallization of the large cation [NiL12+ by the 
“large anion” {~iC12(H20)3(C2H50H)]C12}2-. 
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The ligand N,N,N’,N’-tetrakis-(2-benzimidazolyl- 
methyl)-1 ,Zdiaminoethane (L) reacts with Cu 
(H,O),(BF,), to give a six-coordinate [CuL]‘+ 
ion of unusual geometry. ’ Reaction with an ex- 
cess of CU(NO~)~(H~O)~ has given a ligand- and 
nitrate-bridged dimer [Cu2L(N03)3]+,2 whilst 
CuC104 gives the Cu(1) dimer [CU~L]~+.~ L is also 
known to react with Mo(CO), to give the ligand- 
bridged dimer Mo2(CO)6L.3 We are particularly 
interested in dimeric nickel complexes, in which the 
metal atoms are within approximately 6 A of each 
other, as potential models for our EXAFS studies 
of the enzyme urease.4 In view of this it was decided 
to investigate the coordination chemistry of L with 
a series of Ni(I1) salts in the hope of generating 
suitable EXAFS models. 

*Authors to whom correspondence should be addressed. 

EXPERIMENTAL 

L was synthesized as described previously and 
characterized using NMR and mass spectroscopy. 5 
NiL(C104)2*2H20, NiL(N03)2, NiLC12*2H20, 
NiLBr2*2(C2H,0H) and NiL(SCN)2 were all pre- 
pared by the same general method, viz. the appro- 
priate metal salt was dissolved in hot ethanol and 
this was added slowly to a hot ethanolic solu- 
tion of ligand. The crystalline product which 
formed rapidly was filtered off, and dried in vacua. 
A metal : ligand ratio of 2 : 1 was used for these 
preparations. 

Ni2LC14*6H20 

NiC12 * 6H2O (0.59 g) was dissolved in the mini- 
mum volume of hot ethanol and then diluted with 
acetone (30 cm’). To this was added dropwise a 
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solution of L (0.73 g) in acetone (30 cm3). A pale off and air dried, which caused a colour change to 
blue product formed which could not be recrys- grey on the surface and green in the bulk of the 
tallized from acetone. This was filtered off and material. The green product was separated and 
dried in vacua dried at 70°C in uucuo. 

To a stirred hot mixture of NiC12* 6H20 (0.59 g) 
and nitromethane (30 cm3) was added sufficient 
ethanol to give a clear solution. To this was added 
dropwise a solution of L (0.73 g) in nitromethane 
(30 cm3). The resulting dark green solution was 
heated and stirred for a few minutes, when a pale 
blue product formed. On cooling the blue product 
redissolved, and on standing for 2 weeks the solu- 
tion gave brown microcrystals in low yield. The 
crystals used in the X-ray study were obtained by 
successive filtrations of a crystallizing solution until 
large single crystals formed. 

Ni(SCN)P was prepared from KSCN (0.97 g) and 
Ni(N03)2*6H20 (0.73 g) in ethanol. To an etha- 
nolic solution of Ni(SCN)2 was added 30 cm3 of 
nitromethane followed by L (0.73 g) in nitro- 
methane (30 cm’). The grey product that quickly 
formed was filtered off and dried in vucuo. 

The analytical results for the above complexes 
are given in Table 1. 

The diffuse-reflectance spectra were recorded on 
a Beckmann DK2 spectrophotometer and are given 
in Table 2. 

Magnetic measurements (Table 2) were carried 
out at room temperature on a Gouy balance of 
conventional design. 

NiBrz * 3Hz0 (0.45 g) was dissolved in the mini- 
mum volume of hot ethanol, and the solution 

x_raY c,.ysta~~o~rap~y 

diluted with 30 cm3 of acetone. To this was added 
dropwise a solution of L (0.47 g) in acetone (30 
cm3). A purple product formed which turned blue- 
grey on filtering and vacuum drying at 70°C. 

NiBr,. 3H20 (0.45 g) was dissolved in the mini- 
mum volume of hot ethanol and then diluted with 
hot nitromethane (30 cm’). To this was added drop- 
wise a hot solution of L (0.47 g) in nitromethane 
(30 cm3). A blue product formed which was filtered 

The crystal used for the X-ray study was sealed 
in a thin-walled glass capillary. All crystallographic 
measurements were made at 293 +2 K using a 
CAD4 diffractometer operating in the o-28 
scan mode, with Ni-filtered Cu-K, radiation (A = 
1.54178 A) as previously described.6 The struc- 
ture was solved via the heavy-atom method and 
refined using full-matrix least-squares using two 
blocks, one for atoms in each ion, and with scat- 
tering factors taken from Ref. 7. All non-hydrogen 
atoms were refined anisotropically ; hydrogen 
atoms were inserted in idealized positions, allowed 

Complex 

Table 1.” 

Analytical data of the complexes 

Found (%) Calc. (%) 

C H N C H N 

NiL(ClO&-2H,O 47.0 3.9 15.8 46.7 4.1 16.0 
NiL(NO&-2H20 51.7 4.7 19.9 51.0 4.5 21.0 
NiLCl,- 2H,O 54.7 5.4 17.4 54.7 4.9 18.8 
NiLBr, - 2EtOH 50.8 4.9 15.5 51.2 5.0 15.7 
NiL(SCN),*2Hz0 43.4 3.9 14.5 43.1 4.7 14.8 
Ni,LCl,- 6Hz0 43.4 3.9 14.5 43.1 4.7 14.8 
Ni2LCl,-3H,O-2EtOH 46.2 4.9 14.6 46.3 5.1 14.2 
Ni2LBr4-2H20 * EtOH 39.2 3.5 12.9 39.3 3.8 12.7 
NizLBr4*3H20 38.6 3.3 12.9 38.1 3.6 13.1 
Ni,L(SCN), 48.7 3.9 20.5 49.1 3.5 21.1 

“EtOH is C,H,OH. 
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Table 2. Diffuse-reflectance spectra and magnetic moments of the complexes 

Spectral peaksb 

Complex” 
VI v2 v3 

(cm- ‘) (cm- ‘) (cm- ‘) Magnetic moment 

NiL(C104)2 - 2H20 
NiL(N03)2*2H20 
NiLC12-2H,O 
NiLBr, - 2EtOH 
NiL(SCN)2*2H20 

10,750 18,200 27,000 
10,650 17,900 28,600 
10,200 17,900 27,800 
10,400 17,900 28,600 
10,500 17,900 28,200 

Spectral peaks 
(not assigned) 

3.80 
3.62 
2.98 
3.08 
3.64 
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Ni2LCl,-3H20*2EtOH 

Ni2LBr,-2H,O - EtOH 

NizLBr4*3H20 

Ni2L(SCN)4 

8000, 11,000, 14,300 sh, 
15,600 

(9100-10,600) br, 
18,200 sh, 21,750 sh, 
24,400, 30,300 

7250, 10,500, 13,300 sh, 
14,300,28,600 

7700, 10,750, 13,500 sh, 
14,500, 16,100 sh, 29,400 

Insufficient sample 

3.45 

3.48 

3.00 

Insufficient sample 

“EtOH = C2HsOH. 
bv, = 3A2a(F) -+ 3T2a(fl, v2 = 3A,(F) + ‘T,,(F), v, = 3A2g(F) + 3T,,(P) (in Oh- 

symmetry). Hh = shoulder, br = broad. 

to “ride” on the parent atom and assigned group 
isotropic thermal parameters. Computer programs 
used are listed in Ref. 6. 

Crystal data. [C34H32N,,,Ni]2+[C2H1204ClZNi]~ 
2Cl- - (C,H,O), M, = 985.02, triclinic, a = 11.342(5), 
b = 11.611(l), c = 18.770(2) A, a = 104.50(l), 
fi = 74.11 (2), y = 109.91(3)“, V = 2201.2 A3, space 
group Pi, Z = 2, D, = 1.49 g cm 3, ~(CU = K,) = 
34.1 cm’, F(OO0) = 952. 

Total unique data recorded, 4503 (l.S” < 8 
< 50”), 2850 observed [I > 1.58(Z)]. 

Final R = 0.0615, R, = 0.0506, weights = l/[a* 
(FJ +0.0ooo2F,2]. 

Tables of atomic positional and thermal par- 
ameters, bond lengths and angles, and Fo/Fc values 
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. 

RESULTS AND DISCUSSION 

The structure of the title compound is shown in 
Fig. 1 where Cl(3) is hydrogen bonded to hydrogen 
atoms of water oxygens O(1) and O(2), and Cl(4) is 
hydrogen bonded to the hydrogen atoms of O(4) 

(an ethanol molecule) and O(3) (a water molecule). 
Selected bond lengths and angles are given in 
Table 3. ~iCl,(H,O),(C,H,OH)] exhibits facial 
geometry and the interesting feature of the molecule 
is the unusual combination of ligands utilized to 
achieve the distorted octahedral stereochemistry. 
[NiLI*+ is also distorted octahedral. The two dis- 
tances Ni-N(13) (2.051 A) and Ni-N(33) (2.058 
8) are very similar to the values found for other 
Ni(I1) benzimidazole complexes.8,9 The other two 
Ni imino nitrogen distances, Ni-N(23) (2.101 A) 
and Ni-N(42) (2.147 A) , are somewhat longer and 
presumably a consequence of the geometrical 
requirements of the ligand. The various bond angles 
centred at Ni range from 78.3 to 122.6” for cis 
groups and from 157.9 to 176.3“ for trans groups. 
The most marked deviation from ideal geometry 
is the N(42)-Ni(l)-N(23) angle of 122.6”, the 
largest angle less than this being 96.8” for the 
cis N(13)-Ni(l)--N(2). 

The complexes of stoichiometry NiLX2 (X is 
ClO;, NO,, Cl-, Br- or SCN-) have electronic 
spectral and magnetic properties which are con- 
sistent with the assignment of a structure similar to 
that of the cation in the title complex together with 
the appropriate anion, i.e. NiL*+2X-. The elec- 
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Fig. 1. 

tronic spectra of the title complex can be interpreted hedral and tetrahedral environments. This would 
as the superposition of the spectra due to the two lead to the assignment of the structure Nix:-NiL’+ 
species INiL]‘+ and [NiC12(H20)3(CzHsOH)]. to these complexes (X- is Cl-, Br- or SCN-) but 

It could be argued that the electronic spectra their spectra do not show the relatively high inten- 
of Ni2LC14 * 6H20 and the two forms of Ni2LBr, sity absorption bands associated with tetrahedrally 
contain features attributable to Ni(I1) ions in octa- coordinated Ni(I1) complexes. In view of this, 

Table 3. Selected bond lengths (A) and angles (“) 

Ni(l)-N(1) 
Ni(l)-N(13) 
Ni(l)-N(33) 

Ni(2)-Cl( 1) 

Ni(2)--0(1) 
Ni(2W(3) 

N(2)-Ni(l)-N(1) 
N(13)-Ni(l)-N(2) 
N(23)-Ni( 1 )---N(2) 
N(33)-Ni( l)-N( 1) 
N(33)--Ni(1 jN(13) 
N(42)-Ni( I)-N( 1) 
N(42)-Ni(lpN(13) 
N(42)--Ni( l)-N(33) 

Cl(l)-Ni(2)-C1(2) 
C1(2)-Ni(2)-0( 1) 
C1(2)-Ni(2)--0(2) 
Cl( l)-Ni(2)---0(3) 
O(l)-Ni(2W(3) 
Cl( l)-Ni(2)-0(4) 
O(l)-Ni(2W(4) 
0(3)_Ni(2)--0(4) 

2.186(9) 
2.051(9) 
2.058(9) 

2.369(5) 
2.120(8) 
2.068(8) 

81.8(4) 
96.8(4) 

157.9(3) 
95.5(4) 

176.3(3) 
158.2(4) 
92.2(4) 
90.1(4) 

90.9(l) 
89.9(4) 

175.4(2) 
172.9(3) 
87.6(4) 
92.1(3) 

171.9(3) 
84.8(4) 

Ni(l)-N(2) 
Ni( l)-N(23) 
Ni(l)-N(42) 

Ni(2)-C1(2) 
Ni(2W(2) 
Ni(2)-W4) 

N(13)--Ni(l)-N(1) 
N(23)-Ni( l)-N( 1) 
N(23 jNi(l)-N(13) 
N(33)--Ni(l)-N(2) 
N(33)-Ni(lFN(23) 
N(42)-Ni( 1)-N(2) 
N(42)-Ni( l)-N(23) 

Cl(l)--Ni(2)--0(1) 
Cl( l)-Ni(2)-0(2) 
0(2)_Ni(2W( 1) 
C](2)-Ni(2w(3) 
O(2)--Ni(2)--0(3) 
C1(2)--Ni(2)--0(4) 
0(2)_Ni(2W(4) 

2.179(12) 
2.101(12) 
2.147(10) 

2.410(6) 
2.090( 12) 
2.085(S) 

81.3(4) 
78.3(4) 
89.5(4) 
80.8(5) 
91.7(5) 
78.4(4) 

122.6(4) 

95.7(3) 
87.8(3) 
85.9(4) 
95.4(4) 
86.2(4) 
87.9(4) 
96.9(4) 
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assignment of a structure to these complexes will 3. S. F. Wong, Personal communication. 
not be attempted. However, because of the possi- 4. L. Alagna, S. Hasnain, B. Piggott and D. J. Williams, 

bility that some of these complexes might be of the Biochem. J. 1984,220, 591. 

structural type suitable for our EXAFS studies we 5. H. M. J. Hendriks, W. 0. ten Bokkel Hninink and 

are currently trying to grow crystals of them suit- J. Reedijk, Red. Trav. Chim. Pays-Bas 1979, 98, 

able for an X-ray crystallographic investigation. 499. 
6. 
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Abstract-Preparation of pure metal(I1) 4,9,16,23_phthalocyanine tetraamine 2-hydrates of 
copper, cobalt, nickel and zinc are reported. Elemental analysis, electronic spectra, FT-IR 
spectra, powder X-ray diffraction, magnetic-susceptibility measurements, dynamic thermo- 
gravimetric MS and GC-MS spectral studies are carried out to check the purity, struc- 
tural integrity, thermal stability and mode of fragmentation of these complexes. Magnetic- 
susceptibility measurements showed a variation in the magnetic moments of these complexes 
with magnetic field strength, indicating the presence of a co-operative intermolecular effect. 

Metal phthalocyanines and their derivatives are of 
great technological importance for the manufacture 
of blue-green pigments.‘-3 Currently intensive 
research is going on in producing phthalocyanine 
compounds useful for applications’ as catalysts, 
photoconductors, photosensitizers, electrical con- 
ductors, photovoltaic materials, and thermally 
stable polymers. l-7 Incorporation of the phthalo- 
cyanine structure either in the polymeric backbone 
or as curing agent to epoxy resins is expected to 
increase thermal stability, chemical resistance and 
fire retardance. The polymers prepared from 
phthalocyanines did not give the thermal stability 
expected from the stable phthalocyanine 
structure.8-‘3 The use of phthalocyanine carboxylic 
acids and copper phthalocyanine to cure epoxy 
resins has been described in the literature. 14*’ ’ How- 
ever, those phthalocyanine derivatives and copper 
phthalocyanine are insoluble, react hetero- 
geneously and remained as discrete particles 
even after curing. Because of this major dis- 
advantage of insolubility, complete realization of 
their thermal stability and the chemical resistance 
of phthalocyanines were not seen in the cured resins. 
This is because phthalocyanine and its metal deriva- 

* NRC-NASA Research Associate (1979-1982). 
Author to whom correspondence should be addressed. 

t Present address : Vista Grande 1307, Millbrae, CA 
94030, U.S.A. 

$ Present address : 1330 McClure Av., Los Altas, CA, 
U.S.A. 

tives are insoluble in water and most common 
organic solvents. But the solubility can be altered 
by substituting suitable functional groups in the 
peripheral benzene rings of the phthalocyanine 
structure. Among the thermally stable soluble 
phthalocyanine compounds, amine groups sub- 
stituted metal phthalocyanine derivatives are found 
to be promising. The amine derivatives of metal 
phthalocyanines have been previously synthesized 
mostly for the preparation of inks, dyes and pig- 
ments.‘.‘“” The procedures described often give 
impure compounds and these compounds have not 
given clear solutions in aprotic solvents. An efficient 
method was developed for the synthesis of ana- 
lytically pure metal(I1) 4,9,16,23-phthalocyanine 
tetraamines with the structure shown in Fig. 1. 

V 

M - Cu,Co, Ni, Zn 

Fig. 1. Structure of metal(I1) 4,9,16,23-phthalo- 
cyanine tetraamines. 
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The present work describes the synthesis and 
structural investigations of pure metal phthalo- 
cyanine tetraamines (MPTAs). The synthetic pro- 
cedure has been adapted from the methods outlined 
to synthesize various other types of metal phthalo- 
cyanine derivatives.‘b25 

EXPERIMENTAL 

Materials 

4-Nitrophthalic acid, ammonium chloride and 
ammonium molybdate are A.C.S. reagents from 
Aldrich Chemical Co., U.S.A. All other chemicals 
were of analytical grade. Metal(I1) 4,9,16,23- 
phthalocyanine tetraamine 2-hydrates of copper, 
cobalt, nickel and zinc are prepared as follows. 

(1) Copper(I1) 4,9,16,23-tetranitrophthalo- 
cyanine. 12.0 g copper sulfate pentahydrate, 
37.0 g 4-nitrophthalic acid, 4.5 g ammonium 
chloride, 0.5 g ammonium molybdate and excess 
urea (S&60 g) were finely ground and placed in 
a 500-cm3 three-necked flask containing 25 cm3 
of nitrobenzene. The temperature of the stirred 
reaction mixture was slowly increased to 185°C 
and maintained at 18515°C for 4.5 h. The solid 
product was finely ground and washed with alco- 
hol until free from nitrobenzene. The product was 
added to 500 cm3 of 1.0 N hydrochloric acid 
saturated with sodium chloride, boiled for about 5 
min, cooled to room temperature and filtered. The 
resulting solid was treated with 500 cm3 1.0 N 
sodium hydroxide containing 200 g sodium chloride 
and heated at 90°C until the evolution of ammonia 
ceased. The solid product after filtration was treated 
with 1.0 N hydrochloric acid and separated by 
centrifugation. Alternate treatment with hydro- 
chloric acid and sodium hydroxide was repeated 
twice. The copper(I1) 4,9,16,23_tetranitro- 
phthalocyanine was washed with water until 
chloride-free. The blue complex was dried at 125°C. 

(2) Copper(I1) 4,9,16,23 - tetraaminophthalo- 
cyanine 2-hydrate. About 10 g of finely ground 
copper(I1) 4,9,16,23-tetranitrophthalocyanine was 
placed in 250 cm3 water. To this slurry 50 g of 
sodium sulfide nonahydrate was added and 
stirred at 50°C for 5 h. The solid product was 
separated by centrifuging the reaction mixture and 
treated with 750 cm3 of 1.0 N hydrochloric acid. 
The bulky blue precipitate of copper(I1) tetra- 
aminophthalocyanine hydrochloride was sepa- 
rated by centrifugation. It was then treated with 
500 cm3 of 1.0 N sodium hydroxide, stirred for 1 h 
and centrifuged to separate the dark green solid 
complex. The product was repeatedly treated 

with water, stirred and centrifuged until the 
material was free from sodium hydroxide and 
sodium chloride. The pure copper complex was 
dried in uacuo over PZOs. 

Metal(I1) tetranitrophthalocyanines of cobalt, 
nickel and zinc were prepared by the same method 
using cobalt, nickel and zinc salts in place of the 
copper salt of procedure (1). The corresponding 
metal phthalocyanine tetraamines are obtained by 
using procedure (2) as described above. 

Methods 

Beckman Model DB spectrophotometer with l- 
cm silica cells, from Beckman Instruments Inc., 
U.S.A., was used for UV and visible spectral 
studies. IR spectra were recorded using a Nicolet 
MX- 1 FT-IR spectrometer. Carbon, hydrogen and 
nitrogen elemental analyses were done by Huffman 
Laboratories Inc. Co., U.S.A. The metal contents 
in the MPTAs were determined by decomposing a 
known amount of the complex using a sulphuric 
acid-nitric acid mixture followed by careful evapo- 
ration and calcination to constant weight. Thermo- 
gravimetric studies were carried out with a Du 
Pont Model 990 thermal analyzer and a 951 
thermogravimetic module. A heating rate of 10°C 
min- ’ was used in air and nitrogen atmospheres 
with a flow rate of 100 cm3 min- ‘. The Gouy mag- 
netic balance consisting of a type NP-53 elec- 
tromagnet with a DC power supply type MP-1053 
and a semimicrobalance supplied by Universal 
Scientific Co., India, was used. A mercury tetra- 
thiocyanato cobaltate(I1) complex was used as the 
calibration standard. The JDX-8P JEOL X-ray 
diffractometer was used to study the X-ray diffrac- 
tion pattern of the samples. The spectra were 
obtained with the following conditions: target Fe 
(Mn filter), voltage 30 kV, current 30 mA, time 
constant 4, chart speed 10 mm min-‘, channel 
width 0.7, and channel center 1 .O. 

A Hewlett-Packard model 5980 mass spec- 
trometer equipped with a data acquisition system 
provided mass spectra of the individual components 
of the pyrolysis products at 70 eV. Two direct inlet 
probes (DIPS) were used. The low-temperature DIP 
can heat to 470°C at a heating rate of 50-100°C 
min- l below 350°C and IO-50°C min- ’ above 
350°C. The high-temperature DIP was attached to 
a solid pyrolizer. The sample was heated for 1 min 
at each of the following temperatures : 700,800,900 
and 1000°C. A Hewlett-Packard model 5830A gas 
chromatograph was used to study the volatile gase- 
ous products formed during the thermal treatment. 
A sample of l-2 mg of MPT.A was inserted inside 
the platinum coil of the pyroprobe. The sample was 
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Table 1. Elemental, magnetic and spectral data of metal(I1) 4,9,16,23_phthalocyanine tetraamine 2-hydrate 
(MF’TA*2H,O) 

Name of 
compound 

W-visible 
Field Magnetic absorptions : Elemental 

strength susceptibility 
(K) 

wavelength IR spectral data analyses (%) : 

(C) (LX 10-6) (e) (cm ‘) found (talc.) 

1024 
1960 
2816 

CuPTA - 2H *O 
3584 
4352 
4792 
5632 
6144 

1024 
1960 
2816 

CoPTA * 2H *O 
3584 
4352 
4792 
5632 
6144 

NiFTA * 2H,O 6144 -460.782 

ZnPTA-2H,O 6144 -468.284 - 

+ 1792.60 2.093 
+ 1679.54 2.022 
+ 1560.42 1.946 
+ 1423.13 1.862 
+1311.42 1.790 
+ 1304.42 1.783 
+ 1257.58 1.747 
+ 1198.64 1.709 

+ 3269.73 2.822 
+2956.77 2.683 
+2629.67 2.530 
+ 2602.47 2.518 
+ 2469.46 2.452 
+ 2269.30 2.354 
+ 2222.47 2.332 
+2169.67 2.302 

214 (5.7776) 
300 (5.5267) 
382 (5.1547) 
749 (5.4678) 

212 (5.6931) 
298 (5.5603) 
388 (5.1521) 
738 (5.2844) 

208 (5.6991) 
302 (5.6212) 
380 (5.1538) 
738 (5.5251) 

214 (5.7416) 
302 (5.5430) 
384 (5.1515) 
742 (5.4249) 

3282,3188, 1604, 
1411, 1343, 1303, 
1251, 1136, 1098, 
1053,951,863, 
833,744 and 831 

3284,3180, 1607, 
1420,1345, 1309, 
1254,1134, 1097, 
1060,950,863, 
822,780 and 736 

3280,3186, 1605, 
1412, 1344, 1308, 
1251, 1135, 1098, 
1056,950,864, 
822,748 and 733 

3279,3165, 1602, 
1401,1340,1299, 
1248, 1133, 1095, 
1045,936,864, 
823,743 and 728 

C : 57.5 (57.2) 
H: 3.6 (3.6) 
N : 24.9 (25.0) 

Cu: 9.8 (9.6) 

C : 58.1 (57.6) 
H: 3.3 (3.6) 
N : 25.2 (25.2) 

Co: 8.9 (8.8) 

C : 56.8 (57.6) 
H: 3.5 (3.6) 
N : 24.8 (25.2) 

Ni: 8.9 (8.8) 

C : 56.1 (57.0) 
H: 3.7 (3.6) 
N : 24.5 (25.0) 

Zn: 9.6 (9.4) 

then kept in the pyrolysis chamber which was kept 

at 250°C. The sample was pyrolyzed at 900°C for 1 
min. The volatile products were flushed with helium 
carrier gas to the GC separation column. The GC 
column used was 2 m long with a 2 mm i.d., glass 
column packed with 3% OVlOl on 80/100 supel- 
coport. During the analyses the column tem- 
perature was held at 60-280°C and then maintained 
at the upper limit for 8 min. The helium gas flow 
was 20 cm3 min- I. 

RESULTS AND DISCUSSION 

The procedures described above are simple, com- 
mercially realizable and give pure compounds with 
almost quantitative yields (1: 900/,) except in the 
case of the zinc compound where the yield was only 
3040%. In this case the zinc complex seems to 
undergo degradation when it is heated in the pres- 
ence of sodium hydroxide solution. These MPTAs 
have a metallic lustre and a deep greenish black 

colour. They give clear solutions in aprotic solvents 
such as dimethylsulphoxide, dimethylformamide 
and dimethylacetamide. The method of synthesis is 
applicable to the preparation of MPTAs of metals 
whose ionic radiiz6 are about 0.8 A. The preferred 
metals are copper, cobalt, nickel, zinc, iron, plati- 
num, aluminium and vanadium. The most preferred 
metals are copper, cobalt and nickel. The results of 
the elemental analyses for carbon, hydrogen, nitro- 
gen and metal agreed fairly well with the calculated 
values and were consistent with the structures 
shown in Fig. 1 with two water molecules. 

Electronic absorption spectra 

Metal(H) 4,9,16,23-tetraaminophthalocyanines 
of copper, cobalt, nickel and zinc showed absorp- 
tion bands at 208-218,288-306 and 732-746 nm in 
30 N sulphuric acid (Table 1). In addition, shoulders 
are observed around 380-384 nm in all the absorp- 
tion spectra of the complexes. The deep greenish 
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blue colour of the derivatives may be due to the 
e, c azu transitions. A small dependence of the spec- 
trum upon the central metal ion may be due either 
to the involvement of the pn(a2J orbitals in the 7~ 
bonding of the phthalocyanine ring system or more 
probably to the inductive effect.27 In comparison 
with the spectra of the corresponding parent phthal- 
ocyanines the two peaks in UV regions around 208- 
21 8 and 288-306 nm remained almost unaffected in 
the spectra of the corresponding MPTAs. The 
peaks in the parent metal phthalocyanines around 
424438 nm appeared as shoulders at 380-384 nm 
with a blue shift. The peaks in the longer-wave- 
length region (732-746 nm) showed a bathochromic 
shift with increasing intensity with respect to the 
corresponding parent phthalocyanines. This is due 
to the auxochromic -NH2 group present in the 
benzene portion of the complexes. 

IR spectra 

The FT-IR spectral data were recorded in KBr 
discs and the results are presented in Table 1. Two 
weak broad absorption bands at 3279-3284 and 
3 165-3 188 cm- ’ are observed in all the spectra of 
the MPTAs. These absorptions may be assigned to 
the v,, and v, stretching vibrations of the amino 
groups. Intense -NH2 group in-plane bending 
vibrations are observed at 1602-1607 cm-‘. Peaks 

around 1340-13451299-1309 and 1248-1251 cm-’ 
indicated the presence of C-N aromatic stretching. 
The bands at 1133-1136, 1095-1098, 1045-1060, 
936-951, 863-864 and 743-750 cn- ’ may be 
assigned to the various phthalocyanine skeletal 
vibrations. 27 

Dynamic thermogravimetric studies 

The nature of the analytical curves (Fig. 2) indi- 
cated that these amine derivatives of copper, cobalt, 
nickel and zinc phthalocyanines are degraded 
mainly in two steps. The weight loss (5-5.4%) which 
takes place between 50 and 130°C corresponds to 
the loss of two water molecules. The second weight 
loss is very catastrophic in an oxidizing atmosphere 
and is about 7677% which is equivalent to the 
degradation of the unmetallated phthalocyanine 
structure. The final products in the oxidizing atmos- 
pheres are CuO, COO, NiO and ZnO. The stability 
of the MPTAs in the oxidizing atmosphere is in the 
order CoPTA > CuPTA > NiPTA > ZnPTA. 
The second step of weight loss is very resistant in a 
nitrogen atmosphere and the weight loss seems to 
be due to some other mode of degradation. This 
weight loss is gradual in the temperature range 500- 
900°C and the char yields vary from 65 to 79%, 
depending on the MPTA. The stability in the inert 
atmosphere is found to follow the order NiPTA > 
CoPTA > CuPTA > ZnPTA. 

I I I I I I I I I 
0 100 200 300 400 500 600 700 600 

Temperature (‘0 

Fig. 2. Dynamic thermogravimetric analytical curves of: (1) &PTA * 2H,O ( -), (2) CoPTA - 2H,O 
(----), (3) NiPTA*2H,O (---.-), and (4) ZnPTA*2H20 (-O-Q--). 
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Magnetic-susceptibility measurements 

The magnetic-susceptibility data for metal(I1) 
4,9,16,23_phthalocyanine tetraamines of copper, 
cobalt, nickel and zinc are consistent with the para- 
magnetic nature of the copper and cobalt complexes 
and the diamagnetic nature of the nickel and zinc 
complexes. The complexes are square planar with 
molecular symmetry Ddh. A summary of the mag- 
netic properties over the range of magnetic field 
strengths 1025-6144 G are reported in Table 1. The 
magnetic moment parallels that of other spin-paired 
square planar cobaltous derivatives with a moment 
considerably above that expected for one unpaired 
electron. This may be due to the orbital con- 
tribution which could arise by mixing the ground 
state (6%)’ (es)’ (ad’ and higher orbitally degener- 
ate states such as (b,)* (es)’ (al&‘. CuPTA has a 
moment corresponding to the spin-only value at a 
higher magnetic field strength and this value is very 
close to the 1.9 BM observed in most of the copper 
complexes. The variation in the magnetic moments 
with magnetic field strength has also been observed 
in the case of metal phthalocyanine sulphonic acid 
and metal phthalocyanine tetracarboxylic acid 
complexes. The variations in these complexes may 
also be due to the intermolecular co-operative 
effect2’ 

Powder X-ray d@raction 

X-ray diffraction spectrographs of CuPTA, 
CoPTA, NiPTA and ZnPTA recorded through a 
range of angles (j-90”) showed similar patterns. 
All these complexes showed one broad sufficiently 
intense diffracted peak and the interplanar spacings 
calculated based on these data gave values (in A) of 
13.05, 12.32, 12.32 and 12.32 for CuPTA, CoPTA, 
NiPTA and ZnPTA, respectively. 

Mass and GC-mass spectral studies 

The mass spectra recorded at various tem- 
peratures indicated that the concentrations of the 
volatile products observed are very low even at a 
very high temperature. At 5OO”C, m/z of 18, 14,64, 
9 1,118 and 143 appeared in more than 20% relative 
abundance with m/z = 118 being the base peak. At 
higher temperatures (700-1000°C) m/z of 28, 32, 
44,64,82,96, 128, 160,192 and 256 (base peak) are 
seen in the mass spectra of the MPTAs. The gas 
chromatograms of the pyrolysed products of the 
MPTAs showed only trace quantities of volatile 
materials. The products identified are N2, N2H4, 
&He> C~HSNH~, &H&N, C6Hs(CN)2 and 

m/z = 44 in mass spectra of MPTAs seems to be 
unusual. However, this is possible if the tetraamines 
have the property of adsorbing carbon dioxide gas. 
The study to support this is under further inves- 
tigation. 
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Abstract-The complexation of H+ by different macrocyclic polyethers in acetonitrile 
solutions has been studied by means of calorimetric titrations. The most stable complex is 
observed with 18-crown-6. The measured stability constants decrease when the number of 
benzo substituents of 18C6 are increased. The stability of the complexes formed with larger 
macrocyclic polyethers is also smaller in comparison with 18C6. Unfavourable entropic 
changes during the reaction are responsible. Compared with noncyclic polyethers all 
ligands studied form more stable complexes. Favourable entropic contributions are mainly 
responsible. 

The interactions of different crown ethers with vari- 
ous cations have been studied very intensively. ’ 
However, results for the reaction of H+ with macro- 
cyclic polyethers are very rare.’ Some stability con- 
stants for these reactions have already been 
reported.3 Even experimental results for the pro- 
tonation of noncyclic and macrocyclic polyethers 
in the gas phase are available from the literature.4 
The gas-phase reactions of H30+ and CH,OH: 
with crown ethers have also been studied.5 These 
results can not be directly compared with the ex- 
perimental data obtained in solution due to inter- 
actions between solvent molecules and crown 
ethers.6 

As a continuation of an earlier work’ the com- 
plexation of H+ by more crown ethers in aceto- 
nitrile solutions is studied to get more informa- 
tion about the factors influencing the experi- 
mental results observed. 

EXPERIMENTAL 

Materials 

The different benzo crown ethers shown in Fig. 
1 are non-commercial and were provided by Prof. 
E. Weber (Bonn).7 All other crown ethers (see Fig. 
2) like 21-crown-7 (21C7, Parish), dibenzo-21- 
crown-7 (DB21C7, Parish), dicyclohexano-27- 
crown-9 (DC27C9, Parish), dibenzo-30-crown-10 
(DB30C10, Parish) and dicyclohexano-30-crown- 

10 (DC30C10, Parish) were used without further 
purification. 

Trifluoromethanesulfonic acid (Ega) was used as 
purchased. The dissociation of trithtoromethane- 
sulfonic acid can be considered as complete under 
experimental conditions.8 The water content of 
the solvent acetonitrile (Merck) was less than 0.3%. 

Procedure 

All stability constants smaller than lo5 M-’ and 
reaction enthalpies were determined by titration 
calorimetry using a Tronac Model 450 calorimeter. 
The procedure used to calculate the stability of the 
complex formed from the thermogram and the cor- 
responding reaction enthalpy has already been 
described elsewhere.’ It has already been shown 
that even the large crown ethers only form 1: 1 
complexes : ’ 

V+l 
L+H+=LH+, K=p 

[YW'I . 

Therefore it is possible to titrate a solution of 
trifluoromethanesulfonic acid (0.06-0.08 M) into a 
ligand solution (5 x 10e3 M). The heat (Q) pro- 
duced during titration is related to the reaction 
enthalpy (AH) after correction for all non-chemical 
heat effects as shown by the following equation : 

Ql = AHAn, 

1469 
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B16C6 

TBlBC6 

Te B 16C 6 

Fig. 1. Benzo-crown ethers. 

where An, is the number of mol of complex formed 
at time t. For stability constants smaller than lo5 
M- ’ An, is not constant during titration but is a 
function of the stability constant of the reaction 
observed. Also from the experimental data in this 
investigation no evidence is found of the existence 
of complexes with compositions other than 1 : 1. 
The electrostatic repulsion between two protons 
complexed by one ligand molecule obviously pre- 
vents the formation of such complexes in aceto- 
nitrile solutions. 

RESULTS AND DISCUSSION 

The values of log K, AH and TAS for the reaction 
of Hf with different 18-crown-6 ligands are given 
in Table 1. With an increasing number of benzo 
groups attached to 18-crown-6 decreasing values 
are measured for the reaction enthalpies. These data 
clearly demonstrate an electron withdrawal effect 
of the benzo groups. Thus, the electron density at 
the neighbouring oxygen donor atoms is reduced, 
directly influencing the reaction enthalpies meas- 
ured. However, the reaction enthalpies measured 
for the reaction of 18C6 and B18C6 are almost 
identical. 

Reaction entropies obtained for both ligands 
differ considerably. This observation is based on 
several factors. It is known that the ligand 18C6 
forms complexes with the solvent acetonitrile. 6 No 
such information is obtainable for B18C6. If both 
ligands are not equally solvated in acetonitrile 
solutions the reaction entropies observed should re- 
flect this situation. Assuming stronger interactions 
between 18C6 and acetonitrile than between B 18C6 
and this solvent more solvent molecules are lib- 
erated during the complex formation of 18C6 with 
H+ compared to B18C6. As a result the com- 

m-1. n.1 WC6 m= 1. n-1 : DBl6C6 m.1. n=l DCl8C6 

m. 1. n.2 2lc7 m= 1. n.2 DBnC? m.2. n.2 DC2LC6 

m = 2. n = 2 : DB2LCB m.2. nr3 DC27C9 

m = 3. n.3 DBXlClO m=3. n=3 DC3oclO 

Fig. 2. Macrocyclic ligands. 



Complexation of protons by macrocyclic polyethers in acetonitrile 

Table 1. Stability constants (log K, K in M- ‘) and thermodynamic parameters (AH and 
TAS, in kJ mol- ‘) for the reaction of H+ with different 18-crown-6 ethers in acetonitrile 

at 25°C 

Value 18C6 

Log K 6.5” 
-AK 29.0b 
TAS 7.9 

“From Ref. 3. 
b From Ref. 2. 

B18C6 DB18C6 TB18C6 TeB18C6 DC18C6 

3.78 3.73b 4.08 3.69 8.2“ 
32.1 19.8’ 18.7 15.5 42.8’ 

- 10.6 +1.4b 4.5 5.5 3.8b 
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plexation of H+ by 18C6 is favoured by entropic 
contributions. 

The reaction entropies increase from B18C6 with 
an increasing number of the ligand’s benzo groups. 
The structural flexibility of these ligands during the 
formation of the H+ complexes is reduced and an 
increasing number of donor atoms already possess 
a fixed position in the ligand. The proton complex 
formed with the ligand DCl8C6 is much stronger 
in comparison with all other 18-crown-6 ligands. 
Only enthalpic factors are responsible for this 
observation which may result from the different 
solvation of these ligands. This interpretation is also 
supported by further experimental results measured 
for the reaction of different 18-crown-6 ligands with 
alkali ions in acetonitrile solutions.” 

In Table 2 more results for the reaction of H+ 
with crown ethers larger than 18-crown-6 are sum- 
marized. Comparing the reaction enthalpies of the 
unsubstituted crown ethers 18C and 21C7 with one 
another and also their dibenzo derivatives one finds 
that they are identical in both cases. The additional 
oxygen donor atom does not influence the values 
of the reaction enthalpies. The differences in com- 
plex stabilities are only caused by minor entropic 
changes. 

On increasing the size of the macrocyclic ligands 
further, an enhancement of the measured reaction 
enthalpies is observed in nearly all cases. The values 

of the reaction enthalpies for the reaction of all 
dibenzo-crown ethers are smaller than for the dicy- 
clohexano-crown ethers. These results are in agree- 
ment with the influence of the electron withdrawal 
effect of benzo groups already discussed. This effect 
vanishes with an increasing number of oxygen 
donor atoms not attached to benzo groups of the 
crown ether. Thus, there is the possibility of the 
complexed proton increasing to interact with “nor- 
mal” oxygen donor atoms. In contrast, the enhance- 
ment of the flexibility of the ligand is responsible 
for more unfavourable entropic changes during the 
reaction. 

The dicyclohexano-crown ethers show much 
smaller changes in the reaction enthalpies with a 
number of donor atoms. The basicity of all oxygen 
donor atoms is nearly equal. Sterical reasons may 
therefore be responsible for the observed changes 
in the reaction enthalpies. Compared with the 
results for the corresponding dibenzo-crown ethers 
more of the observed reaction entropies for dicy- 
clohexano-crown ethers are negative. When the size 
of the ligand increases, all thermodynamic values 
for the different ligands substituted obviously 
approach one another. This behaviour is not sur- 
prising because the individuality of all crown ethers 
is expected to vanish if the ligands are large enough. 

The values of the reaction enthalpy measured for 
the reaction of large crown ethers decrease in the 

Table 2. Stability constants (log K, K in M- ‘) and thermodynamic parameters (AH and TAS, in kJ 
mol- ‘) for the reaction of H+ with monocyclic ligands in acetonitrile at 25°C 

Value 21C7 

LogK >5 
5.3” 

-AH 29.1 
TAS 1.0 

“From Ref. 3. 
b From Ref. 2. 

DB21C7 DB24C8 DB30ClO DC24C8 DC27C9 DC30ClO 

4.02 4.03b 3.64 3.466 3.95 4.19 
2.9” 3.2“ 3.6” 

19.9 27.3’ 37.2 50. lb 56.0 44.8 
2.9 -4.46 - 16.5 - 30.46 -33.6 -21.0 
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following order as far as experimental data are 
available : 

dicyclohexano-crown ether > crown ether 

> dibenzo-crown ether. 

An identical sequence was found for different 
ligands.’ However, reaction entropies cannot be 
arranged in a similar way. The values for the reac- 
tion of unsubstituted and dibenzo-crown ethers are 
rather similar. Only larger unfavourable entropic 
contributions are observed for the complexation 
reaction of the large dicyclohexano-crown ethers. 

The values of the reaction enthalpies measured 
for the complexation of H+ by different non-cyclic 
polyethers are smaller when compared with the 
values obtained for the dicyclohexano-crown ethers 
estimated in this work. * In methanol solution it was 
found that the values of the reaction enthalpy for 
the complexation of alkali ions by non-cyclic poly- 
ethers increase with an increasing number of ether 
oxygen donor atoms. ’ ’ Until further data are pub- 
lished the same behaviour may be presumed for the 
complexation of H+. 

All crown ether ligands studied in this work form 
more stable complexes compared with their non- 
cyclic analogues.’ With the restriction given above 
entropic factors are responsible for this obser- 
vation. 
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Abstract-An aldol-type reaction of one of the carbaldehyde moieties of 2-hydroxy-5- 
methylbenzene-1,3_dicarbaldehyde (HL) takes place with ketones containing a-methyl 
and/or a-methylene groups through an in situ generated dicopper(I1) complex, Cu2L2 
(ClO4)2 * 2H20. The metal-free condensation products are 2-hydroxy-3-formyl-5-methyl- 
1-benzal ketones. No such reaction takes place with the mononuclear complex CuL2*H20. 
The ligand (HL) itself undergoes uncontrolled self-condensation and polycondensation. 

Although aldol condensation’ is a versatile method 
in organic chemistry, its application suffers from 
the drawback of self-condensation and poly- 
condensation, especially when a cross-coupling 
reaction is carried out with conventional base or 
acid catalysts. In recent years considerable attention 
has been focussed on directed coupling of two car- 
bony1 compounds in a regioselective manner.2-4 A 
very useful approach has been the reaction of a 
carbonyl compound with a suitably reactive metal 
enolate or enol-ether that is derived regioselectively 
from the other carbonyl compound. Of the various 
metal derivatives, boron enolates are found to react 
most selectively with aldehydes. s7 In several cases 
the desired aldol condensation products have also 
been obtained by using some transition-metal com- 
plexes as catalysts. * The present study is concerned 
with the regioselective addition of a-methyl and/or 
a-methylene ketones to one of the carbonyl groups 
of the symmetric molecule 2-hydroxy-5-methyl- 
benzene-1,3_dicarbaldehyde (HL) through its dinu- 
clear copper(I1) complex, C~2L2(ClO4)2* 2H20. 

During the course of our studies9 on the dinuclear 
metal complexes M2L2(C104)2 * 2H20 (1) (M = Cu, 
Ni, Co or Mn), we noted that the two metal atoms 
are not equally strongly bound to the ligand. These 
complexes are formed when the mononuclear com- 

* Part 6 of the series : Dinuclear metal complexes. Part 
5 is Ref. 9(b). 

t Author to whom correspondence shoulct be addressed. 

plex species ML2 *H20 are reacted with their cor- 
responding metal perchlorate salts in dry EtOH. 
However, the phenoxo bridge of the dinuclear com- 
plexes undergoes hydrolytic cleavage in a wet sol- 
vent to regenerate ML2 - H20. The IR spectra of 1 
showg(b’ the presence of two C=O stretchings, 
which are separated by ca 20 cm-‘. The rationale 
for these observations is that, since in a dinuclear 
chelate the drainage of electron density occurs 
through the phenoxo bridge, the metal atom that 
was originally bound to the ligand draws more elec- 
tronic charge from the formyl oxygen co-ordinated 
to it in order to retain its greater stability, and as a 
result the C=O stretching vibration of this carbonyl 
group appears at a lower frequency relative to the 
other one. We considered that in this situation the 
activated carbonyl group should be more sus- 
ceptible to nucleophilic attack, and complex 1 may 
be directed to undergo regioselective aldol type con- 
densation. We find that such a reaction indeed takes 
place with ketones containing a-methyl and/or a- 
methylene groups, and offers a route to the syn- 
thesis of 2-hydroxy-3-formyl-5-methyl-1-benzal 
ketones (2). To our knowledge no straightforward 
method exists for the preparation of compounds of 
type 2. 

RESULTS AND DISCUSSION 

Preliminary studies showed that all the dinuclear 
complexes react in the same way. However, the 
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reactions of 1 with acetone, acetophenone, 2- 
butanone, 4-methyl-2-pentanone and truns-Cphen- 
yl-3-butene-2-one, as reported here, involve the use 
of the dicopper(I1) complex for the sake of con- 
venience. 

Typically, the reactions were carried out by heat- 
ing a mixture of CuL, * HzO, Cu(ClO& * 6H20 and 
a ketone in a molar ratio of 1: 1.5 : 6 in dry EtOH. 
The condensation products were isolated and char- 
acterized as the mononuclear complex species (4), 
which are the derivatives of a&unsaturated ketones 
rather than those of aldols (3). It appears that the 
dehydration of 3 to 4 is caused by the effect of heat. 
Although aldol condensation is normally carried at 
ambient or subambient temperature, in the present 
study the application of heat was necessary due to 
the poor solubility of the precursor complex. The 
removal of the metal from the condensation prod- 
ucts yield 2-hydroxy-3-formyl-5-methyl-1-benzal 
ketones (2a-f). It may be noted that, when the 
condensation is carried out with 2-butanone, two 
isomeric products, viz. 2c and d, are obtained in a 
ratio of 5 : 1. In the case of 4-methyl-2-pentanone, 
however, the reaction takes place only through the 
E-methyl group. 

The overall yield of 2 lies in the range 70-50%. 
About l&15% of the parent dialdehyde (HL) is 
recovered unchanged. Other reaction product(s) 
obtained as an intractable viscous material remains 
uncharacterized. 

It is important to mention that all these reactions 
take place with Cu2L2(C10& - 2H20 generated in 
situ, but nor with a preformed material. This indi- 
cates that the aldol condensation taking place here 
is catalyzed by the trace of free HC104 present in 
the perchlorate salt. In fact the pH of an aqueous 
solution of Cu(ClO& * 6H20 (0.2 M) was found to 
be ca 3.9. It is also important to note that the use 
of a dry solvent is a prerequisite, and the use of 
aqueous HC104 is forbidden on the ground of 
hydrolytic cleavage of 1. The aldol type reaction 
does not take place with the mononuclear complex 
CuL, - HZ0 under a variety of conditions, including 
the use of acid and base catalysts. The failure of 
CuL, - Hz0 to bring about a cross-coupling reac- 
tion underscores the specific role of the dinuclear 
species (Scheme 1). The free ligand, on the other 
hand, undergoes uncontrolled self-condensation 
and poly-condensation in the presence of aqueous 
NaOH. 

* The crude complex (4a) was recrystallized twice from 
a CHCl,-n-hexane mixture and gave satisfactory ana- 
lytical data for the composition C24H2206C~ - H,O. The 
IR spectra of 4a and the product obtained by reacting 2a 
with Cu(OAc), - HZ0 were identical. 

Scheme I 

Scheme 1. (2a) X = CH=CHCOCH,, (2b) X = 
CH=CHCOC&,, (2e) X = CH=CHCOCH&Hr, (2d) 
X = CH=C(CH3)COCH,, (2e) X = CH=CHCOCH* 
CH(CHJ,, (2f) X = CH=CHCOCH=CHCaH5, 

(4a) R = CH3, (4b) R = CsHS. 

EXPERIMENTAL 

Melting points were measured in open capillary 
tubes and are uncorrected. C and H analyses were 
performed on a Perkin-Elmer model 240C elemen- 
tal analyzer. IR spectra were recorded on a Perkin- 
Elmer model 783 IR spectrophotometer with KBr 
pellets. UV spectra in CHC13 solutions were 
obtained with a Pye-Unicam SP8-150 spec- 
trophotometer. ‘H NMR spectra [6 (ppm)] were 
recorded at 200 MHz on a Varian Associates XL- 
200 spectrometer in CDCl, with Me$i as an inter- 
nal standard. 

HL was prepared by a method described in the 
literature.” Mono- and dinuclear copper(I1) com- 
plexes of HL were prepared as described earlier.‘@) 

Preparation of 2a-f 

2a. A mixture of CuL, - HZ0 (4.08 g, 10 mmol), 
Cu(C10&*6H20 (5.55 g, 15 mmol) and dry 
Me,CO (100 cm3) was heated under reflux. Within 
a few minutes, bright-green crystals of Cu2L2 
(ClO.& - 2Hz0 deposited, which began to dissolve 
with the passage of time, and a dark-brown solution 
was obtained over a period of 10 h. The solution 
was filtered and slowly added with stirring to 500 
cm3 of water, when a brown precipitate was 
obtained. This was collected by filtration and dried. 
The crude complex (4a)* thus obtained was dis- 
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solved in CHC13 (50 cm3) and shaken with 2 M HCl 
(3 x 20 cm3). The organic layer after washing with 
water was dried over Na2S04. The CHC13 solution 
was evaporated to dryness and the residue was 
repeatedly extracted with light petroleum (b.p. 40- 
60°C). The combined extracts on concentration 
gave long light-yellow needles of 2a, which was 
further recrystallized from light petroleum (65%) 
(m.p. 1OlC). (Found: C, 70.4; H, 6.0. C’ZH’203 
requires: C, 70.6; H, 5.9%.) ‘H NMR: 2.37 (s, 3H, 
ArCH,), 2.41 (s, 3H, COCH3), 6.87, 7.83 (q, 2H, 
JAB = 16.0 Hz, trans-CH=CH), 7.42 [d, lH, 
J = 2.0 Hz, 3-CH(phenyl)], 7.62 [d, lH, J = 1.6 Hz, 
5CH(phenyl)], 9.85 (s, lH, CHO), 11.51 (s, lH, 
OH). IR (cm- ‘) : 1675(s), 1645(s), 1625(s). UV (nm) 
[E (dm3mol-’ cm-‘)]: 370 (7100) 300 (8850), 260 
(22,300). 

was HL (10%). The second fraction obtained with 
a 2 : 98 (v/v) mixture of MeCO,Et-light petroleum 
was 2c (50%). The third fraction (&I) (10%) was 
collected by eluting with the same solvent mixture 
in a ratio of 5 : 95. 

2e: m.p. lOl-102°C. (Found: C, 71.3: H, 6.5. 
C13H’403 requires: C, 71.6: H, 6.4%.) ‘H NMR: 
1.18 (t, 3H, CH,CH,), 2.36 (s, 3H, ArCH3), 2.73 
(q, 2H, CH2CH3), 6.90, 7.80 (q, 2H, JAB = 16.5 
Hz, 2H), 7.39 [d, lH, J = 1.4 Hz, 3-CH(phenyl)], 
7.58[s, lH,5-CH(phenyl)],9.86(~, lH,CHO), 11.55 
(s, lH, OH). IR (cm-‘): 1690(s), 1660(s), 1635(s). 
UV (nm) [E (dm3 mol- ’ cm- ‘)I: 370 (SOOO), 290 
(11,500), 260 (25,800). 

2b. A mixture of CuL2*H20 (3.66 g, 9 mmol), 
Cu(C10J2*6H20 (5.0 g, 13.5 mmol) and PhCOMe 
(6.48 g, 54 mmol) in dry EtOH (100 cm3) was 
refluxed for 16 h. A brown solid (4b)* formed was 
collected by filtration and washed with MeOH and 
CHC13. This was suspended in MeOH (100 cm3) 
and stirred with 4 M HCl(25 cm’) when it changed 
to a yellow material. The product was collected 
by filtration and recrystallized from CHCl,-MeOH 
(1 : 2) mixture. Further recrystallization from light 
petroleum afforded yellow needles of 2b (70%) 
(m.p. 106°C). (Found: C, 76.9; H, 5.2. C,7H,403 
requires: C, 76.7; H, 5.3%.) ‘HNMR: 2.39(s, 3H, 
ArCH& 7.54 (m, 5H, COC$H,), 7.86,7.96 (q, 2H, 
JAB = 16.7 Hz, truns-CH=CH), 8.03 [d, lH, 
J = 2.6 Hz, 3-CH(phenyl)], 8.07 [d, lH, J = 2.4 Hz, 
5-CH(phenyl)], 9.84 (s, lH, CHO), 11.67 (s, lH, 
OH). IR (cm-‘) : 1660(s), 1645(s). UV (nm) [e (dm3 
mol-’ cm-‘)]: 370 (ll,lOO), 310 (13,600), 270 
(26,400). 

2d: m.p. 122°C. (Found: C, 71.5: H, 6.3. 
C’3H1403 requires: C, 71.6: H, 6.4%.) ‘H NMR: 
1.99 [s, 3H, CH=C(CH,)], 2.38 (s, 3H, ArCH,), 
2.49 (s, 3H, COCH3), 7.41 [s, lH, 3-CH(phenyl)], 
7.46 [s, lH, CH=C(CH,)], 7.67 [s, lH, 5- 
CH(phenyl)], 9.88 (s, lH, CHO), 11.32 (s, lH, OH). 
IR (cm-‘): 1660(s), 1650(s), 1630(s). UV (nm) [E 
(dm3 mol-’ cm-‘)]: 360 (7500), 290 (8200), 260 
(26,500). 

2c and d. To a suspension of CuLZ - HZ0 (5.3 g, 
13 mmol) in dry EtOH (150 cm3), Cu(ClO& - 6H20 
(7.22 g, 19.5 mmol) and MeCOEt (4.68 g, 65 mmol) 
were added. A dark brown solution obtained after 
a 36-h reflux was filtered and evaporated to dryness 
on a rotary evaporator. The residue dissolved in 
MeOH (50 cm’) was poured into water (1 dm3), 
when a brown precipitate was obtained. This was 
collected by filtration, dissolved in CHC13 and 
decomposed with HCl(2 M). The CHC13 layer after 
drying was evaporated to dryness. The residue was 
extracted repeatedly with boiling light petroleum 
and the combined extract was subjected to column 
chromatography (silica gel, 6&120 mesh). The first 
fraction separated on elution with light petroleum 

2e. The reaction was carried out in the same 
way as described above using 2-methylpentanone. 
Chromatographic separation of the crude product 
by eluting with light petroleum [to remove HL 
(15%)], followed by a 98 : 2 mixture of light petro- 
leum and MeCO,Et afforded 2e (50%) (m.p. 
59°C). No further isomer could be separated by 
increasing the polarity of the solvent mixture. 
(Found: C, 73.4; H, 7.2. C’5H1803 requires: C, 
73.2; H, 7.3%.) ‘HNMR: 0.99 [d, 6H, CH(CH,),], 
2.26 [m, lH, CH(CH3)J, 2.36 (s, 3H, ArCH,), 2.56 
(d, 2H, CH,CO), 6.90, 7.78 (q, 2H, JAB = 16.4 Hz, 
trans-CH=CH), 7.39 [d, lH, J= 1.5 Hz, 3- 
CH(phenyl)], 7.59 [d, lH, J = 1.7 Hz, 5- 
CH(phenyl)], 9.87 (s, 1 H, CHO), 11.56 (s, 1 H, OH). 
IR (cm-‘): 1680(s), 1645(s), 1625(s). UV (nm) [E 
(dm3 mol- ’ cm- ‘)I : 370 (8700), 290 (12,300), 260 
(28,000). 

2f. By using PhCH=CH COMe as the reactant, 
2f was obtained (50%) in the same way as described 
above (m.p. 96°C). (Found : C, 77.8 ; H, 5.4. 
C’9H’603 requires: C, 78.1 ; H, 5.5%.) ‘H NMR: 
2.38 (s, 3H, ArCH,), 7.12, 7.94 (q, 2H, JAB = 16.1 
Hz, ArCH=CH), 7.33,7.75 (q, 2H, JAB = 16.0 Hz, 
PhCH=CH), 7.44,7.72 (m, 7H, aromatic), 9.89 (s, 
lH, CHO), 11.67 (s, lH, OH). IR (cm- ‘) : 1665(s), 
1640(s), 1615(s). UV (nm) [E (dm3 mol-’ cm-‘)] 370 
(15,500), 325 (24,000), 270 (18,500). 

* The analytical data of the crude product showed that Acknowledgements---K.N. thanks the CSIR, India, for 
it was substantially pure and had desired IR spectral financial support and for awarding a research associ- 
features. ateship to A.K.B. Our thanks are due to Professor U. R. 
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Ghatak and Dr R. V. Venkateswaran of the Department 
of Organic Chemistry for providing the NMR facility. 
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Abstract-The formation constants of ternary and quaternary complexes containing the 
ligands pyridoxamine, glycylglycine and imidazole with Co(II), Ni(II), Zn(I1) and Cd(I1) 
were determined by pH-metric titration in 0.15 M NaN03 at 37°C using the MINIQUAD- 
75 program. It has been shown that the logarithms of the ternary formation constants are 
linear increasing functions of the sum of the logarithrnf of the first protonation constants 

of the ligands, but the log K* (MLH,+ ML’H,e MLL’H,) are linear decreasing 
functions. It has been shown that deprotonation of the peptidic group is prohibited in 
ternary and quaternary metal complexes. It is also found that the imidazole moiety favour- 
ably ligates the ternary complexes rather than the bare metal ions. 

The present investigation is a continuation of our 
efforts to study ternary and quaternary metal com- 
plexes of vitamin B6 compounds and other bio- 
logical ligands. 2,3 The importance of this study is 
firstly to prove that ternary and quaternary metal 
complexes may exist in biological systems in 
addition to the binary complexes. Secondly, sup- 
plementation of trace metal concentrations in nutri- 
tive mixtures should take into consideration the 
interaction between different ligands and metal ions 
not only to form binary metal complexes but also 
to form ternary and quaternary metal complexes. 
Thirdly, the complex equilibria may serve as models 
for vitamin B6 dependent enzymatic reactions. 

* For Part XVII see Ref. 1. 
t Authors to whom correspondence should be addressed. 
$ Present address : Kuwait Institute of Technology, 

Kuwait. 

EXPERIMENTAL 

Materials 

The ligands glycylglycine (Glycyl) (> 99%, 
BDH) and pyridoxamine dihydrochloride 
[Pm(HCl),] (> 99%; Merck) were used without 
further purification. Imidazole (Imd) (Aldrich) was 
crystallized from benzene and dried under reduced 
pressure. Nickel(II), cobalt(II), zinc(I1) and cad- 
mium(I1) nitrates (> 99%, BDH) were used with- 
out purification. Stock solutions of the ligands (L-) 
were kept at N 5°C in dark. The concentration of 
stock solutions of the metal ions (M”) were 
checked by EDTA compleximetric methods. Poten- 
tiometric approaches were used utilizing a Radi- 
ometer pH meter model pH M62 provided with 
a Radiometer cupric selectrode type F1112 Cu as 
indicator electrode and a Radiometer calomel elec- 
trode type K 401 as a reference electrode.4 
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Measurements Methods 

The titrimetric data were acquired using a Orion 
Research Microprocessor Ionalyzer type 90 1 using 
a Radiometer combined glass electrode type GK 
2301C. The ionalyzer in the pH mode was cali- 
brated using two Radiometer buffers at pH values 
of 6.98 and 4.03 at 37°C. All pH-metric titrations 
were carried out as previously described.’ The ionic 
strength was kept constant at 0.15 M NaNO, and 
the temperature at 37°C. In ternary systems, the 
concentrations of each ligand were not more than 
twice the concentration of the metal ions. In the 
quaternary systems, the concentration of each 
ligand was identical to that of the metal ions except 
for Imd where its concentration was not more than 
4 times that of the metal ions. The metal ion con- 
centration was in the range (0.6-2.0) x 1O-3 M. The 
hydrogen ion concentration was taken as 10ppH. 

Titration data were analyzed by using the 
MINIQUAD- program. 5 Several equilibrium 
models were tested. The results were assessed as 
previously described.2 The pK, used in the com- 
putation is 13.38.2 

RESULTS AND DISCUSSION 

Binary complexes of Ni(II), Co(II), Zn(I1) and 
Cd(I1) 

Precipitation usually occurs above pH 7 in most 
of the titrations when the composition ratio was 
1: 1 (L : M) in the case of binary systems and above 
8 when the ratio was 2 2 : 1. In the ternary and 
quaternary systems the precipitation occurs at pH 
not greater than 8.5 in some systems, the Zn(I1) and 
Cd(I1) systems in particular. 

The formation constants of the binary complexes 
of Ni(II), Co(II), Zn(I1) and Cd(I1) with Pm and 
Imd have been recently studied. 4 Although some of 
the formation constants of the binary complexes of 
these metal ions with Glygly have been previously 
reported, 6 yet they have been reevaluated under the 
experimental conditions used in this work (Table 
1). It is noted that Co(I1) and Ni(I1) form 1 : 1 : - 1 
species (Glygly- : M2+ : H+) similarly to Cu(I1) in 
which the peptidic proton has probably been lost, 
forming a tridentate ligand.3 Besides, Ni(I1) can 
also form a 2 : 1 : - 2 species with Glygly which is 

Table 1. Formation constants of binary complexes of Glygly with Co(II), Ni(II), Zn(I1) and Cd(I1) at Z = 0.15 M 
(NaNO,) and T = 37°C : p, r and s stand for the stoichiometric coefficients of Glygly, M2+ and H+, n is number of 

titration data points 

Literature Reference, 
System p r s logB(+d S xi’ R n pH range value 1, T 

H 

Co(I1) 

Ni(I1) 

Zn(I1) 

Cd(I1) 

1 0 1 7.98 
1 0 2 11.09 
1 1 -1” -7.32 (0.49) 9.05E-8 99 
1 1 0 2.97 (0.02) 
2 1 0 6.45D 
2 1 -2” - 11.56 (0.03) 3.76E-9 154 
1 1 -1” -4.77 (0.00) 
1 1 0 3.95 (0.01) 
2 1 0 7.18 (0.01) 
1 1 0 3.37 (0.31) 1.65E-6 24 
2 1 0 6.91 (0.12) 
1 1 0 3.75 (0.10) 5.9E-9 202 
1 1 1 11.35 (0.12) 
2 1 0 6.08 (0.11) 

0.016 

0.004 

0.077 

0.003 

96 7.1-8.6 

128 6.69.2 

86 7.@-8.0 

150 7.1-8.5 

3.08 (i), O.l5,25”C 
5.30 (i), 0.15, 25°C 

3.34 
7.41 
3.40 
6.27 
2.95 

Ref. 2 

(ii), 0.10, 25°C 
(ii), 0.10, 25°C 

(iii), 0.15, 25°C 
(iii), 0.14, 35°C 
(iv), 0.15, 25°C 
(iv), 0.15, 25°C 

“The negative sign indicates dissociation of a proton from the ligand or the formation of an hydroxy species or 
both. The formation constants should be corrected by adding the proper number of pK,. 

b Estimated from Fig. 1. 
(i) M. K. Kim and A. E. Martell, J. Am. Chem. Sot. 1967, 89, 5138 ; (ii) S. Pelletier, J. Chim. Phys. 1972, 69, 751 ; 

(iii) N. C. Li and M. C. M. Chen, J. Am. Chem. Sot. 1958, SO, 5678 ; (iv) E. V. Sklenskaya and M. Kh. Karapetyants, 
Russ J. Znorg. Chem. 1966, 11, 1102. 
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not formed with Co(I1) and Cu(I1). This has been 
attributed to the possible formation of stable hex- 
acoordinated species. Zn(I1) and Cd(II), similarly 
to Co(II), Ni(I1) and Cu(II), form regular 1: 1: 0 
and 2 : 1: 0 species where Glygly is bidentate. These 
complexes are less stable than the corresponding 
glycine metal complexes.4 However, the inability 
of Zn(I1) and Cd(I1) to deprotonate the peptidic 
proton may possibly be due to the precipitation 
encountered in these systems at pH - 8.5. 

When log fly” of the binary metal complexes 
(1 : 1 : 0 species) of Glygly, G~Y,~ Pm and Imd were 
plotted against the log of the first protonation con- 
stant of the ligands (logj?yL), linear relationships 
were obtained (Fig. 1). These linear relationships 
can be understood on the basis of the following 
equation :’ 

log fir” = log 87” + 
2.3013RTI[Go(M) 

- G”(H)] + [G”(HL) - G”(ML)]}. (1) 

This equation implies that the slope should be 1 if 
the second term on the right is constant. From 
Fig. 1 all the binary systems studied have slopes of 
approximately 1 except for the Cu(I1) system where 
the slope was N 2. A non-unity slope means that 
the term [G”(HL)-G”(ML)] must also be a linear 
function of log filLH since the term [G“(M) - G”(H)] 
is a constant. 

Similarly, the plots of log fiyLz (for 2 : 1 : 0 species) 

7 a 9 IO II 

Fig. 1. Dependence of log/?yL (scale A) and logByL2 
(scale B) on the basicity of the ligand exemplified by 
log BIHL for Co(II), Ni(II), Zn(I1) and Cd(I1) metal ions. 

vs log/3yL were linear with non-unity slopes. The 
slopes are greater than 1 with the exception of 
Cd(I1) where it is less than 1. Equation (1) is usually 
useful in predicting unknown values of the for- 
mation constants. 

Ternary andquuternury complexes ofCo(II), Ni(II), 
Zn(I1) and Cd(I1) 

The formation constants of the ternary and 
quatemary complexes of Co(II), Ni(II), Zn(II) and 
Cd(I1) are for the following equilibrium reaction : 

/Pm- +pGlygly- + qImd- + rM*+ + sH+ 

+ (PmFlygly,Imd,M,H3’, (2) 

where 1, p, q, r and s are the stoichiometric 
coefficients, and z = (2r + s) - (l+p). 

Many equilibrium models (at least 20 models) 
have been tried using the MINIQUAD- program. 
The accepted models were based on the values of 
chi square [(xi)‘], reliability factor (R) and sum of 
the squared residuals (S) whenever they were the 
smallest and when the calculated values of the con- 
stants had the smallest standard deviations. Fur- 
thermore, the effect of variations in the values of 
protonation constants and binary formation con- 
stants of the chosen ternary model (and also ternary 
formation constants in the case of the chosen quat- 
ernary model) were tested. The selected equilibrium 
models depicted in Tables 2-4 were adopted in 
which the values of the formation constants did not 
change on testing within their standard deviations. 

Ternary complexes of Co(II), Ni(II), Zn(I1) and 
Cd(I1). The ternary complexes of Co(II), Ni(II), 
Zn(I1) and Cd(I1) involving Pm-Imd have been pre- 
viously reported.4 Only the systems involving Pm- 
Glygly and Glygly-Imd will be discussed in this 
work. It seems from Tables 2 and 3 that the metal 
ions under consideration are incapable of depro- 
tonating the peptidic proton in the presence of Pm 
and Imd contrary to the systems involving CU(II).~ 
This finding may be understood in the cases of the 
Zn(I1) and Cd(I1) systems due to early precipitation 
but not in the cases of the Co(I1) and Ni(I1) systems. 
However, it may be rationalized on the basis of 
ionic potential where the electrostatic interaction 
between different ligands is greater in the Cu(I1) 
system than in the Co(I1) and Ni(I1) systems. 
Another feature can be extracted from Tables 2 and 
3, that a number of protonated species appear in 
the Pm-Glygly systems, similar to the Pm-Imd sys- 
tems,4 while none of these complexes appear in the 
Glygly-Imd system. One should expect that protons 
are located on the Pm moiety presumably on the 
pyridinic nitrogen (Pm acts as a bidentate ligand) 
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Table 2. Formation constants of the ternary complexes of the Pm-Glygly system with Co(II), 
Ni(II), Zn(I1) and Cd(I1) at 0.15 M (KNO,), T = 37°C 

System 1 p r s bitB(f4 S x; R n pH range 

H+ 1 0 0 1” 10.41 
1 0 0 2” 18.56 
1 0 0 3” 22.06 

Co(I1) 1 1 1 0 8.46 (0.04) 
1 1 1 1 17.05 (0.04) 

Ni(I1) 1 1 1 0 10.55b 
1 1 1 2 26.26 (0.08) 
1 2 1 2 29.07 (0.50) 
2 1 1 2 32.13 (0.20) 

Zn(I1) 1 1 1 0 8.95’ 
1 2 1 0 13.81 (0.10) 
2 1 1 0 15.16 (0.12) 
2 1 1 4 47.69 (0.11) 

Cd(I1) 1 1 1 0 8.806 
1 1 1 1 17.36 (0.04) 
1 2 1 0 11.91 (0.02) 
1 2 1 1 20.48 (0.06) 
1 2 1 2 28.48 (0.07) 
2 1 1 4 47.00 (0.05) 

4.6E-7 38 0.013 202 7.1-8.6 

9.8E-7 74 0.024 189 6.1-9.8 

8.4E-7 48 0.028 164 6.7-9.3 

5.7E-8 133 0.005 208 7.tL9.4 

r? Reference 3. 
b Estimated from Fig. 2. 

and on the amino group (Pm acts as a monodentate 
ligand). 

The application of an equation similar to eqn 
(1) on the ternary Pm-Glygly and Glygly-Imd com- 
plex systems : 

+ [G”(HL) + G”(HL’)] + G”(MLL’H,), (3) 

where L and L’ are two different ligands, together 
with the systems previously studied3q4 reveals a lin- 
ear relationship between the ternary formation con- 

stants (log BIMLL’n ,) and (log /IT” + log /37”) (Fig. 2). 
However, the slope is not 1 but less than 1 in 

the Co(II), Ni(II), Zn(I1) and Cd(I1) systems, and 
surprisingly is 1 in the case of the Cu(I1) sys- 
tems. In addition, the plots of 1ogK’ 

(K’= PIMLL'~ IBI~LH,BIML'H,) vs the sum (log 

/I?" + log /?yL’j are also linear for the 1 : 1 : 1 : 0 spec- 

Table 3. Formation constants of the ternary complexes of the Pm-Glygly system with Co(II), Ni(II), 
Zn(I1) and Cd(I1) at 0.15 M (KNO,), T = 37°C: p, q, r and s stand for Glygly, Imd, M*+ and H+, 

respectively 

System P 4 r s log B (kc) S X,2 R n pH range 

H+ 0 0 1 1 7.09 
Co(I1) (a) 1 1 1 0 6.79 (0.40) 7.6E-7 144 0.046 210 7.4-8.6 

3 1 0 13.93 (0.15) 
(b) : 3 1 0 12.10 (0.04) 4.2E - 7 476 0.011 210 7.4-8.6 

2 2 1 0 12.12 (0.06) 
Ni(I1) 1 1 1 0 8.82 (0.11) 1.4E-6 520 0.034 194 7.2-8.6 

2 2 1 0 14.30 (0.31) 
Zn(I1) 1 1 1 0 6.77 (0.05) 4.8E-7 376 0.012 278 6.5-7.8 

1 3 1 0 12.56 (0.04) 
Cd(I1) 1 1 1 0 7.09 (0.10) 1.8E-7 450 0.011 140 7.4-9.0 

1 4 1 0 14.70 (0.18) 

y Reference 3. 
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Ni l o -2 

Ni 
co T-1 

Cd 

il~,y_Imd Gly-Imd R-h4 R-GLygly Pm-GLy 

I, It I tit I tl 

15 16 17 16 19 20 

Fig. 2. Dependence of log j?,,,,.,” (scale A) and 1ogK’ 
(scale B) for ternary complexes on (log~,,,+log~,,,.) 

of Co(II), Ni(II), Zn(I1) and Cd(I1) metal ions. 

ies (Fig. 2) with negative slopes. This linear depen- 
dence may show the bonding strength and, in par- 
ticular, the extent of the contribution of a-bonding 
character. It should be kept firmly in mind that 

the magnitudes of 1ogK’ is strongly influenced by 
statistical differences in the formation of each com- 
plex as well as differences in bonding. The statistical 
values of log K’ depend on the coordination number 
of the metal ion and denticity of the ligands,*s9 
e.g. for the tetragonal complexes of Cu(I1) with 
bidentate ligands the statistical value is -log4 
(-0.6). For other geometries the statistical values 
may be less but are always negative. Values of log K’ 
greater than - 0.6 indicate that ternary metal com- 
plex formation is more favored over that of binary 
metal complexes and reasons other than statistics 
should be considered. Although log K’ may be evi- 
dence for the formation of the ternary complexes, 
other approaches may also be considered to indicate 
its formation in solution. * 

Quaternary complexes of Co(II), Ni(II), Zn(I1) 
and Cd(I1). Table 4 shows the formation constants 
of the quaternary complexes of the PmGlygly- 
Imd system with Co(II), Ni(II), Zn(I1) and Cd(I1). 
They are less by one log unit than the Pm-Gly-Imd 
systems.4 This may be ascribed to the more steric 
hindrance exerted by Glygly-containing quatemary 
complexes over the Pm-Gly-Imd systems. The 
complexes are mostly protonated : where possible 
the protons are located on Pm and Glygly (e.g. in 
the case of 1:1:1:1:2 and 1:1:1:1:3 species). 

Table 4. Formation constants of the ternary complexes of the PmCSlygly-Imd system with Co(II), 
Ni(II), Zn(I1) and Cd(I1) at 0.15 M (KNOj), T = 37°C: 1, p, q, r and s stand for Pm, Glygly, Imd, 

M ‘+ and H+ , respectively 

System 1 P 4 r .s logB(fa) S x,z R n pH range 

Co(I1) 

Ni(I1) 

Zn(I1) 

Cd(I1) 

1 1 1 1 0 11.41 (0.06) 2.7E-7 169 0.002 246 6.68.8 
1 1 1 1 1 20.19” 
1 1 1 1 2 27.66 (0.17) 
1 1 2 1 1 23.34 (0.02) 
1 1 2 1 2 31.14 (0.04) 
1 1 1 1 0 13.39” 
1 1 1 1 1 22.17 (0.28) 3.7E-8 45 0.012 148 6.4-9.5 
1 1 1 1 2 30.21 (0.14) 
1 1 1 1 3 37.34 (0.07) 
1 1 2 1 1 25.38 (0.14) 
1 1 2 1 2 33.25 (0.11) 
1 1 1 1 0 14.58“ 
1 1 1 1 1 23.37” 
1 1 1 1 2 29.83” 
1 1 1 1 3 36.71 (0.12) 8.9E-8 62 0.005 152 6.5-7.5 
1 1 2 1 1 25.22 (0.09) 
1 1 2 1 2 31.96 (0.31) 
1 1 1 1 0 12.07” 
1 1 1 1 1 22.76 
1 1 1 1 2 31.54 (0.14) 5.7E-7 218 0.023 118 6.7-9.2 
1 1 1 1 3 39.23 (0.08) 
1 1 2 1 0 16.82 (0.20) 

“Estimated values. 
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Table 5. Log values of K’ and K” described by eqns (4) and (5), respectively, for PmGly-Imd and Pm- 
Glygly-Imd systems 

Stoichiometry Pm-Gly-Imd 

I p q r s Co Ni Cu Zn Cd co 

Pm-Glygly-Imd 

Ni Cu Zn Cd 

1 1 1 1 1 4.21 3.91 5.35 - 3.74 3.14 2.97 5.0 - 5.02 
1 1 2 1 1 6.89 6.31 7.47 7.99 6.26 6.29 6.18 8.15 8.0 
0 0 1 1 0 3.03 3.20 4.02 2.98 2.74 
0 0 1 2 0 5.60 5.25 7.55 5.63 - 

Some of the values of the formation constants 
have been estimated on the assumption that the 
differences in the log forms of the formation con- 
stants, e.g. 1:l:l:l:O and 1:l:l:l:l species, 
are independent of the type of metal ion 
[Cu(II) systems are exceptions] or the type of 
ligand system under consideration, i.e. Gly3 or 
Glygly quaternary complex systems. This was 
found to be true to a great extent in these systems. 

CONCLUSION 

It is interesting to notice that the metal ions can 
acquire up to two molecules of Imd in the presence 
of Pm and Glygly or G~Y.~ In fact, the chelation of 
these metal ions with Pm and Gly or Glygly facili- 
tates the ligation with Imd. This may be verified by 
comparing the formation constants of the equi- 
librium reactions : 

The aforementioned results may indicate that 
not only binary and/or ternary complexes could be 
formed but quaternary complexes may also be 
formed specially in the pH range 6.5-8.5. Gener- 
ally, the presence of Pm (specially the protonated 
forms) in the vicinity of metal ions allows the 
attack of other nucleophilic ligands leading to the 
formation of ternary and quaternary species. These 
complexes are positively charged in most cases, 
which facilitates their transport in biological 
fluids but prohibits their transfer through cell 
membranes since neutral species are preferred. 

Acknowledgement-We would like to thank Kuwait Uni- 
versity for the provision of the Research Council Grant 
No. SC021. 

+ Imd e M(Pm)(Gly)(Imd)H REFERENCES 

[or M(Pm)(Glygly)(Imd)Hl, 

K’ = BIQHIB1TH ; (4) 
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Abstract-The complexes Re2Br,(depe)* and Re,X,(dppee), (X = Cl or Br, 
depe = Et2PCH2CH2PEt2, dppee = cis-Ph2PCH=CHPPh2) have been prepared in their Q- 
(eclipsed rotational geometry, chelating phosphine ligands) and /3- (staggered rotational 
geometry, bridging phosphine ligands) isomeric forms. The chloro complex B-Re2Cl,(depe), 
has also been isolated. In the case of a- and fi- Re2Br,(depe)2, the preparations involve the 
reactions of Re,Br,(P-n-Pr,), with depe in toluene-ethanol. While a-Re,X,(dppee), are 
prepared from the reactions of (n-Bu4N)zRezX8 with dppee in various solvents, the /?- 
isomers are obtained upon reacting ReZX4(PR3)4 (R = Et or n-Pr) with dppee in benzene. 
These are the first examples of triply bonded dirhenium(I1) complexes that have been 
isolated in both their a- and /%forms. /3-Re2XXdppee)2 (X = Cl or Br) constitute the first 
examples of complexes of this structural type which contain both C=C and M=M units 
within the same fused decalin-like ring system. The isomers /-&Re2Cl,(depe)2 and /I- 
Re,X,(dppee), (X = Cl or Br) are oxidized by NOPF6 in acetonitrile to give paramagnetic 
j?-[Re2Cl,(depe)2]PF6 and /_6[Re2X4(dppee)2]PF6. These oxidized complexes in turn react 
with CH3CN in the presence of TlPF6 to afford /?-[Re2C13(depe),(NCMe)](PF& and /3- 
[Re,X,(dppee),(NCMe)](PF,),, respectively. The cleavage of the Re=Re bonds of c1- and 
B-Re2Cl,(dppee)2 occurs upon their reaction with CC1,&H2C12 to give cis-ReC14(dppee). 
The related bromo complex cis-ReBr,(dppee) is formed when /?-RelBr,(dppee)2 is reacted 
with CH,Cl,-Br,. 

The existence of the complexes b- 
M2X4[R2P(CH2)2PR2]2 (M = MO, W, or Re; 
X = Cl, Br or I ; R = Me, Et or Ph) which contain 
intramolecular bridging phosphine ligands has 
sparked considerable interest. l-4 This bonding 
mode leads to the formation of two stable six-mem- 
bered rings that are fused about a common metal- 
metal quadruple (M = MO or W) or triple 
(M = Re) bond. These compounds have proved to 
be of significance in metal-metal multiple bond 
chemistry from the point of view of the ring con- 
formations that are present, the rotational 
geometry (eclipsed or staggered) about the metal- 
metal multiple bond, and their chirality. l-395 In the 
case of the complexes where M = MO or W, the 
related a-isomers, in which the phosphine ligands 
are chelating and there is an eclipsed rotational 

* Author to whom correspondence should be addressed. 

geometry, have also been isolated in some 
instances. I-3 

We now report the first cases of dirhenium(I1) 
complexes of this type which have been isolated in 
both their tx- and j.?-isomeric forms [the phosphine 
ligands are EtzPCH,CH,PEt,(depe) and cis- 
Ph,PCH=CHPPh,(dppee)]. In the case of /?- 
Re,X,(Ph,PCH=CHPPh,), (X = Cl or Br), these 
complexes constitute the first examples of com- 
plexes of this type which contain both C=C and 
M=zM units within the same fused decaline-like 
ring system. 

EXPERIMENTAL 

Starting materials 

Samples of the complexes Re2C16(P-n-BU3)2,6 

Re2C14(PEt3)4,7 Re2X4(P-n-Pr,), (X = Cl or Br)7 

1483 
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and c+Re&(dmpe),” were prepared, according to 
the literature methods, from (n-BuqN)2Re2X8 
(X = Cl or Br)‘*” and the appropriate phosphine in 
alcohol solution. The Me,PCH,CHzPMez(dmpe), 
depe and dppee ligands were purchased from Strem 
Chemicals. In the case of depe, a 0.606 M solution 
in toluene was used. The LiBEt,H reagent was 
obtained from Aldrich as a 1 .O M solution in THF. 
Solvents used in the preparation of the complexes 
were of commercial grade and were thoroughly 
deoxygenated prior to use. 

Reaction procedures 

All reactions were performed in a nitrogen atmos- 
phere using standard vacuum line techniques. Chro- 
matographic separations were performed on a silica 
gel column (60-200-mesh, Davidson Grade 62). 

(A) Preparation of Re*X,(depe)*. (i) b- 
Re,Cl,(depe)z. A quantity of Re#&(P-n-Pr&, 
(0.30 g, 0.26 mmol) was suspended in 20 cm3 of a 
1 : 1 mixture (by volume) of toluene and ethanol, 
and then treated with depe (1.29 cm3, 0.78 mmol). 
This reaction mixture was refluxed for 20 h, cooled 
to room temperature, and ethanol (- 15 cm’) was 
added. The purple crystalline product which pre- 
cipitated from the purple-brown solution was col- 
lected by filtration, washed with ethanol and 
hexane, then dried in vacua: yield 0.140 g (70%). 
Found : C, 25.8 ; H, 5.3. Calc. for CZOH&14P4Re2 : 
C, 25.9 ; H, 5.2%. 

(ii) cr-Re,Br,(depe)*. The preparation of this 
complex involved refluxing a mixture of RezBra(P- 
n-Pr,), (0.465 g, 0.35 mmol) and depe (1.75 cm3, 
1.1 mmol) in 20 cm3 of a 1 : 1 mixture (by volume) 
of toluene and ethanol for 24 h. The reaction mix- 
ture was cooled, filtered, and the dark green crys- 
talline solid collected. The purple-brown filtrate was 
set aside [see A(iii)]. The green product was washed 
with ethanol and hexane and dried in vacua ; yield 
0.262 g (68%). Found : C, 22.0 ; H, 4.4. Calc. for 
C20H48Br4P4Re2 : C, 21.7 ; H, 4.4%. 

(iii) /3-Re,Br,(depe),. Addition of 20 cm3 of etha- 
nol to the purple-brown filtrate obtained from A(ii) 
yielded a purple solid. This was collected, washed 
with ethanol and hexane and dried in vacua ; yield 
0.032 g (8%). The identity of this product was based 
upon its electrochemical and spectroscopic prop- 
erties (vide infra). 

(B) Preparation of Re*X,(dppee),. (i) a- 
Re2Cl,(dppee)2. A mixture comprising (n-Bu,N), 

*The identity of trans-ReCl,(dppee), has been estab- 
lished by an X-ray structure analysis” and its inde- 
pendent preparation from the one-electron reduction of 
trans[ReCl,(dppee)JCl. 

Re$& (0.20 g, 0.175 mmol), dppee (0.60 g, 1.51 
mmol), and 10 cm3 of methanol, to which eight 
drops of cont. HCl had been added, was refluxed 
for 24 h. The resulting reaction mixture was cooled 
to room temperature and filtered to give a green 
solid and yellow filtrate. The solid was washed with 
methanol until the washings were colorless, and 
then with hexanes and finally diethyl ether. It was 
purified by chromatography (silica gel column with 
CH2C12 as eluent) and recrystallized from CH2C12- 
diethyl ether; yield 0.035 g (15%). Found : C, 47.9 ; 
H, 3.7; Cl, 11.0. Calc. for C52H44C14P4Re2: C, 
47.8; H, 3.4; Cl, 10.8%. 

The reaction between (n-Bu4N)2Re2Cls and 
dppee in refluxing ethanol (4 days) likewise gave a- 
Re2C14(dppee)2 in low yield. Work-up of the yellow 
filtrate from this reaction, and that from the anal- 
ogous reaction in methanol-cone. HCl (vide supra), 
gave trans-[ReCl,(dppee)JCl *nH,O as a second 
product.” The reaction of Re2Cls(P-n-Bu3)2 (0.10 
g, 0.10 mmol) with dppee (0.26 g, 0.67 mmol) in 
refluxing ethanol (10 cm 3, for 4 days gave a green- 
yellow solid which was filtered off, washed with 
hexanes and diethyl ether, and dried. This product 
was washed with CH2C12 to give a green extract 
[shown to be a-Re,Cl,(dppee),]; the remaining 
orange-yellow solid was shown to be trans- 
ReCl,(dppee),.* 

(ii) /3-Re,Cl,(dppee),. A mixture of 
Re2C14(PEt3)4 (0.15 g, 0.152 mmol), dppee (0.18 g, 
0.454 mmol) and 10 cm3 of benzene was refluxed 
for 2 days. The reaction mixture was cooled to room 
temperature and filtered. A light brown solid was 
collected, and washed with benzene, methanol, hex- 
anes and diethyl ether. The product was purified by 
chromatography (silica gel column with CH2C12 
as eluent) and recrystallized from CH,Cl,-diethyl 
ether : yield 0.09 g (45%). Found : C, 47.7 ; H, 3.4. 
Calc. for C52H44C14P4Re2 : C, 47.8 ; H, 3.4%. 

fi-RetCl,(dppee)z was isolated in 35% yield when 
RezCld(P-n-Pr,), was used in place of 
Re2C14(PEt3)4 in the above procedure. 

(iii) cc-Re,Br,(dppee),. The reaction between (n- 
Bu4N)*Re2Br8 (0.10 g, 0.067 mmol) and dppee (0.23 
g, 0.580 mmol) in 10 cm3 of methanol that con- 
tained eight drops of cont. HBr (48%) was carried 
out with a procedure similar to that described in B(i) 
and a reaction time of 2 days. The green insoluble 
product was found to be the bis-CH,Cl* solvate: 
yield 0.02 g (20%). Found : C, 39.1; H, 2.9. Calc. 
for CS,H,,Br,Cl,P,Re2: C, 39.2; H, 2.9%. The 
presence and amount of CHzClz was confirmed by 
‘H NMR spectroscopy in (CD3)#0 (6 = + 5.76). 

The filtrate from this reaction was evaporated to 
low volume to afford orange crystals of 
[ReBr*(dppee),]Br - Hz0 : yield 0.036 g (22%). ’ ’ 
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(iv) fl-RezBr,(dppee)z. The reaction between 
Re2Br4(PR)J4 (R = Et or n-Pr) and dppee in 
refluxing benzene gave brown /I-Re,Br,(dppee)2 in 
yields of 35-50% when a procedure similar to B(ii) 
was used. Purification was affected by chro- 
matography (silica gel column with CH2C12 as elu- 
ent) and recrystallization from CH,Cl,-diethyl 
ether. Found : C, 42.2 ; H, 3.2. Calc. for 
C52H44Br4P4ReZ : C, 42.1; H, 3.0%. 

(C) Reactions of the Re,X,(depe)z complexes. (i) 

B-[Re,Cl,(depe)zlPF,. The neutral species /I- 
Re,Cl,(depe)z was oxidized by suspending a quan- 
tity of it (0.10 g, 0.11 mmol) in 4 cm3 of CH3CN. 
The suspension was chilled, and a stoichiometric 
quantity of NOPF6 (0.021 g, 0.12 mmol) added. 
Following the addition of NOPF6, all of the solid 
dissolved to yield a red-violet solution. The solution 
was warmed to room temperature and stirred for 
30 min. It was filtered to remove any trace amounts 
of unreacted NOPF6 and diethyl ether was added 
to the filtrate. The resulting red-violet solid was 
collected by filtration, washed with diethyl ether 
and dried in uacuo : yield 0.085 g (74%). Found : C, 
22.3 ; H, 4.7. Calc. for CZ0H&14F6P5Re2 : C, 22.4; 
H, 4.5%. Addition of an excess of NOPF6 produced 
the dark purple, air-sensitive dication [Re,Cl,(de- 
pe)z](PF,)2 as evidenced by its electrochemical 
properties. 

(ii) /?-[Re&Zl,(depe),(NCMe)](PF& The prep- 
aration of this complex involved dissolving /?- 
[Re,Cl,(depe),]PF, [see C(i)] (0.10 g, 0.093 mmol) 
and T1PF6 (0.032 g, 0.093 mmol) in 5 cm3 of acetone 
and adding 1 cm3 of CH3CN. When the reaction 
mixture was stirred for 12 h, a white precipitate of 
TlCl formed in the purple-colored reaction medium. 
This mixture was filtered to remove the TlCl, and 
diethyl ether was added to the filtrate to precipitate 
a purple-brown solid. This was collected, washed 
with diethyl ether and dried in vacua : yield 0.085 g 
(75%). Found: C, 22.0; H, 4.7. Calc. for 
C22H51C13F,2NP6Re2: C, 21.6; H, 4.2%. 

(iii) /&[Re,Cl,(depe),(NCMe)]PF+ The reduc- 
tion of [Re,Cl,(depe),(NCMe)](PF& [C(ii)] was 
accomplished by placing a quantity of it (0.075 g, 
0.061 mmol) in 5 cm3 of THF and adding a 
solution of LiBEt3H in THF (0.10 cm3). The violet 
suspension turned green-brown within 5 min of stir- 
ring the reaction mixture at room temperature. Stir- 
ring was continued for a total of 30 min, and diethyl 
ether added to the green-brown solution to pre- 
cipitate a light green solid. This solid was collected 
and recrystallized from CH,Cl,-diethyl ether and 
dried in uacuo: yield 0.048 g (73%). Found: C, 
24.7; H, 4.8. Calc. for CzZHs,C13F6NP,Rez: C, 
24.5 ; H, 4.8%. 

(D) Reactions of the Re,X,(dppee)z complexes. 

(i) B-[Re,Cl,(dppee)JPFs. A mixture of fl- 
Re,Cl,(dppee), (0.15 g, 0.115 mmol) and NOPF6 
(0.022 g, 0.125 mmol) was dissolved in 10 cm3 of 
CH3CN and then stirred for 30 min at room tem- 
perature. The solution was reduced in volume and 
diethyl ether was added to precipitate the product. 
A pale blue solid was filtered off, washed with hex- 
anes and diethyl ether, and dried in vacua: yield 
0.14 g (84%). Found: C, 43.4; H, 3.2. Calc. for 
C52H44C14FSP5Re2 : C, 43.0; H, 3.0%. 

(ii) [Re,Br,(dppee),]PF6. A procedure similar to 
D(i) produced a purple solid ; yield 97%. Found : 
C, 39.0; H, 3.0. Calc. for CS2H44Br4FSP5Re2: C, 
38.3 ; H, 2.7%. 

(iii) /?-[Re2C13(dppee)2(NCMe)](PF&. A mix- 
ture of /?-[Re,Cl,(dppee)2]PF6 (0.09 g, 0.062 mmol) 
and TlPF6 (0.02 g, 0.06 mmol) was dissolved in 10 
cm3 of CH3CN. The reaction mixture was stirred 
at room temperature for 4 h and then evaporated 
to dryness. The residue was dissolved in CH&12 
and filtered into a flask containing diethyl ether. 
The purple insoluble product was filtered off, 
washed with hexanes and diethyl ether, and dried 
in vacua : yield 0.075 g (81 Oh). Found : C, 41.9 ; H, 
3.4; Cl, 5.9. Calc. for C54H47C13F,,P,Re,: C, 40.5; 
H, 3.0; Cl, 6.6%. 

(iv) P-[RezBr,(dppee)2(NCMe)](PF,)2. A pro- 
cedure identical to D(iii) produced a purple solid : 
yield 93%. Found: C, 38.1 ; H, 3.0. Calc. for 
C54H47Br3F12P6Re2: C, 37.4; H, 2.7%. 

(v) cis-ReCl,(dppee). a-Re,Cl,(dppee), (0.05 g, 
0.038 mmol), 5 cm3 of CH2C12, and 10 cm3 of Ccl4 
were refluxed for 2 days. The reaction mixture was 
cooled to room temperature, the solvent evapor- 
ated, and the resulting orange residue was extracted 
into CH2C12, filtered, and diethyl ether added to the 
filtrate to crystallize cis-ReCl,(dppee) : yield 0.03 g 
(54%). Found : C, 42.8 ; H, 3.2 ; Cl, 19.2. Calc. for 
C26H22C14P2Re : C, 43.1 ; H, 3.1 ; Cl, 19.6%. 

When /I-RezCl,(dppee)2 was used in place of the 
a-isomer, this same mononuclear Re(IV) complex 
cis-ReCl,(dppee) was isolated in 88% yield. 

(vi) cis-ReBr,(dppee). A quantity of B- 
Re,Br,(dppee), (0.05 g, 0.034 mmol), was sus- 
pended in 10 cm3 of CHzClz and treated with 2 
drops of liquid Br,. This mixture was then stirred 
at room temperature for 18 h. The solvent was 
evaporated and the resulting dark red residue was 
worked-up as described in D(v) : yield 0.06 g (98%). 
Found : C, 34.9 ; H, 2.7. Calc. for CZ6HZZBr4P2Re : 
C, 34.6 ; H, 2.5%. 

Physical measurements 

IR spectra were recorded as Nujol mulls using an 
IBM IR/32 Fourier transform spectrometer (400& 
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400 cxr- ‘). Electronic absorption spectra were rec- 
orded as CH2C12 solutions on Cary 17D and IBM 
9420 spectrophotometers. Electrochemical exper- 
iments were performed by using a Bioanalytical 
Systems, Inc., Model CV-1A instrument in con- 
junction with a Hewlett-Packard Model 7035B 
x-y recorder. CHzClz solutions containing 0.1 M 
tetra-n-butylammonium hexafluorophosphate 
(TBAH) as a supporting electrolyte were utilized. 
El,* values [(E,+ + E,,,)/2] were referenced against 
an Ag-AgCl electrode at room temperature and 
were uncorrected for junction potentials. 3’P NMR 
and ‘H NMR spectra were recorded with use of a 
Varian XL-200 spectrometer. The 31P NMR spec- 
tra were referenced to H3P04 as an internal stan- 
dard while for the ‘H NMR spectra resonances 
were referenced internally to the residual protons 
of the incompletely deuterated solvents. 

Analytical procedures 

Elemental microanalyses were performed by Dr 
H. D. Lee of the Purdue University microanalytical 
laboratory. 

RESULTS AND DISCUSSION 

Preparation and characterization of Re*X,(depe)* 
(X = Cl or Br) 

The complex /&Re$l,(depe), was first prepared 
and structurally characterized by Cotton and co- 
workers. ” However, the reported method for its 
synthesis produced the desired compound in 20% 
yield. In order to explore the reaction chemistry 
of this complex, an improved synthetic route was 
desirable. We found that by using RezC14(P-n-Pr3)4 
in place of (n-Bu4N)2Re2C1, and refluxing this, in 
the presence of depe, in a mixed-solvent system 
(to enhance the solubility of the starting dirhenium 
complex), the yield of /?-Re2Cl,(depe)2 was 
increased to ca 70%. The bromide analogue /I- 
RezBr,(depe), could also be isolated using reaction 
conditions similar to those employed in the prep- 
aration of the chloride derivative. The /?-isomer, 
however, was formed in very low yield (< lo%), 
while the major product of the reaction was 
a-ReZBr4(depe)2. The a-form is insoluble in the reac- 
tion mixture and crystallizes during the course of 

*The structure of c+Re,Br,(depe), has recently been 
confirmed by a single-crystal X-ray structure analysis 
with data collected at - 150°C. The structure [space 
group Z4,/acd, with a = 13.466(2) A and c = 36.619(7) 
A] is disordered and the Re-Re distance is 2.202(6) A 
(L. F. Falvello, unpublished results). 

the reaction. This is the first time that a- and /I- 
isomers of a dirhenium(I1) complex of this type 
have been isolated although both isomers are 
known for certain dimolybdenum(I1) and ditung- 
sten(I1) species. I-4 

The identification of the new species a- and /3- 
RezBr4(depe),* was based upon a comparison of 
their electrochemical and spectroscopic properties 
(Table 1) with the related behavior of the struc- 
turally characterized complexes a-RezC14(dmpe),,* 

a-Re&l,(dppp), [dppp = PW(CHJPPhd,‘3 D- 
RezC14(depe)2’2 and B-Re&14(dppe)a[dppe 
= Ph2P(CH2)2PPh2].‘“‘6 In the case of a- 
Re,Cl,(dmpe), and p-Re$l,(depe),, these data 
have not been reported previously and so are 
included here for the first time (see Table 1). The 
cyclic voltammograms (CVs) of solutions of these 
complexes in 0.1 M TBAH-CH2C12 revealed the 
presence of two accessible one-electron oxidations 
(Fig. 1) ; this property is characteristic of the triply 
bonded Re:+ core.2*‘7 Oxidation of /I- 
Re2C14(depe)2 to the paramagnetic monocation was 
achieved by using 1 equivalent of NOPF6 as the 
oxidizing agent. Attempts to carry out the anal- 
ogous oxidation of a-Re,Br,(depe), led to its 
decomposition. The oxidized species /I-[Re2C14 
(depe)2]PF6 possesses electrochemical processes at 
Eljz = +0.08 V(red) and El,* = +0.88 V(ox) vs 
Ag-AgCl (Fig. 1). The X-band ESR spectrum of the 
monocation, as measured at - 160°C in CH2C11, 

5uA 

b 

6# 
I 

+i.o ' 0:O ' -i.o ’ 

volts vs Ag/AgCl 

Fig. 1. Cyclic voltammograms (recorded at v = 200 mV 
s- ’ using a Pt-bead electrode) for 0.1 M TBAH-CH,Cl, 
solutions of: (a) p-Re,Cl,(depe),, and (b) /?- 

[Re~C14(depe)~lPF~ 
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Table 1. Electrochemical properties and electronic absorption spectra 

Electronic absorption 
Half-wave potentials” spectrum* 

Complex E&ox 1) E&ox 2) 1 (nm) (s) Reference 

PReKl.+(depeL +0.08 +0.88 N 580sh, 492 (200), 438 (180) f 

cc-ReaBr,(depe)2 +0.02 +1.07 842 (130), 545 (150) I 

B-RezBr,(depe), +0.13 +0.89 505 (200), 442 (200) f 

a-RGMdppe42 +0.30 +1.05 825m, 613m, 445sh’ f 

8-Re&(dppe% +0.24 +1.13 = 640sh, 474 (300) J- 

a-Re ZBr ,(dppee) 2 +0.33 N +1.0d 842m, 618m, 465sh f 

B-Re dWh=) z +0.34 +1.15 N 650sh, N 575sh, 475m-s’ f 

c+Re,Cl,(dmpe), +0.21 + 1.10’ 874 (190), 563 (100) f 

~-~~2~Wppp)2 - 82Om-s, 642m, 568w, 432s’ 13 

B-RezCl,(dppe)z + 0.23 +1.04 625sh, 525 (335), 500sh 15, 16 

0 In V vs Ag-AgCl for 0.1 m TBAH-CH,Cl, solutions recorded at v = 200 mV s- ‘. In the case 
of the reversible couples, the AEp values (= E,,. - Ep,J are in the range 9&l 30 mV. 

‘Spectra recorded in CH,Cl, unless otherwise stated; E values are given in parentheses. 
‘E,, value. 
dApproximate value since for EpIo = + 1.08 V and Ep,= = +0.90 V, ip,. > ip,=. 

e Recorded as Nujol mull. Relative intensities of bands are signified by w = weak, m = medium 
and s = strong. 

f This work. 
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displayed a broad signal between 1000 and 4000 G 
which is centered at g = 2.1. In the presence of 
an excess of NOPF6, the second oxidation can be 
accessed to yield the dark purple air-sensitive dica- 
tion. This species was characterized by cyclic vol- 
tammetry in 0.1 M TBAH-CH2C12 solution; the 
processes at E,,2 = +0.08 V and Ellz = +0.88 V 
correspond to reductions. 

While B-RelCl,(depe)z did not react with 
CH,CN, its oxidized congener /?-[ReQ 

(depe)JPF, did so to give [Re2C13 
(depe),(NCMe)](PF,), when TIPFd was present. 
This behavior resembles that observed in the case 
of the formation of the dppe analogues 
[RezX3(dppe)z(NCMe)](PF,), (X = Cl or Br).i8 
The CV of the paramagnetic dication exhibits 
Ellz = +0.35 V(red) and Ep,= = + 1.55 V vs Ag- 
AgCl. In this depe-bridged system, the potentials 
are shifted by at least 1 V to more positive values 
compared to the dppe analogue. ‘* Thus, while the 
irreversible reduction at N - 1.5 V in the CV of 
[RezX3(dppe)2(NCMe)](PF,), is apparently shifted 
to a potential below the solvent limit in the CV of 
[Re&l,(depe),(NCMe)](PF,),, an additional oxi- 
dation is not accessible (at + 1.55 V). These differ- 
ences presumably reflect the greater o-donor ability 
of depe compared to dppe. The complex behaves as 
a 2 : 1 electrolyte in acetone (A, = 170 R- ’ cm* 
mol- ‘), in accord with its formulation as a dication. 
The paramagnetism of this species is evidenced by 

its ESR spectrum measured at - 160°C in CH2C12 
@ N 2.1). The electronic absorption spectrum of 
[Re2C13(depe)2(NCMe)](PF,)2 in CH2C12 has &,,, 
at 1275 nm (E = 150), 640 nm(sh), 486 nm (E = 700) 
and 424 nm (E = 900). 

The dication [Re,Cl,(depe),(NCMe)](PF,), 
could be reduced chemically to [Re2C13(depe)* 
(NCMe)]PF, by the use of LiBEt,H in THF 
solution. The electrochemistry of the resulting mon- 
ocation displays E1,2 = +0.35 V(ox), as well as 
Ep,n = + 1.55 V vs Ag-AgCl. The conductivity of a 
1 x lo- 3 M acetone solution is consistent with the 
formulation as a 1 : 1 salt (AM = 120 Q- ’ cm* 
mol-I). Its electronic absorption spectrum, rec- 
orded in CH2C12 solution exhibits 1,,, at 645 nm 
(E = 120), 506 nm (E = 200) and a shoulder at 400 
nm, while the IR spectrum (Nujol mull) possesses 
a weak v(CN) mode at 2269 err- ’ due to the coor- 
dinated MeCN ligand. Its 31P-{ ‘H} NMR 
spectrum, measured in (CD3)rCO solution, is simi- 
lar to that of [Re2X3(dppe),(NCMe)]PF,,’ 8 namely 
two apparent triplets at 6 -4.81 and -5.02 which 
are the components of an AA’BB’ pattern. 

Preparation and characterization of Re2X,(dppee)2 
(X = Cl or Br) 

The phosphine ligand dppee reacts with (~-Bu~N)~ 
Re2Cls in refluxing methanol-cone. HCl or etha- 
nol, and with Re2C16(P-n-Bu3)2 in refluxing ethanol, 
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to give the green isomer a-RezCl,(dppee)z in yields 
of ca 15%. Work-up of the yellow filtrate and 
washings from the reactions of (n-Bu4N)2Re2Cls 
with dppee gave truns-[ReCl,(dppee),]Cl - nHzO as 
an additional reaction product, while trans- 
ReCl,(dppee), is a by-product of the reaction of 
Re2C16(P-n-Bu3)2 with dppee. The green bromo 
analogue a-Re,Br,(dppee), was formed (yield ca 
20%) upon heating (n-Bu4N)2RezBr8 with an excess 
of dppee in methanol-cone. HBr (48%) for 2 days. 
Orange crystalline trans-[ReBr,(dppee)dBr was iso- 
lated from this reaction filtrate. Upon heating the 
dirhenium(I1) species Re2X4(PR& (X = Cl or Br, 
R = Et or n-Pr) with dppee in benzene, the brown 
/Gisomers of RezX,(dppee), precipitated and were 
isolated in yields of 35-50%. 

As shown in Table 1, the distinction between 
the a- and B-isomers is best seen in the differences 
between their electronic absorption spectra. The 
most prominent lowest-energy band is either at 
- 850 nm (cc-forms) or at - 500 mn (/?-forms), with 
weak lower-energy shoulders also apparent in some 
of the latter spectra. A further difference is apparent 
in the case of the low-frequency Nujol mull IR 
spectra of the chloride complexes in which a- 
Re,Cl,(dppee), has v(Re-Cl) modes at 314s, 282s 
and 260~ cm-‘, while for /?-Re,Cl,(dppee), the 
corresponding bands are at 333s, 320m and 304m 
cm- ‘. These data can be compared with that 
reported for a-Re$l,(dppp), [v(Re-Cl) at 307s, 
292sh and 270m cm- ‘]13 and fl-Re,Cl,(dppe), 

*Crystal data for fi-RezCl,(dppee)z at 22°C: mono- 
clinic space group F2,/n, a = 16.684(7), b = 12.869(7), 
c = 9.766(3) A; B = 106.69(3)“, V = 4706(7) A’, Z = 4, 
pcalr = 1.843 g cme3. A preliminary structure analysis 
was based upon 6458 reflections of which 5431 have 
F,’ > 5a(Fi). Like the crystal structures of other multiply 
bonded dimetal complexes, /I-Re,Cl,(dppee), exhibits a 
disorder in which there are two orientations of the M, 
unit within the polyhedron defined by the eight donor 
atoms. The Re-Re distance of 2.24(l) 8, (for the major 
orientation, 76%) is typical of that seen in other com- 
plexes that contain Re=Re bonds.9,‘2-‘4 The staggered 
rotational geometry about the Re-Re bond is similar to 
that in /I-Re,Cl,(dppe),. In the case of /l-Re,Cl,(dppee), 
the pairs of Cl-Re-R&l and P-Re-Re-P tor- 
sional angles average to approximately 62 and 59”, 
respectively, while for /I-Re$Zl,(dppe), the cor- 
responding values are 59.6 and 52.4”. I4 

t For example, the CVs of solutions of 
[Re,X,(dppee),(NCMe)](PF,), in 0.1 M TBAHCH$l, 
are as follows: X = Cl, E&red) = +0.58 V and 
Ep,e = - 1.67 V vs Ag-AgCl; X = Br, E,,,(red) = +0.67 
V and Ep,e N - 1.55 V vs Ag-AgCl. Solutions of these 
complexes in CH 3CN had A,+, N 230 R- ’ cm* mol- ’ for 
C, = 1.2 x 1O-4 M. 

[v(Re-Cl) at 333~s and 303m-s cm- ‘1. I5 These con- 
clusions are further substantiated by differences in 
the 3 ‘P-i ‘H} NMR spectra of the pairs of a- and 
B-Re,X,(dppee), compounds. For the a-isomers, a 
singlet is observed at 6 + 29.6 (CD&l2 solvent) for 
X = Cl, and at 6 +25.9 ((CD3)*S0 solvent) for 
X = Br ; these chemical shifts are characteristic of 
five-membered rings formed by chelating phos- 
phines. 5, ’ 9 On the other hand, the /?-isomers display 
singlets which are shifted upfield to 6 + 5.6 (CD&l2 
solvent) and 6 -0.2 (CD&l2 solvent) for X = Cl 
and Br, respectively. This shift is typical of the 
greater shielding associated with six-membered 
rings compared to their five-membered analogues. ’ 9 
The ‘H NMR spectra [recorded in CD&lz or 
(CD3&SO] showed the expected phenyl resonances 
along with an AA’XX’ pattern centered between 6 
+ 8.2 and + 8.8 for the olefinic protons of the dppee 
ligand. 

Although we were able to grow single crystals of 
/?-Re,Cl,(dppee), for an X-ray structure analysis, a 
satisfactory structure solution was thwarted by 
poor crystal quality. While we have not yet been 
able to obtain better crystals, the preliminary struc- 
ture analysis is sufficient to clearly define the major 
structural details of this molecule.* 

The reactivity of /?-Re*XXdppee), towards 
NOPF6 in CHCN resembled that found for b- 
Re,X,(depe), (vi& supru). Oxidation occurred to 
give #I-[Re,X,(dppee),]PF, which displayed the 
expected electrochemical properties (see Table l), 
with a one-electron oxidation at E1,2 N + 1.1 V and 
a one-electron reduction at El,* 1: +0.3 V vs Ag- 
AgCl. These complexes behaved as 1 : 1 electrolytes 
in CH3CN (AM - 125 Q- ’ cm2 mol- ’ for 
C, = 1.5 x 10m4 M) and had Nujol mull IR spec- 
tra with v(P-F) of PF; at cu 850 cm- ‘. Like 
their depe analogues, these salts react with aceto- 
nitrile in the presence of TlPF6 to give 
[Re,X,(dppee),(NCMe)](PF,), whose properties 
resemble closely those of [RezX3(depe)z 
(NCMe)](PF,), (de supru) and [Re2X3(dppe)2 

WJWl(PF&. ’ “7 
Cleavage of B-Re,X,(dppee), to give the mono- 

nuclear rhenium(IV) complexes cis-ReX,(dppee) 
occurred upon reaction with Ccl4 (X = Cl) or Brz 
(X = Br). These orange (X = Cl) or dark red 
(X = Br) colored complexes are almost certainly 
close structural analogues of cis-ReC14(dppe).20 In 
the case of cis-ReCl,(dppee), its low-frequency IR 
spectrum showed a pattern for the v(Re-Cl) modes 
at 345m, 326s and 305s cm-’ that is very charac- 
teristic of a cis-MC14L2 geometry [i.e. cis- 
ReCl,(dppe) has v(Re-Cl) at 346m, 331s and 305s 
cm- ‘1.” Like other complexes of type cis- 
ReCl,(LL), where LL = dppe, dppm or arphos,17 
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Abstract-The fast atom bombardment mass spectra of a series of ionic compounds of 
formula [(triphos)M(u’-E2X)]Y (triphos = 1 ,l,l-tris(diphenylphosphinomethyl)ethane ; 
M=Ni,E=X=P,Y=BF,orPF,;M=Co,E=P,X=SorSe;E=As,X=S,Seor 
Te ; Y = BF4) are reported. The cations contain a homo- or hetero-atomic trimembered 
inorganic ring trihupto bonded to a metal-triphos unit. Both in glycerol and thioglycerol 
the complexes exhibit a characteristic fragmentation which involves the stepwise loss of the 
three atoms of the inorganic ring and the ejection of organic radicals from the triphos 
ligand. Adduct ions with sulphur atoms or sulphur organic radicals are, furthermore, 
observed in thioglycerol. Such adducts infer interactions of the matrix with : (a) the atoms 
of the inorganic ring of the complex cations, and (b) the metal atom of the (triphos)M 
moiety. 

In recent years desorption mass spectrometric 
methods have been increasingly applied to the char- 
acterization of metal-containing compounds of low 
volatility. l-l6 Field desorption mass spectrometry 
usually shows only the molecular ion, but fast atom 
bombardment (FAB) mass spectrometry yields also 
fragment ions which supply significant information 
on the structures of the metal complexes. 1-‘3 
Recently the comparison of the solution chemistry 
of transition-metal compounds and their behaviour 
when dissolved in appropriate matrices under FAB 
has provided a powerful new tool for the study of 
solution dynamics and reactivity. ’ 7 

This paper reports the FAB mass spectra of 
the following cationic compounds : [(triphos) 

*Authors to whom correspondence should be addressed. 

Ni(tt3-P3)1BF4 (l), [(triPhos(Ni(?3-P3)1PF6 (21, 
[(triphos)Co(q3-P2S)]BF4 (3), [(triphos)Co(q3- 
P,Se)]BF, (4), [(triphos)Co(q3-As,S)]BF, (5), [(tri- 
phos)Co(q3-As$e)]BF, (6), and [(triphos)Co(n3- 
As,Te)]BF, (7). 

This isostructural and isoelectronic series of com- 
pounds contain a (triphos)M unit q3-bound to the 
homocyclic P3 ring (M = Ni) or to the heterocyclic 
triatomic E2X (E=P; X=S or Se: E=As; 
X,= S, Se or Te) ring (M = Co). The metal and 
the three unsubstituted main group atoms form a 
pseudotetrahedral core and the general structure of 
the cation of the compounds is shown in Fig. 1. 

EXPERIMENTAL 

Complexes 1, 2,” 3, 4 I9 5 ” 6 and 7” were 
prepared according to published procedures. The 

1491 



1492 G. CETINI et al. 

c 1 

\ 
E 

/ 
P 

Y+ P 
\E/x 

+ 

Y- 

Fig. 1. General structure of the complexes. 

compounds crystallize with a molecule of solvent 
(ethanol for 6 and benzene for the other complexes) 
which has been omitted for it is not relevant in the 
present study. 

The mass spectra were obtained on a Kratos MS 
80 mass spectrometer equipped with a FAB source. 
Primary argon atoms at an energy of 67 keV were 
generated in an Ion Tech Ltd gun. The samples 
were dissolved in a small amount of chloroform and 
one droplet of the solutions was mixed with the 
matrix (glycerol or thioglycerol) on the copper tip 
of the FAB probe. 

RESULTS AND DISCUSSION 

The FAB mass spectra of all compounds have 
been obtained using glycerol and thioglycerol as 
matrices. The abundances of the ions are rather low 
for the samples dissolved in glycerol and the overall 
ionic yield is significantly lower than in thioglycerol. 

FAB spectra with glycerol as matrix 

The cations [Cl’ display a characteristic frag- 
mentation pathway (Table 1) with stepwise loss of 

the three phosphorus atoms in compounds 1 and 2 
(E = X = P), or of the two pnicogen atoms fol- 
lowed by the chalcogen atom in all the other com- 
pounds. [(triphos)M]+ (M = Co or Ni) is the base 
peak in the spectra of all compounds ; it undergoes 
further breakdown with ejection of organic radicals. 
In the spectra of 1 and 2 these fragmentation pro- 
cesses give the ions at m/z 497, [(triphos)Ni- 
PPh,]+ ; m/z 442, [(triphos)Ni -CH3CCH2CH2 
PPh,]+ ; and m/z 420, [(triphos)Ni - Ph - PPh,]+ . 

Such ions exhibit the typical pattern due to the 
nickel isotopes. The cobalt complexes present the 
corresponding peaks at m/z 498, 443 and 421. No 
other ion containing metal are formed. 

A comparison of the spectra obtained from [(tri- 
phos)Ni(P3)]BF4 (1) and [(triphos)Ni(PJ]PFs (2) 
shows that the different anions (Table 1) do not 
affect appreciably the nature and the relative abun- 
dances of the positive ions. 

FAB spectra with thioglycerol as matrix 

The FAB mass spectra of complexes l-7 in thio- 
glycerol exhibit a higher number of abundant ions 
and are more complicated than those with glycerol 
as matrix ; such behaviour has to be ascribed to the 
interactions that occur between the samples and the 
matrix containing the thio group. 

Two remarkable features distinguish the spectra 
run in thioglycerol from those in glycerol: (a) 
the intact [Cl’ cation is the base peak (Table 2) for 
all the compounds at variance with glycerol where 
the most abundant ion is [(triphos)M]+, and (b) 
several hydrogenated peaks are observed whilst no 
protonated ion is detected in glycerol. 

Table 1. Relative abundances of the most significant ions in the FAB mass spectra of [(tri- 
phos)M($-E,X)lY complexes” with glycerol as matrix 

Ion 1 2 3 4 5 6 7 

[cl+ 
[C-E]+ 
[C-2E]+ 
[(triphos)M]+ 
[(triphos)M -Ph]+ 
[(triphos)M -PPh,]+ 
[(trlphos)M - CH$CH2CH2PPh2]+ 
[(triphos)M - Ph - PPhd+ 
[triphos - Ph]+ 
[triphos-PPh,J+ 

55 28 13 8 60 15 16 
11 5 20 10 65 21 12 
4 2 5 12 37 8 8 

100 100 100 100 100 100 100 
23 25 10 - - - - 
42 50 41 27 25 40 45 
- 95 87 85 90 96 
88 96 35 - 15 - 20 
- - 25 27 38 32 28 
- - 10 25 - 

a 1 [(triphos)Ni(q3-Ps)]BF4, = 2 [(triphos)Ni(q’-P,)]PF,, = 3 = [(triphos)Co(q3-PIS)]BF4, 
4 = [(triphos)Co(q3-P,Se)]BF,, 5 = [(triphos)Co($-As$)]BF.,, 6 = [(triphos)Co(q3-As$e)]BF.,, 
7 = [(triphos)Co(q3-As2Te)]BF4. 
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Table 2. Relative abundances of the most significant ions in the FAB mass spectra of [(tri- 
phos)M($-EzX)]Y complexes” with thioglycerol as matrix 
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Ion 1 2 3 4 5 6 I 

[C-E+2RS+H]+ 
[C-E+2RS]+ 
[C+H+RS]+ 
[C+RS]+ 
[C-E+RS+H]+ 
[C-E+RS]+ 
[C-2E+RS]+ 
[c+s+2I-q+ 
[C+S+H]+ 
[c+s]+ 
[C+H]+ 
[Cl’ 
[C-E+H]+ 
[C-E]+ 
[C-2E+H]+ 
[C-2E]+ 
[C-Ph+H]+ 
[(triphos)M +S + 2RS]+ 
[(triphos)M+2RS]+ 
[(triphos)M + RS]+ 
[(triphos)M + 2s + H]+ 
[(triphos)M +2S]+ 
[(triphos)M + S + H]+ 
[(triphos)M + S]+ 
[(triphos)M]+ 
[(triphos)M-CH,P]+ 
[(triphos)M -Ph]+ 
[(triphos)M -PPh]+ 
[(triphos)M-2Ph+H]+ 
[(triphos)M -2Ph]+ 
[(triphos)M - PPhd + 
[(triphos)M - Ph - PPhJ+ 
[(triphos)M-CH,CCH,CH,PPh,]+ 
[(triphos) - CH,Ph]+ 
[(triphos) -Ph]+ 
[(triphos)-PPhJ+ 

0.4 0.3 - 
- - 6 

2 1 11 
1 1 - 

- 0.5 12 
2 1 25 

- - 

1 2 - 
- - 3 

1 1 10 
- 55 

100 100 100 
8 5 16 
0.5 2 75 
5 3 36 
7 2 54 
5 4 - 

0.2 0.3 2 
2 2 1 

- 

14 11 80 
4 2 23 
3 3 4 
7 8 - 

10 4 - 
8 6 - 

- - - 

22 20 65 
- - 95 

7 1 40 
6 5 75 

18 7 21 

- 
- 
- 

11 
7 

20 
- 
- 

- 

35 
100 

14 
32 

8 
12 
- 

- 
- 

- 
- 
- 

35 

- 
- 
- 
- 
- 

13 
88 
42 
36 
23 

- 
- 

2 
1 

126 
- 
- 
- 

126 
- 

100 
- 

36 
1 

13 
- 

3 
126 
36’ 
3 

16 
- 
- 

15 
12 
7 

- 

3 
6 
9 

- 

75 
13 
17 

1 

- 

- 
- 
- 

8 
15 

- 
- 

100 
9 

31 
12 
40 

2 
4 

- 
- 

32 
77 
12 
65 
- 

6 
- 
- 
- 

21 
- 

95 

40 
65 

- 
- 
- 

1 
- 

6 
- 
- 
- 
- 
- 

100 
11 
34 

23 
- 
- 

20 
85 

- 

48 
53 
92 

5 

- 
- 

13 
28 
90 
37 
31 
19 

“1 = [(triphos)Ni(q3-Ps)]BF.,, 2 = [(triphos)Ni($-Ps)]PF6, 3 = [(triphos)Co($-P,S)]BF,, 
4 = [(triphos)Co(q’-P,Se)]BF,, 5 = [(triphos)Co(q’-As,S)]BF,, 6 = [(triphos)Co(n3-AszSe)]BF,,, 
7 = [(triphos)Co(q3-As,Te)]BF,. 

‘[C+S]+, [C-As+RS]+ and [(triphos)Co+2RS]+ show the same nominal mass at m/z 897. 
’ [C-As]+ and [(triphos)Co + RS]+ show the same nominal mass at m/z 790. 

The spectra of the nickel compounds 1 and 2 
(Table 2) which have different counterions (BF; for 
1 and PF; for 2, respectively) are practically ident- 
ical, showing that the nature of the anion does not 
affect the fragmentation of the compounds when 
they are dissolved in thioglycerol. The metal-retain- 
ing ions have been identified through the typical 
isotopic pattern for the two nickel derivatives. The 
composition of the fragments which contain cobalt 
has been assigned by their mass and by comparison 

to the corresponding species of the nickel com- 
pounds 1 and 2. 

The several ions found in the FAB spectra of 
compounds l-7 may be divided into three distinct 
groups. The largest one consists of ions which do 
not contain sulphur atoms or RS (RS is the 
CH20HCHOHCH2S’ radical that originates from 
thioglycerol). Such ions show a mass that ranges 
between [C +H]+ and [triphos-PPhJ+ and are 
present also in the spectra in glycerol (except the 
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hydrogenated ones). This indicates that a portion 
of the cations undergo in thioglycerol the same frag- 
mentation pathway as in glycerol. 

The second group of ions consists of species, in 
which one S or RS group is linked to the intact 
cation, namely [C+H+RS]+, [C+RS]+, 
[C+S+2H]+,[C+S+H]+and[C+S]+,ortofrag- 
ments originating by loss of one or two pnicogen 
atoms. The peaks due to these ions, which are not 
very strong and ‘whose intensity changes for the 
different compounds 1-7, show an interaction 
between the complex cation and the matrix. The 
[C+S]+ and the protonated [C+H+ S]+ species 
suggest that also in the ions formed from [Cl’ and 
the RS radical the interaction between the cation 
and the matrix occurs through the sulphur atom. It 
is likely that the sulphur atom and the sulphur- 
containing radicals bind the inorganic triatomic 
unit of the complex cations. The metal ions of com- 
pounds l-7 are actually in a six-coordinate environ- 
ment (Fig. 1) and hence coordinatively saturated ; 
the spectral data furthermore do not contain frag- 
ments which originate from thiophilic attack on the 
triphos ligand. Taking into account that the major 
decomposition pathway of the cations in glycerol 
goes through the stepwise loss of pnicogen atoms, 
the heavier ions, [C-E+2RS+H]+, [C-E+ 
2RS]+, [C-E+RS+H]+, [C-E+RS]+ and 
[C - 2E + RS]- (Table 2), likely originate from the 
substitution of a pnicogen atom from the cyclic 
E2X unit of the intact cation with sulphur-con- 
taining species. 

The remaining sulphur- or thioradical-containing 
ions, namely [(triphos)M + S +2RS]+, [(triphos) 
M+2RS]+, [(triphos)M + RS]+, [(triphos)M + 
2S+H]+, [(triphos)M + 2S]+, [(triphos)M + S + 

HI+ and [(triphos)M+S]+ have lost the cyclic 
triatomic ring P3 or E2X. Their presence pro- 
vides evidence for the ability of the metal-ligand 
system to interact with thio species of the matrix. 
This is supported by the following points : the [(tri- 
phos)M]+ species is the base peak in glycerol, which 
does not yield any interaction with metal-con- 
taining fragments ; the hemioctahedral (triphos)M 
moiety provides a fragment which has orbitals 
whose energy and symmetry are well suited to sta- 
bilize a wide class of complexes with unsubstituted 
or substituted sulphur atoms. 22 

All the reactions of these complex ions in thi- 
oglycerol (yielding ions which contain RS radicals 
or other sulphur species) appear to take place at 
high rate under the fast argon atom beam. The ionic 
abundances, in fact, do not change noticeably in 
spectra run at different times after the beginning of 
the atom bombardment. 

The FAB mass spectra of the cations [(tri- 

phos)M(q3-E*X)]‘, which contain the new triatomic 
unitsE,X(E=X=P;M=Ni;E=As;X=S, 
SeorTe:E = P;X = SorSe;M = Co),inglycerol 
and thioglycerol provide interesting information on 
the behavior of the pseudo-tetrahedral ME2X core 
which undergoes a demolition by a stepwise loss of 
the pnicogen and chalcogen atoms. 

By comparing the spectra of the cations in gly- 
cerol and thioglycerol it appears that in the latter 
matrix two different kinds of interactions occur at 
the cations and the related fragments. The sulphur 
atom and the thio groups from thioglycerol are 
suggested to bind to: (a) the inorganic units of 
the intact complex cations, and (b) the (triphos)M 
fragment. It has been recently found that the (tri- 
phos)M (M = Co or Ni) moieties in the presence of 
the appropriate sulphur species yield a wide group 
of monomeric and oligomeric complexes in which 
they are bound to unsubstituted or substituted sul- 
phur atoms.22 Such behaviour shows a parallelism 
between the reactivity of (triphos)M both in sol- 
ution and under FAB. 

According to such considerations the presence in 
the FAB spectra of the ions that originate from 
the cations and the sulphur-containing species may 
suggest a reactivity in solution of the intact cations 
with sulphur-containing species provided that the 
appropriate reagents and conditions are employed. 
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Abstract-Using ESR the exchange of ligands was studied between mononitrosyl chelate 
complexes of iron and chelate complexes of nickel with the following ligands: dithi- 
ocarbamate (dtc), dithiophosphate (dtp), dithiocarbonate (xant), 8-quinolinethiolate, 8- 
hydroxyquinoline, acetylacetonate and o-hydroxy-benzylideneaniline. For some mixed- 
ligand complexes the exchange of the covalency of the metal-ligand bond was evaluated. 
The interaction of the mononitrosyl complexes with Lewis acids (I2 and Br,) and bases 
(pyridine, DMFA and DMSO) was studied in the cases of Fe(NO)(dtc)2, Fe(NO)(dtp)2 and 
Fe(NO)(xant)2. In both of the latter cases the interactions with Lewis acids and bases 
led to the formation of paramagnetic dinitrosyl complexes, while with Fe(NO)(dtc), 
hexacoordinated mononitrosyl complexes were formed. A reaction pathway is suggested 
and discussed for the formation of the dinitrosyl complexes and their composition. 

In our previous studies’ it was shown that the inter- 
action of the tris-chelates of Fe(II1) with NO and 
NO2 is connected with the splitting of one chelate 
ligand and the formation of iron nitrosyl complexes. 
The continuous treatment with NO2 leads to com- 
plete destruction of the nitrosyl complexes. 

Although there exists a considerable interest in 
the mononitrosyl chelate complexes, we have not 
found data in the literature concerning the possi- 
bility of exchange of ligands in the non-charged 
mononitrosyl chelate complexes and the formation 
of thermodynamically stable complexes with mixed 
ligands. Some aspects of the interaction were stud- 
ied2T3 for iron mononitrosyl dithiocarbamate com- 
plexes with Lewis acids (X), where hexacoordinated 
complexes are obtained of type Fe(N0) *X ~(dtc)~ 
(dtc = dithiocarbamate) therefore changes occur 
only in the coordination polyhedron, but the chelate 
encirclement is not changed. 

The purpose of the present investigations was to 
study the changes in the ligands in iron mono- 
nitrosyl chelate complexes with other chelate ligands. 
The changes taking place in the first coordination 
sphere during the interactions with some mono- 

* Author to whom correspondence should be addressed. 

dentate organic Lewis bases and acids were also 
studied. 

The investigations were carried out with the fol- 
lowing mononitrosyl complexes of iron : 
Fe(NO)(R2dtp)2, Fe(NO)(Et*dtc),, Fe(NO)(Et- 
xant)2, Fe(NO)(tox), (R2dtp = dialkyldithio- 
phosphato, Et,dtc = diethyldithiocarbamato). 
The basic method of our investigations was 
ESR spectroscopy. 

EXPERIMENTAL 

The sodium salt of O,O-diisopropyldithio- 
phosphoric acid was synthesized according to 
methods described in the literature.4 The same ap- 
plies to o-hydroxy-benzylideneaniline (SchB). ’ The 
rest of the ligands used, Me2dtp * NH4, Et2dtc - Na, 
tox . HCl and OX * H2SO4 (8-hydroxyquinoline- 
sulphate) (Fluka), and Et-xant * K (Merck) were 
used after filtration of their water solutions. 

The mononitrosyl complexes Fe(NO)L, were 
obtained according to Ref. 6, from the respective 
ligands, FeS04 and NaN02, with argon bubbled 
through the solution. The complexes Fe(NO)(Et- 
xant)2 and Ni(SchB)2 were obtained by extraction 
of the aqueous solutions of the respective ligands, 
and NiC12 with CHC13. After that they were recry- 
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stallized from CHC13 or a CHCl,-toluene mixture gll = 2.026,g1 = 2.043; NA,, = 15.7 G; NAI = 12.5 
in a 1 : 1 ratio. Ni(acac)z was from Fluka. G, ‘A = 7.3 G. 

Fe * I * (NO), . HZ0 was synthesized accprding to 
Ref. 7 with the use of NO gas (Merck-Schuhardt). 

The ESR spectra were measured on a Brucker 
ER 200D-SRC spectrometer in the X-band. The g 
factors are determined using diphenylpicryl- 
hydrazyl as a reference. 

RESULTS 

Exchange of ligands in nitrosyl complexes of iron 

Because the mononitrosyl complexes studied 
gave too similar ESR parameters the exchange of 
ligands was carried out as follows : (1) between iron 
mononitrosyl complexes with ligands of one type 
and diamagnetic chelate complexes of nickel with 
ligands of the other type (see Table 1) ; and (2) an 
exchange at lower temperature (240 K), where the 
observed bands were considerably narrower. The 
ESR spectra were registered for 5 min, and after 
the initial mixing of the starting solutions no change 
was detected in the ESR parameters and the inten- 
sity of the spectra for 2 h. 

In both of the other cases under the same exper- 
imental conditions and ratio of reagents as for the 
initial Fe(NO)(Et-xant)z or Fe(NO)(tox),, the par- 
ameters of the newly formed Fe(NO)(i-prdtp)(Et- 
xant) or Fe(NO)(i-prdtp)(tox) were observed [see 
Fig. l(c) and (d)]. In frozen solutions (mixture of 
toluene-chloroform) and a Fe(NO)L,/Ni(i-prdtp)z 
ratio of 1: 1 in all three cases the presence of Fe(NO)(i- 
prdtp)* was detected. In solution (298 and 240 K) 
the ESR spectrum of Fe(NO)(dtp)z was not 
observed, most probably because the bands are very 
much expanded. ’ 

When solutions in chloroform of Fe(NO)(tox), 
with Ni(Et-xant)z or Ni(Et,dtc), were mixed (molar 
ratio of the initial complexes 1 : 2) the ESR spectra 
(see Fig. 2) of the initial Fe(NO)(tox), were 
detected, formed as a result of the exchange between 
Fe(NO)(tox)(Et-xant) and Fe(NO)(Et-xant)* or 
Fe(NO)(tox)(Etzdtc) and Fe(NO)(Et,dtc) mono- 
nitrosyl complexes (see Table 1). 

When solutions of Fe(NO)(Et,dtc),, Fe(NO)(Et- 
xant), and Fe(NO)(tox), in chloroform were mixed 
with Ni(i-prdtp), and the concentration of the latter 
increased, the ESR spectra of the initial nitrosyl 
complexes decreased in intensity, and the spectra of 
new complexes were obtained (Fig. 1). Only in the 
case when Fe(NO)(Et*dtc)* interacted with Ni(i- 
prdtp), (in 1 : 1 molar ratio of the starting com- 
plexes) was formation of Fe(NO)(i-prdtp)(Et,dtc) 
observed as proved by the ESR spectra [Fig. 
l(a) and (b)]. The ESR parameters of Fe(N0) 
(i-prdtp)(Et,dtc) in frozen chloroform-toluene 
solution (volume ratio 1 : 3) were as follows: 

During the interaction of Fe(NO)(Etzdtc)z with 
Ni(Et-xant)* in chloroform (molar ratio of the 
complexes from 1: 1 to 1: 4) the ESR spectra 
showed only the formation of Fe(NO)(Et-xant)*. 

When solutions in chloroform-toluene (volume 
ratio 1 : 3) of Fe(NO)(Et*dtc)*, Fe(NO)(Et-xant)z 
or Fe(NO)(tox), with Ni(ox),, Ni(SchB)z or 
Ni(acac)* (at molar ratio from 1 : 2 to 4 : 1) were 
mixed at 298, 240 and 140 K only a decrease in the 
intensity of the ESR spectra of the initial nitrosyl 
complexes was observed. 

Interaction of Fe(NO)(Et,dtc),, Fe(NO)(Et-xant), 
and Fe(NO)(Me,dtp), with Lewis bases and acids 

When Fe(NO)(Et,dtc)* was dissolved in 
pyridine, dimethylformamide (DMFA) or dime- 

Table 1. ESR parameters of Fe(N0) - L, and Fe(N0) - L’ - L” complexes 
in chloroform at 240 K 

NA, PA, C,’ 
9 0 (G) 3’P 

Fe(NO)(i-prdtp), 
Fe(NO)(Etzdtc)z 
Fe(NO)(Et-xant), 

Fe(NO)(tox) 2 
Fe(NO)(i-rdtp)(Et,dtc) 
Fe(NO)(i-prdtp)(Et-xant) 
Fe(NO)(i-prdtp)(tox) 
Fe(NO(tox)(Et-xant) 
Fe(NO)(tox)(Etldtc) 

2.045“ 12.9” 8.3” 0.0022 
2.038 13.0 - 
2.041 11.9 - 
2.035 13.1 - 
2.040 12.9 7.3 0.0020 
2.041 12.0 7.0 0.0019 
2.041 13.0 6.3 0.0017 
2.037 12.3 - 
2.036 13.0 - 

a g = (g,, + 2g,)/3, NA, = (NA,I + 2NA,)/3, and ‘A, = (PAII +2’A,)/3. 
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Fig. 1. ESR spectra of mixed-ligand complexes : (a) Fe(NO)(i-prdtp)(Etzdtc) (240 K in chloroform) ; 
(b) Fe(NO)(i-prdtp)(Et,dtc) (140 K in toluene-chloroform) ; (c) (1) Fe(NO)(i-prdtp)(Et-xant) and, 
(2) Fe(NO)(Et-xa& (240 K in chloroform) ; and (d) (1) Fe(NO)(i-prdtp)(tox), and (2) Fe(NO)(tox), 

(240 K in chloroform). 
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thylsuphoxide (DMSO) at ambient temperature, 
the characteristic triplet ESR spectrum of the 
mononitrosyl complex was preserved. Only a slight 
change in the ESR parameters was observed, com- 
pared with those in chloroform (Table 2). 

The addition at ambient temperature of pyridine, 
DMFA or DMSO (l--IO% by volume) to the sol- 
utions in chloroform-toluene of Fe(NO)(Mezdtp), 
or Fe(NO)(Et-xant), led to a decrease in intensity 
and to the complete disappearance of the ESR spec- 
tra of the mononitrosyl complexes after a period of 
10-15 min. The ESR spectra were not observed in 
frozen solutions (2’ = 140 K). The addition of the 
same amounts of the bases to the solutions of both 
complexes in i-amyl alcohol showed that the 
decrease in intensity of the ESR spectra of the 
mono&rosy1 complexes is accompanied by the 
observation of dinitrosyl complexes-Fe(NO)z 
(Me,dtp) or Fe(NO),(Et-xant) (Fig. 3). The solu- 
tions of Fe(NO)(Me,dtp), and Fe(NO)(Et-xant)2 
in i-amyl alcohol gave ESR spectra characteristic 
only of the mononitrosyl complexes. The addition 
of Ni(Et,dtc)z to the Fe(NO),(Me2dtp) or Fe 
(NO)*(Et-xant) obtained (even in the cases when 

Fig. 2. ESR spectra in chloroform at 240 K of: (a) Fe 
(NO)(tox),, (b) Fe(NO)(tox)(Et-xant), (c) Fe(NO)(Et- 
xan%, (d) Fe(NO)(tox),, (e 1) FeCNO)(tox)(Et &c), 

and (eJ Fe(NO)(Et,dt+ 

pure pyridine and DMFA were used as solvents) 
led to the formation of Fe(NO)(Etzdtc)z which was 
identified by its ESR spectrum (Fig. 3). The addition 
of Ni(Et-xant)z under the same conditions, to the 
Fe(NO),(Et-xant) did not cause destruction of the 
dinitrosyl complexes, but only a weak broadening 
of the lines is observed for the hyperfine splitting 
from 14N. 

When Fe(NO)(Et-xant), was dissolved in nitro- 
benzene, a solvent where no coordination is 
observed, but which has a dielectric constant 
(E = 34.8) close to that of DMFA (E = 36.7), the 
ESR spectrum showed that the structure of the 
mononitrosyl complex was preserved. 

The addition of I2 or Brz to the solution of 
Fe(NO)(Et*dtc)* in ethanol (molar ratio 3 : 1) led 
to a complete disappearance of its spectrum after 
several minutes. Under the same conditions for 
Fe(NO)(Me,dtp)* or Fe(NO)(Et-xant), together 

As..-. 
0 

h b 

Fig. 3. Typical ESR spectra of the interaction of 
Fe(N0) * L2 with bases (T = 298 K) : (a) Fe(NO),(Et- 
xant) [obtained during dissolution of Fe(NO)(Et-xant), 
in i-amyl alcohol : pyridine (3 : l)], (b) Fe(NO)(Et-xant), 
in i-amyl alcohol, and (c) Fe(NO)(Et,dt& [obtained by 

adding (a) to Ni(Et,dtc)J. 
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Table 2. ESR parameters of complexes obtained during the interaction of Fe(N0) * L2 with 
Lewis bases (T = 298 K) 

Fe(N0) - L, 
Solvent, Observed 
base (B) complex 

NA0 
9 (G) 

Fe(NO)(Et,dtc), DMFA Fe(NO(Et,dtc), - B 2.040 12.6 
Pyridine Fe(NO)(Et,dtc), - B 2.040 12.6 

Fe(NO)(Et-xant), i-Amy1 alcohol Fe(NO)(Et-xant), 2.044 11.6 
DMFA Fe(NO), - Et-xant 2.030 2.1 
Pyridine Fe(NO), - Et-xant 2.031 2.1 

Fe(NO)(Me sdtp) 2 i-Amy1 alcohol Fe(NO)(Mezdtp)z 
(I LI 

DMFA Fe(NO),-Me*dtp 2.033 2.1 
Pyridine Fe(NO), - Me,dtp 2.032 2.1 

n At 298 K ESR spectrum is not observed. 

with the disappearance of the ESR spectra new sig- 
nals attributed to new complexes were observed 
(Fig. 4). An ESR spectrum with the same para- 
meters was obtained when thiocarbamide was 
added to Fe * I * (NO), * Hz0 (Table 3). 

DISCUSSION 

Exchange of ligands in the mononitrosyl complexes 
of iron 

In all the cases studied by us, it was found that 
complete ligand exchange proceeded between the 
respective Fe(N0) * L; and NiL’& This fact was con- 
firmed by the observation of ESR spectra of 
mononitrosyl complexes with composition 
Fe(NO)L’& The decrease in the intensity of the ESR 

1 I I I I 

Fig. 4. Typical ESR spectra obtained during the inter- 
action of Fe(N0) - Lz with Lewis acids in ethanol at 298 
K : (a) Fe(NO)(Et-xant),, (b) Fe(NO)2* Br * L, and (c) 

Fe(NO), - I - L. L is coordinated Et-xant. 

spectra of Fe(NO)(Et,dtc),, Fe(NO)(Et-xant)2 and 
Fe(NO)(tox), during the interaction with Ni(ox)2, 
Ni(SchB)* and Ni(acac)2 can also be considered as 
a result of the exchange of ligands between these 
complexes and the formation of the respective nitro- 
syl species, for some of which it was supposed’ that 
they are high-spin complexes. 

The ESR spectra obtained during the interaction 
of Ni(i-prdtp), with Fe(NO)(Et2dtc)2, Fe(NO)(Et- 
xant)2, and Fe(NO)(tox)2, and of the latter with 
Ni(Etzdtc)z and Ni(Et-xant),, have different par- 
ameters from those of the complexes studied of 
type Fe(N0) - L2. This fact can be attributed to the 
formation of mixed-ligand mononitrosyl complexes 
of the following type-Fe(N0) * L’ * L”. A syn- 
onymous proof for the formation of mixed-ligand 
complexes with composition Fe(NO)(i-prdtp) 
(Et2dtc), Fe(NO)(i-prdtp)(Et-xant) and Fe(N0) 
(i-prdtp)(tox) was the superhypertke structure 
observed in all three cases due to the interaction 
of the unpaired electron with one phosphorus 
nucleus. 

An additional indication of the formation of 
mixed-ligand complexes was the fact that their ESR 
parameters satisfy the following inequalities : 

9 
Fe(N0). L; < Fe(NO).L’.L” < gWO). LI and 

AF0W.G < A&N”.L..L. < AF@o)‘LI (Table 1). 

A similar dependence was observed for the ESR 
parameters of the mixed-ligand chelate complexes 
of copper. 9, ’ O 

For the complexes Fe(NO)(tox)21T8 and for its 
mixed-ligand complexes obtained during the inter- 
action of Ni(Et-xant)2 and Ni(Et,dtc), the super- 
hyperfine structure from the 14N nuclei of the 
thiooxine ligands was not observed. However, the 
fact that the ESR parameters of the complexes 
obtained fulfil the condition above, i.e. that they 
are approximately average values of the respective 
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Table 3. ESR parameters of complexes obtained during the inter- 
action of Fe(N0) - Lz with Lewis acids (T = 298 K, sol- 

vent = ethanol) 

Complex Lewis acid 
XA,b 

9 (G) 

Fe(NO),*I;” 
Fe(N0)2*I*H,0’ 
Fe(NO)(Et-xant), 

Fe(NO)(Mezdtp)z 
Fe(N0)2*Br;” 
Fe(NO), - Br - H20” 
Fe(NO)(Et-xant), 

Fe(NO)(Me,dtp), 
Fe(NO)*.I - H,O 

I* 
I, 

Br, 
Br, 

Thiocarbamide 

2.070 20.2 
2.055 20.2 
2.055 16.8 
2.055 16.8 
2.045 19.5 
2.039 19.5 
2.043 16.7 
2.043 16.7 
2.055 16.8 

u Reference 7. 
bX = Br or I. 

initial nitrosyl complexes (Table l), gives us reason mononitrosyl complexes can be proposed : 
to assign them to mixed-ligand complexes having 
the following compositions : Fe(NO)(tox)(Et,dtc) Fe(N0) . L; +Ni * G ’ VWW * Gl* 
and Fe(NO)(tox)(Et-xant). Fe(NO)-L2...No*L’;,e 

Fe(NO)*L’*L”+Ni*L’*L”~ 
Most probably, the exchange of ligands between 

Fe(NO)(Et,dtc), and Ni(Et-xant)2 proceeds also 
through the formation of mixed-ligand complexes 
but, because of the too similar ESR parameters of 
Fe(NO)(Et,dtc), and Fe(NO)(Et-xant)2, the latter 
were not resolved. Mixed-ligand complexes are 
formed probably during the exchange of ligands 
between Fe(NO)(Et2dtc)2, Fe(NO)(Et-xant)2 and 
Fe(NO)(tox)* with Ni(Ox),, Ni(SchB)* and 
Ni(acac),. The absence of ESR spectra of mixed- 
ligand complexes can arise as a result of the low 
equilibrium concentration and/or because they are 
high-spin complexes. 

Fe(N0) * L’; + Ni - L;. 

In our previous study, ’ on the basis of the analy- 
sis of “Fe A, it was found that the covalency of the 
Fe-L bonds changes in the following order : 

Fe(NO)(dtp), < Fe(NO)(xant), 

< Fe(NO)(dtc), < Fe(NO)(tox)2. 

The formation of mixed-ligand complexes is not 
thermodynamically favoured in all of the cases we 
have studied. For example, for a Fe(N0) * L;/Ni * 
L’; ratio of 1 : 1 only Fe(NO)(i-prdtp)(Et2dtc) 
was obtained. In the other cases that we have stud- 
ied the ratio of the complexes and the equilibrium 
process of exchange of ligands is drawn in different 
extent towards the initial complexes. In our pre- 
vious papers’*” a 100% yield of mixed-ligand com- 
plexes during the interaction of Cu(R,dtc)2 with 
Cu(R,dtp), was observed. 

However, in the cases of the mixed-ligand com- 
plexes of Fe(N0) - L - (dtp) just the opposite order 
of covalency change of the dithiophosphate bonds 
depending on L was observed : 

tox < Et-xant < Et,dtc c i-prdtp. 

Qualitatively, the same results are obtained when 
the exchange of ligands is studied between the 
respective mononitrosyl chelate complexes of iron. 

Taking into account the low polarity of the sol- 
vents, favouring the exchange of ligands according 
to an association mechanism,9 the following most 
probable scheme for the exchange of ligands in 

The latter is determined by the spin density on the 
3s orbital of 31P (Table 1). Therefore, the covalency 
of the bonds of the ligands giving more covalent 
bonds in Fe(N0) - L2 gets stronger in mixed-ligand 
complexes and, on the contrary, with the less coval- 
ent bonds it gets weaker. The results obtained are 
in agreement with the theoretical treatment of the 
question concerning the formation of mixed-ligand 
complexes of this kind. ’ ’ 

In all the other cases that we have studied, the 
changes in go and NA values were similar within 
experimental error, and conclusions such as those 
above can not be drawn. 
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Interaction of mononitrosyl complexes of iron with 
Lewis acids and bases 

The disappearance of the ESR spectra of Fe 
(NO)(Me*dtp)* and Fe(NO)(Et-xant),(in chloro- 
form-toluene mixture) when small amounts of pyri- 
dine, DMFA or DMSO are added is a result of the 
low solubility of the dinitrosyl chelate complexes 
of iron in non-polar solvents. The absence of a 
dinitrosyl complex when pyridine or DMFA is 
added to Fe(NO)(Et,dtc), can be explained by its 
greater stability. This is confirmed by the results 
of the interaction of Fe(NO)z(Ex-xant) or Fe 
(NO),(Me,dtp) (obtained in the presence of bases) 
with Ni(Et,dtc), where the formation of Fe 
(NO)(Etzdtc)z was found. At the same time the 
addition of Ni(Ex-xant)* did not lead to the destruc- 
tion of the Fe(NO)z(Et-xant) complex. It should be 
noted that a dinitrosyldithiocarbamate complex of 
iron has not been described in the literature. 3 

Although DMFA and nitrobenzene have 
approximately equal permeativity values (35), the 
dinitrosyl complex is obtained only in the presence 
of DMFA which expresses weak coordination 
properties as a Lewis base. Taking into account this 
fact, one can draw the conclusion that the coor- 
dination properties of the solvents influence this 
process. One can suggest that the coordination of 
pyridine, DMFA or DMSO to Fe(NO)(Et-xant), 
and Fe(NO)(Mezdtp)z helps the opening of the che- 
late ring, leading to redistribution of the nitrosyl 
groups and ligands among the molecules, when 
Fe(NO), * L, FeL, - 2B and disulphide are obtained 
from the ligands. The following reasons confirm the 
possibility of the formation of dinitrosyl complexes 
in such a way : 

(1) It has been shown l2 that the interaction of 
Fe(III)(xant)3 and Fe(III)(dtp), (dithiophosphinato 
complex) with pyridine leads to splitting of chelate 
ligands from the complex, when Fe(II)(chel), - 2Py 
and disulphide are obtained from the ligands. 

(2) It was shown that an exchange proceeds in 
solution between Fe’ '(NO)(dtc), and 14N0. 3 

It is known that when the Fe(NO)(dtc), complex 
interacts with I2 and Br, hexacoordinated dia- 
magnetic nitrosyl complexes [c&I * Fe(NO)(dtc) 2 
and cis-Br - Fe(NO)dtcd are formed. 2,3 However, 
during the interaction of Fe(NO)(Et-xant), and 
Fe(NO)(Me2dtp)2 with I2 and Br2 we found the 
formation of paramagnetic species giving the super- 

hyperfine structure of one iodine or bromine 
nucleus. The ESR spectra show similar parameters 
to those described in our experiments and given in7 
for the following species : Fe(NO)* . X; and 
Fe(NO), * X * H 2O (X = I or Br) (Table 3). The con- 
stants of superhyperfine interaction obtained by us 
have lower values than those given in the literature 
(Table 3). The reason for this can be the difference 
of the ligands from the first coordination sphere 
of the metallic ion. The observation of an ESR 
spectrum with the same parameters during the inter- 
action of Fe(N0) * I * Hz0 with thiocarbamate sug- 
gests that the complexes obtained have the structure 
described, but in their first coordinate sphere a mon- 
odendate-bonded sulphur-containing ligand can be 
found. Therefore, the interaction of Fe(NO)(Et- 
xant), and Fe(NO)(Me,dtp), with Iz and Br, leads 
to full destruction of the chelate encirclement of the 
initial mononitrosyl complexes, and then dinitrosyl 
complexes are obtained. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 
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Abstract-The pentacoordinate rhodium nitrosyl complexes [RhBr,(NO)L j [L = 
P(OPh),Ph, P(OMe)Ph2 or P(OPr’)Phd have been synthesized and the structures of [RhBr, 
(NO)(P(OMe)Ph,}7_ and [RhBr,(NO){P(OPr’)Ph,),] have been determined X-ray crys- 
tallographically. Both of these latter compounds are tetragonal pyramidal with the nitrosyl 
group apical. The methoxydiphenylphosphine ligands in [RhBr,(NO){P(OMe)Ph,} 2] are 
c&disposed whereas the larger cis-propoxydiphenylphosphine ligands in [RhBr,(NO) 
{P(OPI)Ph,) 2] are mutually trans. The nitrosyl group in frans-[RhBr,(NO)(P(OPI)Ph,) 2] 
eclipses an Rh-P axis but in cis-[RhBr2(NO){P(OMe)Ph2)z] it is staggered with respect to 
the P-Rh-P linkage. The isomeric behaviour of nitrosyl complexes of type [RhX,(NO)LJ 
(X = halogen, L = phosphorus donor ligand) is rationalized in terms of the size of the 
ligand L. 

It has been established that the pentacoordinate 
nitrosyl complexes wCl,(NO)(PPh,)J (M = Rh or 
Ir) adopt tetragonal pyramidal geometries with 
the nitrosyl group in the apical position and the 
triphenylphosphine ligands trans-disposed with 
respect to each other. ‘,’ The nitrosyl bends rather 
unexpectedly in the more sterically crowded P-M- 

*Present address: Inorganic Chemistry Laboratory, 
South Parks Road, Oxford OX1 3QR, U.K. Author to 
whom correspondence should be addressed. 

P plane. We subsequently synthesized the rhodium 
triphenylphosphite nitrosyl complex [RhBr,(NO) 
(P(OPh),},] and established that this compound 
assumes a related structure but with the tri- 
phenylphosphite ligands mutually cis. 3 The nitrosyl 
group again bends towards the phosphorus ligands 
but is staggered in relation to the P-Rh-P linkage. 
Hoffman et aZ.,4 by considering the relative energies 
of the metal orbitals and those on the nitrosyl group 
for pentaccordinate nitrosyl complexes, have pos- 
tulated a set of rules dictating the conditions under 
which the NO ligand will bend in these complexes 

1503 



1504 R. B. ENGLISH et nl. 

and, if it does, in which direction it will do so. In 
particular the bending of the NO group along the 
P-M-P axis in [MCl,(NO)(PPh,)d (M = Rh or Ir) 
was rationalized but at the time of publication com- 
pounds of type cis-[MX,(NO)LJ (M = Rh or Ir, 
X = halogen, L = phosphorus donor ligand) were 
not known, and as a consequence reference was not 
made to them. 

With the object of elucidating the factors govern- 
ing the isomeric behaviour of compounds of type 
[MX,(NO)LJ, we have synthesized a number of 
complexes of formula [RhBr,(NO)LZ] where L has 
been systematically varied. This paper describes the 
synthesis and molecular structures of two closely 
related complexes, [RhBr,(NO)(P(OMe)Ph,}2] (1) 
and [RhBr,(NO){P(OP~)Ph,},] (2), as well as the 
investigation of the synthesis of [RhBr,(NO) 
{P(OPh),Ph} 4 (3) and [RhBrZ(NO){P(OPh)Ph&l 
(4) containing phosphorus ligands intermediate 
between PPh3 and P(OPh)3. 

EXPERIMENTAL 

Complexes l-3 were synthesized by treatment of 
[{Rh(NO)Br,}$ with the appropriate phosphorus 
ligand following the procedure described in the 
literature.6 Compound 1 crystallized as air-sensi- 
tive, olive-green platelets [v(N-O) 1680 cm- ‘, in 
Nujol] from methanol at - 15°C : yield ca 65%. 
(Found: C, 43.4; H, 3.7; N, 1.9. CZ6HZ6Br2N03 
PzRh requires C, 43.1; H, 3.6 ; N, 1.9.) 2 was 
obtained as dark red, air-stable chunky crystals 
[v(N-0) 1620 err- ‘, in Nujol] from acetone-etha- 
nol at - 15°C : yield ca 30% (the reason for this 
low yield has been discussed”). (Found : C, 46.0 ; H, 
4.3 ; N, 1.9. C30H34Br2N03PZRh requires C, 46.1; 
H, 4.4; N, 1.8.) Compound 3 was crystallized as 
air-sensitive, green microcrystals [v(N-O) 1740 
cm- ‘, in Nujol] from dichloromethane-methanol 
at 0°C : yield ca 65%. (Found : C, 50.3 ; H, 3.8 ; N, 
1.3. C6H3,,BrZN05P2Rh requires C, 49.1 ; H, 3.4; 
N, 1.6.) Compounds 1 and 3 decomposed after a 
few days to oils which were nitrosyl-free according 
to the IR spectroscopic evidence. 

X-ray crystallographic studies 

Data collection, structure solution and refine- 
ment details have been described previously. 6 In the 
case of compound 1 all atoms except the phenyl 
carbons were refined anisotropically, while only the 
Rh, Br and P atoms of 2 were given anisotropic 
temperature factors. Anisotropic refinement of the 
nitrosyl atoms in 2 resulted in improbable tem- 
perature factors. The high final value of R (and Rw) 

in the case of compound 2 is probably a conse- 
quence of thermal effects : the average volume per 
non-hydrogen atom is 21.3 A3, compared with 19.8 
A’ for 1. 

Crystal data, data collection and refinement 
details are summarized in Table 1, and selected 
bond lengths and angles are given in Table 2. 

RESULTS AND DISCUSSION 

While l-3 were readily synthesized from 
[{Rh(NO)Br,),], attempts to prepare 4 proved 
unsuccessful. Reaction of [{Rh(NO)Br,},,] with 
P(OPh)Ph, resulted in the formation of [(RhBr(NO) 
W@%H)),I, ’ or intractable oils with no N-O 
stretching bonds in their IR spectra, depending on 
whether or not traces of water were present in the 
reaction mixture. Exchange of the AsPh, ligands in 
[RhBrz(NO)(AsPh3),], another possible route to 4, 
was also unsuccessful: stirring of a suspension of 
the triphenylarsine complex in dry ethanol in the 
presence of a twice molar excess of P(OPh)PhZ did 
not result in ligand substitution (indicated by moni- 
toring by means of IR spectroscopy). 

Single crystals suitable for X-ray diffraction stud- 
ies could only be obtained for two of the three 
compounds synthesised, viz. 1 and 2. The molecular 
structures of these two compounds, as established 
crystallographically, are illustrated in Figs 1 and 2, 
respectively. Both compounds are tetragonal 
pyramidal with bent apical nitrosyl groups. 
The two phosphorus ligands and the two bromine 
atoms are mutually cis in compound 1 whereas 
in compound 2, which exhibits crystallographic 
two-fold symmetry, they are mutually trans. 
As such the two compounds are structurally 
analogous to [RhBr,(NO){P(OPh)3}2]3 and 
[RhCl,(NO)(PPh,),],’ respectively. 

Fig. 1. Molecular stereochemistry 
PWMe)PhAl. 

of c&[RhBr,(NO) 
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Table 1. Crystal data, data collection and re6nement details 

Formula 
M 
Space group 

a (A) 
b (A) 
c (A) 
B (“) 
W’OO) 
u (A’) 
Z 

0, (g cn- 3, 
(flotation in CH,I-hexane) 

0, (g cm- ‘) 
P (cm ‘) 
Crystal size (mm) 
Number of reflections 

(3” < 6 < 23”) 
Observed reflections 
R 

RW 
kandgin 

w = k[a*(FJ+glFfj-’ 

C26H26Br2N03P2~ C30H34Br2N03P2fi 
725.17 781.29 
E,/c c2/c 
13.451(5) 22.346(5) 
11.700(5) 9.354(5) 
17.649(5) 17.140(5) 
90.92(5) 111.76(5) 
1432 1560 
2777(6) 3327(5) 
4 4 

1.72(5) 
1.73 
35.4 
0.05x0.15x0.15 

2746 (fh, k, r) 
1596 [I > b(Z)] 
0.055 
0.043 

1.62, 8 x 1O-6 
Two blocks : 156 in 

each block, comprising 
all non-phenyl para- 
meters with parameters 
for two phenyl rings 

1.56(5) 
1.56 
29.3 
0.07x0.1 x0.1 

2143 (+h, k, I; h+k = 2n) 
1207 [I > 30(Z)] 
0.091 
0.091 

Unit weights 
70 

The a-donor-z-acceptor properties of 
P(OMe)Ph* and P(OPr’)Phz may be assumed to be 
very similar, so that the different isomeric forms 
adopted by compounds 1 and 2 are best rationalized 
in terms of the difference in the steric size of the two 
ligands. A simple geometrical parameter which is 
used extensively to rank the steric influence of phos- 
phorus donor ligands is the ligand cone angle. 7 This 
angle, which is essentially the apical angle of the 
cone whose apex is the metal atom and which envel- 

Fig. 2. Molecular stereochemistry of trans-[RhBr,(NO) 
P(ORr?Rh,) 21. 

opes the van der Waals’ volume of the strain- 
free ligand, has been used to rank ligands in the 
correct order of the degree of dissociation of PiL,] 
(L = ligand) complexes in solution. The cone 
angles for those ligands corresponding with 
crystallographically established structures for 
the nitrosyl complexes of type [RhX,(NO)L,] 
(X = halogen, L = phosphorus donor ligand) are : 
P(OPh)3 121(10)0 (the large uncertainty in this cone 
angle reflects the considerable flexibility of this 
ligand arising from the P-O-C linkages), 
P(OMe)Ph* 132(2)“, P(OPI)Ph, 140”, and PPh3 
145(2)’ ; the cone angle for P(OPr’)Ph, has been 
estimated by taking the weighted arithmetic mean 
of the cone angles for P(OPr’), and PPh3. Although 
it is accepted that the two phosphorus ligands in the 
cis isomers, [RhBr,(NO)LJ, ‘gay be considerably 
intermeshed and that the ligand cone angle is not 
necessarily the sole parameter for ranking ligands 
in the order of their steric influence it is proposed, 
nevertheless, that the critical ligand cone angle 
representing the crossover point between a pre- 
ferred cis and a preferred tran~ configuration for 
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Table 2. Selected interatomic distances (A) and angles (“) with estimated standard 
deviations in parentheses 

Rh-Br( 1) 
Rh-Br(2) 
Rh-P( 1) 
F&-P(2) 
Rh-N 

N--o(3) 
P(lFx1) 
P(lW(l1) 
P(lW(21) 
0(1)-W) 
P(2W(2) 
P(2~(31) 
P(2W(41) 
0(2)-c(2) 
Br( l)-Rh-Br(2) 
Br(l)-Rh-P(1) 
Br( 1 )-Rh-P(2) 
Br( l)-Rh-N 
Br(2)-Rh-P( 1) 

Rh-Br 
Rh-P 
Rh-N 

N-O(l) 
P--o(2) 
P-qll) 
P-c(21) 

0(2)-v) 
C(lW(2) 
C(lW(3) 
Br-Rh-Br’ 
Br-Rh-P 
Br-Rh-N 

(a) [~Br~WO)@‘WWW~ 
2.518(2) Br(2)-Rh-P(2) 
2.525(2) Br(2)-Rh-N 
2.263(4) P( l)-Rh-P(2) 
2.275(4) P( l)-Rh-N 
1.923(15) P(2)-Rh-N 
1.14(2) Rh-N-0( 3) 
1.596(10) Rh--P(l)--o(l) 
1.814(15) Rh-P(l)%(ll) 
1.849(15) Rh-P(l)-c(21) 
1.43(2) O(l)-P(lF(l1) 
1.595(10) W)_P(l)--c(21) 
1.820(15) c(ll)_PtlW(21) 
1.804(14) Rh--P(2W(2) 
1.43(2) Rh-P(2)-C(3 1) 

87.1(l) Rh-P(2)-C(41) 
85.2( 1) 0(2)-P(2~(3 1) 

167.0( 1) 0(2~P(2)--~(41) 
100.0(4) C(3l)-P(2F(41) 
155.5(l) P(lW(lF(1) 

P(2>-0(2)--c(2) 

(b) [~Br#W{P(oPr?Ph&l 

2.454(2) P-Rh-P 
2.362(7) P-Rl-N 
1.85(5) Rh-N--0( 1) 
0.88(4) Rh-P-o(2) 
1.61(2) Rh-P-q 11) 
1.81(2) Rh-P-c(21) 
1.81(2) 0(2)-P-q 11) 
1.57(4) O(2)-P-c(21) 
1.46(5) C(1 lFP-C(21) 
1.58(6) P--0(2)-W) 

152.4(l) C(2)--c( 1 >-o(2) 
88.6(2) c(3)--c( 1 )-o(2) 

103.8(l) c(2~(1~(3) 

86.2( 1) 
107.1(4) 
95.7( 1) 
97.2(4) 
92.8(4) 

128(l) 
111.9(4) 
111.8(5) 
115.6(5) 
106.2(6) 
102.8(6) 
107.7(7) 
111.5(4) 
109.9(5) 
117.3(5) 
105.8(6) 
101.7(6) 
109.9(7) 
123(l) 
121(l) 

170.8(2) 
94.6(2) 

133(4) 
112.0(7) 
116.9(7) 
118.6(7) 
104(l) 
103(l) 
100(l) 
128(2) 

97(4) 
94(3) 

124(4) 

[RhBr,(NO)Ld lies somewhere between 132 and 
140” on the basis of the above angles. The structure 
of 3 could not be established unequivocally by cry- 
stallographic methods (aide supra) but on the basis 
that the compound has the same colour (green) 
as [RhBr,(NO){P(OPh),},] (green) and [RhBr, 
(NO){P(OMe)Ph,}d (olive green) it is assumed 
that it adopts the cis configuration. The estimated 
cone angle for P(OPh)lPh (129”) is less than 132”, 
and thus the structure of 3 is consistent with this 
cone angle proposal. 

Similar to that in [RhCl,(NO)(PPh,),], ’ the nitro- 
syl group in compound 2 adopts a bent geometry 
[Rh-N-O(l) 133(4)“] (uide supra) and in so doing 
eclipses the P-Rh-P axis. As described above, 
Hoffmann et al. have explained4 this bending in 
terms of a general molecular orbital scheme for 

pentacoordinate metal nitrosyl complexes. In par- 
ticular they showed that the metal d,,- and d,,=- 
orbitals which are degenerate for compounds of the 
type [Rh(NO)L,] with C4,-symmetry, are not of the 
same energy in trans-[RhX,(NO)LJ as a conse- 
quence of the tram arrangement of the basal 
ligands, and that the orbital lying in the same plane 
as the weaker donor ligands (d.J is lower in energy. 
The rr*(NO) orbitals will interact differently with 
the two d-orbitals with the interaction involving dYz 
being the stronger. Bending will thus take place in 
the plane of the weaker donor ligands. Extending 
the proposals of Hoffmann et al. it is suggested that 
the metal d,,- and d,,-orbitals in 1 and [RhBrr 
(NO){P(OPh),},] (see below) will also interact 
differently with the rr*-orbitals of the NO group 
with the interaction involving d,,= again being the 
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stronger such that bending occurs towards the 
phosphorus ligands but in a plane (xz) which bisects 
the P-Rh-P angle. Bending in this plane will 
also minimize steric repulsions. 

A more simplistic picture is that the nitrosyl 
group, free to rotate about the Rh-N vector, will 
orient itself so that its dipole moment opposes the 
dipole moment of the rest of the complex. The posi- 
tive end of the dipole of the cis-RhBr,L* moiety lies 
in a direction bisecting the P-Rh-P angle and 
it is in this direction that the negative end of the 
NO dipole will orient itself. However the truns- 
RhXzLz moiety has a very small resultant dipole 
moment, and in this situation one could expect the 
NO group to orient itself so that the Br.. .O 
distances are maximized as indeed observed. 
Significantly the NO group in the compound 
[Rh(O,CCF,),(NO)(PPh,),lp which has a trans 
structure analogous to [RhCl,(NO)(PPh,)J, ’ is ori- 
ented so that it bends in a plane approximately 
bisecting one of the P-Rh-0 angles. An interpret- 
ation of this observation is that, for this particular 
trans complex, the steric repulsion effects of the two 
sets of basal ligands, i.e. the triphenyl phosphines 
and the trifluoroacetate groups, are very similar, 
and that as a consequence the nitrosyl group bends 
in the plane where steric effects are least. Alter- 
natively, in terms of the proposals4 of HOW 
et al. it could be argued that the powerful electron- 
withdrawing effect of the CF3 groups reduces the 
donor strength of the trifluoroacetate ligands such 
that the donor properties of the PPh3 and CFJOO 
ligands are similar, and that, as a consequence, 
steric effects will govern the direction of bending 
of the nitrosyl group. 

A further feature of the nitrosyl complexes under 
discussion which warrants some comment is 

*Atomic coordinates, thermal parameters and FO/Fc 
data have heen deposited with the Editor as sup- 
plementary data: atomic coordinates have also been 
deposited with the Cambridge Crystallographic Data 
Centre. 

that concerning their stability. Whereas the trans 
derivatives [RhCl,(NO)(PPh,),] and [RhBr, 

(NO)(P(OPrQPh4 23 are stable in solution at am- 
bient temperature the cti species [RhBr,(NO)LJ 
[L = P(OPh)S, P(OMe)Phz or P(OPh),Ph] are 
unstable under similar conditions. It is suggested 
that although cis products are only isolated for the 
less bulky phosphorus ligands, the steric repulsion 
between these ligands when &-disposed is sui%cient 
to cause the instability of their complexes. The 
inability to isolate [RhBr,(NO)(P(OPh)Ph,},] may 
be attributed to the formation of the cis isomer and 
its inherent instability. The reason as to why the cis 
compounds do not rearrange to the more sterically 
stable truns isomers is not however clear.* 
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Abstract-The complexes M(l-nqo), (M = Rh or Ir, 1-nqoH = 1,Znaphthoquinone 
1-oxime) and M(2-nqo), (M = Rh or Ir, 2-nqoH = 1,Znaphthoquinone 2-oxime) were 
prepared by the interaction of the quinone oxime with hydrated rhodium(II1) chloride or 
chloroiridic(II1) acid. The mixture resulting from the reaction of chloroiridic(II1) acid 
and 1 ,Znaphthoquinone I-oxime on treatment with pyridine afforded [pyH]pr(l-nqo) 
(py)Cl,] which was characterized by X-ray crystallography. The complexes Rh(l-nqo), 
and Rh(2-nqo)3 were also obtained by the nitrosation of the respective naphthol in the 
presence of hydrated rhodium(II1) chloride. None of the trischelates showed any tendency 
to react with pyridine, triphenylphosphine or aqueous hydrochloric acid. 

RESULTS AND DISCUSSION 

Recently several papers dealing with metal com- 
plexes of 1 ,Zquinone mono-oximes and their struc- 
tures have been published. 1-3 These complexes have 
been concerned mainly with first-row transition 
metals. Complexes of other metals have attracted 
attention for analytical or extraction purposes, but 
apart from studies of uranyL4 ruthenium,’ and 
related platinum6 complexes, the routes leading to 
them and their properties and structures have not 
been investigated. Here we report on the synthesis 
and properties of the complexes M(l-nqo), 
(M = Rh or Ir, 1-nqoH = 1,2naphthoquinone l- 
oxime), M(2-nqo)3 (M = Rh or Ir, 2-nqoH = 1,2- 
naphthoquinone 2-oxime) and [pyHj[Ir( 1 -nqo) 
pyCl,], and on the X-ray crystallographic characteri- 
zation of the latter. 

The complexes Rh(l-nqo)3 and Rh(2-nqo)3 were 

*Author to whom correspondence should be addressed. 

obtained from the reaction of rhodium(II1) chloride 
with the appropriate 1,Znaphthoquinone mono- 
oxime or its sodium salt, in buffered aqueous ace- 
tone at pH 556 under reflux. All reactions atforded 
mixtures of products from which the trischelates 
were separated by using column chromatography. 
Thin-layer chromatographic examination of the tri- 
schelates, however, showed the presence of two 
components suggesting that each product is a mix- 
ture of two isomers. The formation of isomers is 
not unexpected in view of the ambidentate and 
asymmetric nature of the ligands which can give rise 
to linkage and/or geometrical isomerism. Similar 
behaviour has been reported for the analogous 
cobalt(II1) complexes. 7 

The iridium trischelates Ir( 1-nqo) 3 and Ir(2-nqo)3 
were prepared by reacting a solution of chlo- 
roiridic(III) acid with the sodium salt of the mono- 
oxime in buffered aqueous acetone at pH 4-5 under 
reflux. As in the case of the corresponding rhodium 
complexes these were separated as mixtures of iso- 
mers chromatographically. The reaction of chlo- 

1509 
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roiridic(II1) acid with either of the l,Znaph- 
thoquinone mono-oximes in unbuffered aqueous 
methanol under reflux afforded very complex mix- 
tures which contained some of the respective tri- 
schelate. Addition of pyridine to the mixture arising 
from the reaction of 1,2-naphthoquinone I-oxime 
with chloroiridic(II1) acid led to the isolation of the 
complex [pyHlpr(l-nqo)(py)C13] in low yield. 

Mixtures of isomers of Rh(l-nqo), and Rh(2- 
nqo), were also obtained from the nitrosation of 
the appropriate naphthol in the presence of rho- 
dium(II1) chloride. However, the yield of the prod- 
ucts were lower than those obtained from the direct 
reaction of the oximes with rhodium(II1) chloride. 
No iridium trischelates resulted from the nitro- 
sation of either of the naphthols in the presence of 
chloroiridic(II1) acid. In both cases the main prod- 
uct was the respective 1,Znaphthoquinone mono- 
oxime. 

Neither the rhodium nor the iridium trischelates 
showed any tendency to react with pyridine or tri- 
phenylphosphine. This behaviour contrasts with 
that of the corresponding iron(III), cobalt(II1) and 
chromium(II1) complexes which undergo internal 
redox and/or deoxygenation reactions on treatment 
with these Lewis bases.’ All the trischelates showed 
passivity towards hydrochloric acid, a feature which 
again contrasts with that of analogous complexes 
of first transition series metals. 

Both the rhodium and iridium trischelates, and 
the complex [pyH][Ir(nqo)(py)Cl, were found to be 
diamagnetic, which reflects the tendency of both 
rhodium(II1) and iridium(II1) to adopt a low-spin 
tzg6 arrangement. The IR spectra of all the com- 
plexes include strong absorptions in the 1500-l 620 
cm-’ region assignable to v(w) and v(c=N) 
stretching vibrations, and which are indicative of 
the quinone oximic character of the ligand. Evi- 
dence for the quinone oximic character is also 
provided by the X-ray study of the pyridinium 
trichloro( 1 ,Znaphthoquinone l-oximato)(pyridine)- 
iridate(II1). 

Crystal and molecular structure of [pyH][Ir(l- 

wNmW131 

Crystal data. CzoH1JrN3C13, monoclinic, P21/c, 
a = 11.403(3), b = 11.977(4), c = 15.155(5) A, 

*Final atomic positional and thermal parameters, 
bond lengths and angles and FJF, values have been 
deposited as supplementary material with the Editor, 
from whom copies are available on request. Atomic co- 
ordinates have also been submitted to the Cambridge 
Crystallographic Data Centre. 

U = 2062.87 A3, D, = 1.810 g crne3, Z = 4. In- 
tensity data were collected on a Phillips PWI 100 
four-circle diffractometer using graphite-mono- 
chromated MO-K, radiation. The structure was 
solved and refined using 2816 unique reflections 
[I> 3a(Q] to a final R factor of 0.0366.* Aniso- 
tropic thermal parameters were used for the Ir, N, 
the carbony and all the Cl atoms. All hydrogen 
atoms for the compound were found from a sub- 
sequent difference map and included in the cal- 
culation of the structure factors, but were not 
refined. The bond lengths and the bond angles are 
listed in Tables 1 and 2, and the atomic numbering 
is explained in Fig. 1. 

As with other 1 ,Zquinone oximato-complexes of 
d-block metals the chelate ring in the trichloro( 1,2- 
naphthoquinone 1 -oximato)(pyridine)iridate(III) 
anion is five-membered. The bond lengths in the 
chelate ring agree well with results for other 1,2- 
naphthoquinone oximato complexes and the short 
C3-C4 bond length provide additional evidence for 
the quinone oximic character.“” The Cl-Ir-Cl 
bond angles [89.5”(av.)] are close to the idealized 
value of 90” for octahedral complexes. The pyridine 
molecule completes the distorted octahedral 
arrangement around Ir. 

EXPERIMENTAL 

IR spectra were recorded with a Pye-Unicam 
SP2000 spectrophotometer. Magnetic measure- 
ments were made at room temperature using a 
Gouy balance equipped with a permanent magnet 
of 3600 Oe. The absorbent used in the chro- 
matography columns was Merk Kieselgel 60 (70- 
230-mesh) and TLC was carried out using pre- 
coated Merck Kieselgel 60 F254 plates. Chlo- 
roiridic(II1) acid was prepared from chlo- 
roiridic(IV) acid as described earlier. ’ ’ Hydrated 
rhodium(II1) chloride of 39.0% Rh content was 
used. 

Table 1. Bond lengths (A) for [pyIIl[Ir(C,,H6NOz) 

(PYP31 

Ir-Cl( 1) 2.343(2) 
Ir-Cl(3) 2.364(2) 
Ir-N( 1) 1.976(6) 

0(2)--c(2) 1.300(10) 

N(l)-C(l) 1.352(10) 

C(l)-C(9) 1.465(11) 

C(3)-C(4) 1.350(12) 
C(9)-C(lO) 1.426(12) 

Ir-Cl(2) 2.350(2) 
Ir-O(2) 2.025(5) 
Ir-N( 11) 2.099(6) 

0(1)-N(l) 1.274(8) 

C(l>-c(2) 1.416(11) 

C(2)--c(3) 1.421(11) 
C(4)-C(lO) 1.431(12) 
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Table 2. Bond angles (“) for [pyIIllJr(C , OH,NO,)(py)C1,] 
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C1(2)-Ir-Cl( 1) 
C1(3)-Ir-Cl(2) 
O(2)-Ir-Cl(2) 
N( l)-Ir-Cl( 1) 
N(l)-Ir-Cl(3) 
N(ll)-Ir-Cl(l) 
N( 11 )-Ir-Cl(3) 
N(ll)-Ir-N(1) 
0(1 jN(l)-Ir 
C(l)-N(lW(1) 
C(lS)--N(ll)-Ir 

175.8(l) 
91.6(l) 
87.3(2) 
90.2(2) 
96.3(2) 
88.8(2) 
89.9(2) 

173.8(3) 
124.0(5) 
120.6(6) 
119.8(5) 

C1(3)-h-Cl{ 1) 
O(2)-Ir-Cl( 1) 
O(2)-Ir-Cl(3) 
N( l)-Ir-Cl(2) 
N( 1)-h-O(2) 
N( 1 I)-Ir-Cl(2) 
N(ll)-h-O(2) 
W)-W+Ir 
C(l)--N(l)--Ir 
C(ll)-N(ll)-Ir 

92.1(l) 
89.1(2) 

176.5(2) 
91.2(2) 
80.4(2) 
89.3(2) 
93.4(2) 

11 M(5) 
115.3(5) 
120.6(5) 

Reaction of hydrated rhodium(II1) chloride with 1,2- 
naphthoquinone I-oxime or its sodium salt 

A solution of hydrated rhodium(II1) chloride 
(2.09 g, 7.9 mmol) in water (50 cm3) was added to 
a solution of 1,Znaphthoquinone 1-oxime (5.24 g, 
30.3 mmol) in acetone (100 cm’) in a sodium acet- 
ate-acetic acid buffered medium at pH 5-6, and the 
mixture was heated under reflux for 2 h. Filtration 
gave a solid which was washed with water, dried 
at 6O”C/30 mmHg and chromatographed. Elution 
with toluene gave a mixture of purple isomers 
of tris( 1 ,Znaphthoquinone 1 -oximato)rhodium(III) 
(3.25 g, 67%). (Found: C, 57.8; H, 3.4; N, 6.2; Rh, 
16.0%. C30H,8N306Rh requires: C, 58.2; H, 2.9; 
N, 6.8; Rh, 16.6%.) 

Similarly, hydrated rhodium(III) chloride (2.00 g, 
7.6 mmol) and sodium 1,Znaphthoquinone l-oxi- 
mate (5.50 g, 28.2 mmol) gave tris(l,Znaph- 
thoquinone I-oximato)rhodium(III) (3.01 g, 64%) 
(identified by TLC and IR). 

Reaction of hydrated rhodium(II1) chloride with 1,2- 
naphthoquinone 2-oxime or its sodium salt 

A solution of hydrated rhodium(II1) chloride 
(2.00 g, 7.6 mmol) in water (50 cm’) was added 
to a solution of the 1,2naphthoquinone 2-oxime 
(5.29 g, 30.8 mmol) in acetone (100 cm3) in a 

Fig. 1. Structure of the anion of [pyH][Ir(Cr,H,N02] Chloroiridic(ILI) acid (4.00 cm3, containing 0.54 g 

(PY)Cl,l. of Ir) was added to a solution of sodium 1,2- 

sodium acetate-acetic acid buffered medium at pH 
556 and the mixture was heated under reflux for 
2 h. Filtration gave a solid which was washed 
with water, dried at 6o”C/30 mmHg and chro- 
matographed. Elution with toluene gave a rnix- 
ture of isomers of tris(l,2-naphthoquinone 2- 
oximato)rhodium(III) (3.25 g, 69%). (Found: C, 
59.0; H, 3.2; N, 6.9; Rh, 16.3. C3,,H,8N306Rh 
requires: C, 58.2; H, 2.9; N, 6.8; Rh, 16.6%.) 

Similarly, hydrated rhodium(II1) chloride (2.00 g, 
7.6 mmol) and sodium 1,Znaphthoquinone 2- 
oximate (5.4 g, 27.7 mmol) gave tris(l,2-naph- 
thoquinone 2-oximato)rhodium(III) (3.15 g, 67%) 
(identified by TLC and IR). 

Reaction of chloroiridic(II1) acid with the mono- 
oximes of 1 ,Znaphthoquinone 

Chloroiridic(II1) acid (3.00 cm3, containing 0.40 g 
Ir, 2.2 mmol) was added to a solution of 1,2- 
naphthoquinone 1-oxime (5.8 g, 33.5 mmol) in 
methanol (150 cm3) and heated under reflux for 3 
days. Removal of solvent gave a brown solid (4.93 g) 
(multicomponent by TLC). A portion of the solid 
(0.51 g) was stirred with pyridine (100 cm3) for 
2 days. Filtration gave a purple solid which was 
recrystallized from methanol to give needle-like 
crystals of pyridinium trichloro( 1 ,Znaphthoqui- 
none I-oximato)(pyridine)iridate(III) (0.05 g, 4%) 
(characterized by X-ray crystallography). 

Similarly chloroiridic(II1) acid (3.00 cm3, con- 
taining 0.40 g Ir, 2.2 mmol) and l,Znaph- 
thoquinone 2-oxime (5.8 g, 33.5 mmol) gave a 
brown solid which was shown by TLC to be mul- 
ticomponent. 

Reaction of chloroiridic(III) acid with sodium 1,2- 
naphthoquinone mono-oximates 
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naphthoquinone 1-oximate (7.5 g, 38.5 mmol) in 
1 : 1 water-acetone (200 cm3) buffered at pH 4-5 
with sodium acetate-acetic acid and heated under 
reflux for 5 days. The mixture was filtered to give a 
dark brown solid (4.28 g) which was dried at 
6OC/30 mmHg and chromatographed. Elution with 
toluene gave tris( 1,2+zuphthoquinone 1 -oximato) 

iridiwn(III) (0.41 g, 20%). (Found: C, 49.6; H, 3.7 ; 
N, 5.4; Ir, 26.7. C3,,Hi81rN306 requires: C, 50.8; 
H, 3.3; N, 5.9; Ir, 27.1%.) 

Similarly tris( 1 ,Znuphthoquinone 2-oximato)iri- 
dium(II1) (18%) (Found : C, 49.3 ; H, 3.8 ; N, 5.3 ; 
I, 27.5. C3,,HL81rN306 requires C, 50.8; H, 3.3; 
N, 5.9 ; Ir, 27.1%) was obtained when sodium 1,2- 
naphthoquinone 2-oximate was used. 

Nitrosation of I-naphthol or 2-naphthol in the pres- 
ence of hydrated rhodium(II1) chloride 

A solution of sodium nitrite (5.13 g, 74.3 mmol) 
in water (50 cm3) was added to a stirred solution of 
1-naphthol (4.01 g, 29.9 mmol), hydrated rho- 
dium(II1) chloride (1.98 g, 7.5 mmol), acetic acid (10 
cm3) and sodium acetate (10.00 g) in 2 : 1 methanol- 
water mixture (300 cm3). After 20 h the mixture was 
filtered to give a dark purple solid which was washed 
with water and dried at 6O”C/35 mmHg and chro- 
matographed. Elution with toluene gave tris( 1,2- 
naphthoquinone 2-oximato)rhodium(III) (1.9 g, 
39%) (identified by TLC and IR). 

Similarly, nitrosation of 2-naphthol gave tris( 1,2- 
naphthoquinone 1 -oximato)rhodium(III) (1.6 g, 
32%) (identified by TLC and IR). 

Nitrosation of l- or 2-naphthol in the presence of 
chloroiridic(II1) acid 

Nitrosation of 1-naphthol(3.00 g, 20.8 mmol) in 
the presence of chloroiridic(II1) acid, (3.00 cm3, 
containing 0.41 g of Ir, 2.2 mmol) carried out as 
above, gave unreacted 1-naphthol (32%) and 1,2- 
naphthoquinone I-oxime (41 Oh) (identical TLC, IR 
with an authentic sample). TLC of the filtrate indi- 
cated a multicomponent mixture which did not con- 
tain Ir( 1-nqo),. 

Similarly nitrosation of 2-naphthol(3.00 g, 20.8 
mmol) gave unreacted 2-naphthol (26%) and 1,2- 

naphthoquinone 2-oxime (55%) (identical TLC and 
IR with an authentic sample). TLC of the filtrate 
indicated a multicomponent mixture which did not 
contain Ir(2-nqo),. 

Attempted reactions of the Rh( 1-nqo),, Rh(2-nqo),, 
Ir(l-nqo), or Ir(2-nqo), with concentrated hydro- 
chloric acid, triphenylphosphine or pyridine 

M( I-nqo), or M(2-nqo), (M = Rh or Ir) (ca 
0.50 g) was recovered in ca 95% yield after being: 
(i) heated under reflux with pyridine (30 cm3) 
for 7 days, or (ii) stirred with triphenylphosphine 
(1.00 g) in toluene (30 cm3) for 7 days under re- 
flux, or (iii) heated with concentrated aqueous 
hydrochloric acid (20 cm’) for 3 days. 
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Abstract-A novel rapid route for the preparation of the Keggin-type [CO(II)W,~O,,]~- 
heteropolyanion was found by using the [CO(OX),]~- complex and 30% aqueous hydrogen 
peroxide. The intermediate dicobalt species [Co(II)Co(II)W, 10,0H2]8- was directly 
isolated in high yield and the final product was easily and rapidly derived from it. 

Dodecatungstocobaltate(II), [CoW,,O,,$-, one 
of the Keggin-structure heteropoly tungstopoly- 
anions with transition-metal ions as a heteroatom, 
was first prepared by Baker and McCutcheon.‘*2 
It has been derived from the acid (HCl) hydrolysis 
of green crystals of an intermediate dicobalt species, 
[Co(II)Co(II)W,,0,0H2]8-, which is formed from 
a boiling mixture of the aqueous solution of sodium 
tungstate and aqueous Co(I1) acetate. One of the 
Co(I1) ions in the dicobalt species occupies the 
central tetrahedral cavity and the other an exterior 
octahedral site of the Keggin structure, the latter 
being coordinated with one water molecule.3 In the 
preparation, the purification process of the dicobalt 
species, by repeated recrystallizations from the aque- 
ous solution acidified with acetic acid, takes a very 
long time and seriously influences the yield of 
the final product.4 To reduce the total time for 
preparation, we have previously tried an improved 
version5 By adding ether and 6 M sulpuric acid to 
the aqueous solution of the dicobalt species, which 
is still crude, the ether adduct of the free acid of the 
final product is formed as the third layer. The 
metatungstate obtained as a byproduct in the ether 
adduct should be removed. The separation is com- 
paratively easy, because the thermal stabilities of the 
metatungstate and the desired product are quite 
different. This purification is surely more convenient 

*Author to whom correspondence should be addressed. 

than the original one. On the other hand, we have 
been interested in the preparation of heteropoly 
compounds using transition-metal complexes as the 
starting material.6 In this work, we have devised a 
greatly improved preparation of the pure dicobalt 
species in high yield using the [CO(OX),]~- complex 
and 30% aqueous hydrogen peroxide as starting 
materials. In this method, it is surprising that the 
starting Co(II1) state is completely converted to the 
Co(I1) state in spite of the presence of a strong 
oxidation reagent. 

EXPERIMENTAL 

Spectral measurements were performed by previ- 
ously reported methods. 4*5 All chemicals used were 
analytical grade. 

Preparations 

The starting complex, K,[Co(ox),] .3H,O, was 
prepared according to the literature,’ and identified 
by IR spectroscopy.8 Na,[Co(ox),] .4H,O was syn- 
thesized by using Na&O, instead of K&O, in 
the preparation of the corresponding potassium salt. 

Dicobalt species. Na,WO, .2H,O (50 g, 0.15 mol) 
was dissolved in 1OOcm’ water. The pH of the 
solution was adjusted to ca 6 with glacial acetic acid. 
A separate solution was prepared by dissolving 6.2 g 
(0.013 mol) of K3[Co(~~)3] * 3H,O in 100cm3 water 
to which 4.5 cm3 of 30% aqueous hydrogen peroxide 

1513 
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had been added. The tungstate solution was main-- 
tained at above 90°C on a steam bath and the cobalt 
complex solution was added dropwise with stirring. 
All of the cobalt solution had been added over about 
1.5 h and a deep green solution was formed. After 
the addition of the final drop, the solution was 
maintained at above 90°C for about 30min with 
stirring. By filtering the hot solution, small amounts 
of a brown precipitate of Co(I1) oxalate were 
removed. The deep green filtrate was kept overnight 
in the refrigerator and the green crystals of pure 
dicobalt species which deposited were collected, 
washed with ethanol and then ether, and dried in 
vacua (yield 21 g). 

The inital NazWOI. 2Hz0 in the preparation 
cannot be replaced with K2W04 because sparingly 
soluble precipitates of paratungstate were produced 
on the pH adjustment with glacial acetic acid. 

K6[Co(II)W12040] * nH,O and Kz (TBA)4 [Co 
(II)W12040]. Twenty grams of the green crystals of 
the dicobalt species were dissolved in 100cm3 of 
1 M aqueous HCl. The colour of the solution 
changed immediately from green to blue and in- 
soluble precipitates were formed, while the dicobalt 
species were converted to the [CO(II)W~~O~~]~- 
ion. After filtering the precipitates, the deep blue 
filtrate was evaporated to dryness on a steam bath. 
During the process, the metatungstate present as an 
impurity was decomposed to an insoluble yellow 
solid (tungsten trioxide).5 About 50cm3 of water 
was added, the yellow solid was filtered off and the 
deep blue filtrate was again evaported to dryness on 
the steam bath. No more yellow solid appeared. 
This fact shows contamination by less metatungstate 
as an impurity and that the obtained blue-green solid 
is the [CO(II)W~~O~,$- compound. The potassium 
salt was isolated by dissolving the residual solid in 
about 40cm3 aqueous solution containing 4 g of 
KCl, concentrating the solution on a steam bath, 
cooling and adding equal amounts of ethanol. This 
compound was contaminated with ca0.2% Na. 
Yield 4.1 g. 

The precipitated KZ(TBA)4[C~W12040] (TBA = 
tetrabutylammonium) was obtained by adding an 
aqueous solution containing 10 g of TBABr into an 
aqueous solution of the potassium salt. Sky-blue 
crystals (1.6 g) were obtained without any solvation 
by recrystallizing twice from acetronitrile. In this 
compound, no Na was detected. Found: C, 19.9; H, 
4.0; N, 1.4. Calc. for K2[(C4H9)4N]4[CoW120401: 
C, 19.5; H, 3.7; N, 1.4%. Electronic absorption 
bands and their intensities in UV-vis and near-IR 
regions were identical with the previously described 
data.5 IR bands (KBr disk) were observed at 
1025 (w), 945 (s), 875 (vs), 765 (vs), 520-58O(w, br) 
and445(m)cm-‘, which show the W-O vibrations 

characteristic of the Keggin structure.4P5*q 
When the corresponding amounts of an 

Na,[Co(ox),] *4HzO-NazW04*2H20-30% HzOz 
system as starting materials were used, the sodium 
salt of dicobalt species was formed. However, this 
compound was highly soluble and cannot be 
obtained as crystals. By adding ethanol to the once 
filtered solution, a deep green paste of the dicobalt 
species was collected at the bottom of the beaker 
and was separated by decantation. By repeating 
the procedures described above, NaJTBA),[Co- 
W,,O,,] was finally formed with a yield of 1.5 g. 
In this case, the purification, which involves the 
decomposition of the contaminated metatungstate 
on a steam bath, must be repeated many times. 

RESULTS AND DISCUSSION 

The method described here provides the potas- 
sium salt, the potassium TBA salt and the sodium 
TBA salt of [Co(II)W12040]6- in high yields within 
a few days. The total time for the preparation of 
final products is markedly shortened and the yield 
is superior to the previous methods with the purity 
retained. 

The [Co(ox),] 3 - complex reacts with the tungst- 
ate ion in aqueous solution at above 90°C without 
hydrogen peroxide. The visible absorption spec- 
trum of its reaction mixture showed the formation 
of tetrahedral Co(I1) species. Although the hydrogen 
peroxide was used with the aim of maintaining the 
starting Co(II1) state, the formation of the Co(I1) 
species was unexpectedly promoted. The amount 
of hydrogen peroxide did not affect the yield and 
quality of the dicobalt species. It is probable that 
in the hot solution the oxalato ligand acts as a 
reducing reagent for the Co(II1) ion and the 
hydrogen peroxide catalytically promotes the 
reduction reaction. Instead of hydrogen peroxide, 
other “oxidation reagents”, e.g. potassium peroxod- 
isulphate, gave no dicobalt species, but pink-red 
precipitates as a main product, which is presumably 
the Co(II)-substituted species in one of the exterior 
octahedral tungsten sites of the metatungstate. 

The [Co(III)W 1 2040] 5 - species with a tetrahed- 
ral Co(II1) ion as a heteroatom can be derived from 
the isostructural Co(I1) species by oxidation with 
peroxodisulphate. 1*5 Thus, this work is also useful 
for such a preparation. 
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Abstract-Formation constants of Co(II), Ni(II), Cu(II), Zn(I1) and Cd(I1) complexes with 
3-hydroxy-2-naphthalene carboxylic acid have been determined potentiometrically in a 
50% (v/v) dioxane-water solution at 25°C and 0.2 M KNOs. Experimental data are 
analysed using several computer programs. The obtained values for the log of the formation 
constant of the first 1 : 1 (metal : ligand) complex with the different metals are : Co 7.9, Ni 
7.1, Cu 10.44, Zn 7.8 and Cd 7.3. The log of the formation constant for the 1: 2 copper 
complex is 18.20. It is to be noted that Ni(I1) yields a 1 : 1 complex weaker than expected 
from the Irving-Williams series. 

Metal complex formation with 3-hydroxy-2-naph- 
thalene carboxylic acid (hnca) has not been pre- 
viously studied in a conclusive way. Sandhu et al. ’ 
studied it under rather limited conditions (for each 
metal ion all the experiments were performed at the 
same concentrations and at a unique ratio of metal 
to ligand, and the potentiometric cell was calibrated 
externally using aqueous buffer solutions, whereas 
measurements were made in a dioxanewater 
medium). Other studies2,3 refer mainly to hnca com- 
plexes with Cu(I1) and Zn(I1) including a rough 
evaluation of the formation constants. 

Complexation with hnca cannot be studied in 
aqueous solution by potentiometric methods 
because of the low solubility of this ligand at neutral 
pH. In the present work, dioxane-water mixtures 
[50% (v/v)] were chosen because of the increased 
solubility of the ligand in this medium, allowing 
therefore higher total concentrations of both ligand 
and metal ion in the potentiometric determinations. 
However hydrolysis of the metal ions disturbs the 
complex formation near neutral pH, preventing the 
formation of binary complexes higher than the 1 : 1, 
except for Cu(I1) ion where the complexation is the 
strongest. 

Salicylate and 5-sulphosalicylate ions have the 
same donor groups and in the same respective pos- 

*Author to whom correspondence should be addressed. 

itions as the hnca ligand. Their bivalent metal com- 
plexes follow the Irving-Williams series of stabili- 
ties, but the increase in stability along the series is 
rather small, as usual when dealing with ligands 
with only oxygen-donor groups. In their Ni(I1) 
complexes this increase in stability [relative to the 
cobalt(I1) complex] is unusually low. Comparison 
of hnca with salycilate complexes will allow the 
evaluation of the influence of a more extended aro- 
matic system. Comparison with aliphatic /3- 
hydroxycarboxylic acids cannot be made, because 
of the lower acidity of the hydroxy group in these 
compounds, which act as monodentate ligands 
through the carboxylate group, leading to much 
lower values of the constants. Aromatic ortho- 
hydroxycarboxylic acids form chelates through 
both oxygen atoms--carboxylate and phenoxide- 
whereas related aliphatic hydroxycarboxylic acids 
do not. 

In the present work the stability constants of the 
Cu(II), Ni(II), Zn(II), Cd(I1) and Co(I1) complexes 
with hnca have been evaluated within a rather wide 
concentration range, and using very different metal 
to ligand concentration ratios, at 25”C, 0.2 M 
KNOj ionic strength and in 50% (v/v) dioxane- 
water mixtures. Protonation constants of the 3- 
hydroxy-Znaphthoate ligand under the conditions 
of the present work are log K, = 13.54 and 
logK, = 17.17.4 

1517 
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EXPERIMENTAL Procedure 

Reagents and solutions 

3-Hydroxy-2naphthalene carboxylic acid 
(Merck, synthesis) was recrystallized twice in etha- 
nol and treated with activated carbon. Ni(I1) stock 
solutions were prepared from Ni(N0J2 * 6H20 
(Merck, p.a.) and standardized gravimetrically with 
dimethylglyoxime ; Co(I1) stock solutions were pre- 
pared from Co(NO& * 6H20 (Merck, p.a.) and 
standardized volumetrically with EDTA [with hex- 
amethylenetetramine (Carlo Erba, RPE) at pH 6 
and 4O”C, orange xylenol as indicator] ;’ 
Cu(I1) stock solutions were prepared from 
CU(NO,)~ - S-I20 (Merck, p.a.) and standardize 
iodometrically ; Zn(I1) stock solutions were prepared 
from Zn(NO,), * 4H,O (Merck, p-a.) and 
standardized gravimetrically with phosphate ;’ 
Cd(I1) stock solutions were prepared from 
Cd(NO& *4H20 (Merck, p.a.) and standardized 
volumetrically with EDTA (with hexamethyl- 
enetetramine at pH 5 and orange xylenol as indi- 
cator). Stock KOH (Merck, p.a.) solutions were 
prepared with an ionic exchange resin6 to avoid 
carbonation, and were standardized volumetrically 
with biphthalate. HN03 solutions were prepared 
from HNOj (Merck, p.a.) and standardized volu- 
metrically with tris(hydroxymethyl)aminomethane, 
All these solutions were made 50% (v/v) dioxane 
water by mixing doubly distilled freshly boiled 
water and dioxane (Carlo Erba, purified by the 
Eigenberger method7). The ionic strength was kept 
at 0.2 M with KN03 (Probus, p.a.; recrystallized 
twice). A flow of Nz (previously purified with vana- 
dous perchlorate and barium hydroxide) bubbled 
continuously through the potentiometric solutions. 

Apparatus 

The potentiometric cell was : 

Ag/AgCl/KCl(sat)//test solution 

(50% dioxane-water)/GE 

The value of the emf of the potentiometric cell was 
taken with an Orion 701A potentiometer (precision 
0.1 mV), a reference Ag-AgCl electrode (Orion 
9005 keramic junction type), and a glass electrode 
(GE) (Orion 9101). The potentiometric cell was 
thermostatted externally at 25°C. Titrant was added 
with a Metrohm Multidosimat E415 autoburette 
equipped with an Exchange Unit lo-cm’ burette 
cylinder (552) with an antidiffusion burette tip. All 
the potentiomet~c assembly is controlled by an HP 
9816 microcomputer via an HP 342 1 A Data Acqui- 
sition Control Unit (see later). 

The potentiometric method previously des- 
cribed* has been adapted to a computer-con- 
trolled titration procedure. A BASIC program con- 
trols both acquisition of emf readings and addition 
of titrant volumes. Readings are taken every 90 s ; 
when two successive readings differ by less than 0.1 
mV a new addition of a prefixed titrant volume is 
made (if reading stabilization is not reached in 12 
min, a new prefixed titrant volume is added anyway 
and a warning message is stored). Calibration of 
the potentiometric cell is carried out by a Gran 
titration of a diluted mineral acid solution in the 
same ionic medium with a strong base. The cali- 
bration parameters (standard potential of the cell 
and value of the ionic product of the medium4~*), 
are calculated using a multiparametric data-fitting 
procedure’ or Grant plots. ‘O Additionally, both 
procedures can be used to test the Nernstian 
response of the potentiometric cell. Once the cali- 
bration parameters are known the ligand and metal 
ion are added, and the potentiomet~G titration is 
performed. The values of the emf readings and 
added volumes are recorded on both magnetic and 
paper media ready for their further treatment. The 
titration is finished either when there is hydrolysis 
of the metal ion (easily detected from the hydroxide 
precipitation or from its effect on the emf readings : 
instability, acid drift., .), or at a prefixed pH value. 
The followings titrations were performed: Eight 
titrations of solutions containing Co(I1) con- 
centrations in the range 5.56 x 10e4-4.78 x 10e3 M 
and ligand concentrations in the range 2.29 x 10W3- 
1.92 x lo-’ M (covering a range of ligandmetal 
ratios from 1.1 to 4.5) ; 13 titrations of solutions 
containing Ni(I1) concentrations in the range 
2.98 x 1O-4-7.14x 1O-3 M and ligand con- 
centrations in the range 2.89 x 1O-3-1.92x lo-’ M 
(covering a range of ligand,/metal ratios from 1.07 
to 20) ; four titrations of solutions containing Cu(I1) 
concentrations in the range 9.57 x 10p4-2.69 x 10e3 
M and the ligand concentrations in the range 
6.34 x lo- 3-2.07 x lo- ’ M (covering a range of 
ligand~metal ratios from 6.6 to 8.5) ; five titrations 
of solutions containing Zn(II) ~on~ntrations in the 
range 4.48 x 10-4-2.88 x 10m3 M, and ligand con- 
centrations in the range 2.58 x 10e3-2.49 x 10e2 M 
(covering a range of ligand/metal ratios from 1.6 to 
19.7); and five titrations of solutions containing 
Cd(I1) concentrations in the range 5.5 x 10s4- 
3.29 x 10m3 M and ligand concentrations in the 
range 2.40 x 1 O- 3-4. 16 x 1 O- 3 M (covering a range 
of ligand/met~ ratios from 1 .O to 4.5). 

For the Co(II), Ni(I1) and Cu(II) systems, com- 
plexation can be detected by the colour changes. 
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The absorption spectra show a shift in the 
maximum of the absorption band to shorter wave- 
lengths, which is related to the stronger ligand field 
produced by the ligand molecules compared to the 
solvent molecules. Cu(I1) solutions change to green, 
with bands at A,,,,, = 755 [E (cm- ’ mol- ’ 1) = 1141 
at pH = 4.4, at il,,, = 735 (E = 95) at pH = 5.12, 
and at A,,,,, = 640 (E = 110) at pH = 12 ; Co(I1) sol- 
utions change to red-orange, with bands at 
2 max = 507 (E = 146) and A,,, = 1218 (E = 293) at 
pH = 5.3; Ni(I1) solutions change to green with 
bands at 1,, = 660 (E = 145), I,, = 725 (E = 158), 
1 max = 1150 (E = 83) and A,,,,, = 1190 (E = 76) at 
pH = 6.5. Zn(I1) and Cd(I1) solutions do not 
absorb. 

Solutions which contain high concentrations of 
copper ion (e.g. 3.0 x lop3 M) and excess of ligand 
gave a red precipitate at neutral pH. Elemental 
analysis shows that the insoluble product is the 1 : 1 
complex. Its low solubility is related to the fact that 
it has no electrical charge. 

RESULTS AND DISCUSSION 

Cu(I1) complexes 

The values of the formation constants of the 
Cu(I1) complexes with hnca, obtained from the 
numerical analysis of the experimental poten- 
tiometric data using the computer programs MINI- 
GLASS,9 MINIQUAD” and SUPERQUAD,‘* 
are given in Table 1. 

The same experimental data were used to evalu- 
ate the formation curves given in Fig. 1. Inde- 

pendently of which is the minimization function 
defined by each program, the values obtained for 
the stability constants are similar. For MINI- 
GLASS the standard deviation of the titre residuals 
is 0.024 cm3, (compared to an autoburette res- 
olution of 0.01 cm3, a reproducibility error of 0.005 
cm3 and an absolute error of 0.02 cm’); for 
MINIQUAD the standard deviation of the 
residuals on the total concentrations is 0.88 x 10e5 
M (less than 1% of the analytical concentration); 
and for SUPERQUAD the ratio of the root mean 
square of the weighted residuals to the estimated 
error in our working conditions (0.01 cm3 for the 
autoburette and 0.1 mV for the emf readings) is 
sigma = 2.37.” In the additional statistical analy- 
sis of the residuals performed by MINIQUAD 
and SUPERQUAD ’ ‘3 ’ 2 the values obtained for the 
chi-square satistic with both programs are quite 
high, reflecting8.‘2,‘3 the difficulties in having a nor- 
mal distribution of residuals in the least-squares 
analysis of tiration emf data. This fact is more dis- 
cernible when the different test solutions are pre- 
pared from completely independent stock solutions, 
in accordance with the findings by Braibanti et a1.14 
As it is known, moreover, for a given model there 
is a tendency to yield higher chi-square values when 
the fit is improved through parameter refinement, 
reflecting that there is a limit in the consideration 
of the normal distribution of residuals, which is 
related to the limit of precision attainable in the 
usual experimental conditions. Some work is made 
by us at present to analyse this behaviour, which 
on the other hand has also been recognized by other 
authors. I4 

Table 1. Formation constants of Cu(II)-hnca complexes” 

Treatment 
Log of the No. of curves 
constantsbc (No. of points) sd X 

*e 

MINIGLASS 10.42( 1) 0.024 
l&20(3) (li4) 

MINIQUAD 10.42(3) $4) 0.88 x lo- 5 125.8 
18.20(3) 

SUPERQUAD 10.44(2) 2.37 52.5 
18.20(3) $4) 

n At 25”C, 50% (v/v) dioxane-water and 0.2 M KN03. 
b Value of the log of the global formation constants for the reactions : 

Cu(I1) + hnca = Cu(hnca) and Cu(I1) + 2hnca = Cu(hnca),. 
‘In parentheses three times the standard deviation of the last figure 

calculated by program. 
dStandard deviation of the residuals respect added volumes in MINI- 

GLASS, and all total concentrations in MINIQUAD. Value of sigma 
for SUPERQUAD. 

‘Value of the residual chi-squares defined as in Refs 12, 13 and 8, 
respectively. 
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i 

‘C I 

0 

-log CAY 

Fig. 1. Complexation of Cu(I1) ion with hnca at Z = 0.2 M KNO, and 50% (v/v) dioxane-water 
medium. In the figure A is the average ligand number’ and -log[A] is the log of the free ligand 
concentration. Initial hnca and copper(I1) ion concentrations given in millimol : (0) 7.69 and 0.96, 
(0) 6.34 and 1.06, (a) 8.43 and 0.98, and (0) 20.7 and 2.69. The continuous line is the theoretical 

curve obtained with the log of the complexation constants (see Table 1) (10.44 and 18.20). 

The values obtained for the two formation con- 
stants of Cu(I1) complexes are of the magnitude to 
be expected from the values of the Cu(II)-salicylate 
complexes in aqueous solutions.8 The second step- 
wise formation constant (logK, = 7.76) is nearly 
three log units lower than the first one 
(log K, = 10.44), showing the enhancement of the 
first complexation by neutralization of charge. ’ 5 
In Fig. 2 the distribution of species which contain 
Cu(I1) when the pH is changed are given. 

Other metal ion complexes 

In Table 2 the log values of the first formation 
constant of the complexes of hnca with Co(II), 

Ni(II), Zn(I1) and Cd(I1) are given. As was pointed 
out (see earlier), for all these metal ions it was only 
possible to obtain the formation constant of the 
first complex, since the formation of the second one 
is disturbed by the hydrolysis and precipitation of 
the metal ion. Therefore the experimental data 
including measurements in the pH range where 
hydrolysis occurs were not taken into account, since 
data in this pH range would not improve the 
numerical fit and because, if they are included, the 
rejection of species becomes arbitrary (e.g. the 1 : 1 
complex is discarded by SUPERQUAD when 
hydroxocomplexes are included in the model). 
Moreover these data cannot be considered at equi- 
librium, since the emf readings at this stage showed 

-log CHI 

Fig. 2. Distribution plot of the species which contain copper(I1). In the figure 010, 110 and 210, refer 
respectively to Cu(II), Cu(hnca) and Cu(hnca),. ALFA is the ratio of each species concentration to 

the total copper(I1) concentration. 
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Table 2. First formation constants of Co(II), Ni(II), Cu(I1) and Co(I1) values. As it was pointed out 
Zn(I1) and Cd(I1) complexes with hncaah before (see earlier), the increase in stability from 

Metal Log of the No. of curves 
Co(I1) to Ni(I1) in the Irving-Williams series is 

ion constant’ (No. of points) sigmad x2= 
rather weak in the case of complexes with oxygen- 
donor groups. I7 Additionally, the greater stability 

Co(I1) 7.9( 1) 

(7:) 

4.6 1.09 
of the Co(I1) complex could be partially explained 
by a high stabilization due to a high Jahn-Teller 

Ni(I1) 7.07(6) 13 6.5 30.90 distortion of the octahedral low-spin Co(I1) com- 

(112) plex. 3 

Zn(I1) 7.8(l) 5 1.5 32.60 

(94) 
Cd(B) 7.30(9) 

(4:) 

4.2 8.76 

“At 25°C 50% (v/v) dioxane-water and 0.2 M KNO,. 
bLog of the formation constants obtained with the 

SUPERQUAD (Ref. 12) program. 
‘In parentheses three times the standard deviation of 

the last figure calculated by program. 
‘See Ref. 12. 
‘Value of the residual chi-squares. I2 

a steady drift (see Experimental). The values of 
sigma shown in Table 2 for the SUPERQUAD 
treatment I2 are somewhat higher than expected. In 
any case we have preferred to maintain the results 
such as they are given in Table 2, since the improve- 
ment of the fit produced by the rejection of “queue” 
titration points does not yield different values of the 
constants but decreases the formation extent of the 
first complex, reducing therefore the precision of 
its constant. High chi-square values are also here 
related to the not quite Gaussian behaviour of the 
weighed queue residuals. 

DISCUSSION 

Comparison of the values given in Tables 1 
and 2 confirms’ that the formation constants for 
the 1: 1 complexes of the metal ions studied here 
do not follow completely the Irving-Williams 
sequence. ’ 6 The value of the constant for the Ni(I1) 
complex is the lowest obtained, while according to 
the Irving-Williams series it should lie between the 

1. 

2. 
3. 

4. 
5. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 
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Abstract-The reaction of the [Mo(NO),12+ moiety with the (X,Y)-donor ligands 
(X,Y = dithiocarbamates, xanthates, 2-picolinate, o-aminophenoxide, o-aminothiophen- 
oxide or dithizone) leads fundamentally to formation of complexes of type Mo(NO), 
(X,Y)2. Sometimes secondary products are also formed, as for example the mono&rosy1 
heptacoordinated complex Mo(NO)(Zpic), (5) (Zpic = 2-picolinate). In the reaction 
with dithizone a complex of composition Mo(NO)2(HDtz)Z(HZDtz) was isolated. The 
Mo(N0)2(R2dtc)2 (R,dtc = NJV-dialkyldithiocarbamates) complexes decompose in 
CHC13 or by reaction with CO in CH2C12 to give the mononitrosyl derivatives 
Mo(NO)(R,dtc),. The reaction of complex 6 with PPh3 yields Mo(2-pic)3 * H20. The crystal 
structure of Mo(NO)2(2-pic)2 has been determined. The crystals are orthorhombic, space 
group Pbca with a = 12.502(3), b = 15.15(4), c = 15.296(6) A, U = 2897(8) A3, z = 8, 
D, = 1.84 g cm- 3 ~(Mo-K,) = 9.23 cm- ‘, F(OO0) = 1584. The MO atom presents a distorted 
octahedral coordination. The atomic parameters have been refined by least-squares analysis 
of 1845 observed reflexions to R = 0.025. 

Several examples of molybdenum dinitrosyl deriva- 
tives have been described, such as MOM 
(L,L), [L,L = R,dtc (R = Me or Et),lm4 or 

aa& M@‘JO)~X~LZ,~~ [MO(~I)(N~)2(N~~>,l’-, 

[Mo(II)(NO),(NHO)(NCS)~]~- and Mo(II)(NO), 
(NCS),(L,L)4 (L,L = bipy or phen). These dinitro- 
syl derivatives can be obtained by three general 
methods : (1) oxidation by NO+ or substitution by 
NO of molybdenum hexacarbonyl or its deriva- 
tives; 1,2,5,6 (2) reduction of MoCl, by nitric oxide ;7 
and (3) reductive dinitroxylation of: (a) ammonium 
hepamolybdate by hydroxylamine in slightly basic 
or acidic media,3 or (b) of MOO:- by hydrox- 
ylamine in the presence of NCS-. In case (3b) 
mono- or dinitrosyl species of molybdenum(I1) can 
be obtained too. To date, mononitrosyl molyb- 
denum(H) complexes of formula Mo(NO)(R,dtc), 
(R = Me, Et, Pr” or Bun),‘,’ Mo(NO)(NH,O) 
(NCS),(L,L) (L,L = bipy or phen),4 Mo(N0) 

* Author to whom correspondence should he addressed. 

(~,W%W,4 and Mo(NO)(NH20)(2-pic)29 
have been described in the literature. 

Electrochemical and ESR studies of cis- 
Mo(R,dtc),(NO), have been reported,” as well as 
the electronic spectra’ ’ of a wide variety of six- 
coordinate complexes containing the cis- 
[Mo(N0),12+ moiety. 

Activation of a nitrosyl group to give mono- 
nitrosyl complexes occurs by reaction of &-MO 
(NO)2(Et2dtc)Z with strong Lewis bases such as 
azide, cyanate, cyanide or diethyldithiocarbamate 
in hot dimethyl sulfoxide. ’ * 

The dinitrosyl complexes of type Mo(NO)*(L,L)~ 
described contain only (S,S)-donor uninegative 
ligands such as the NJ-dialkyldithiocarbamates, 
or (O,O)-donor ligands such as acetylacetonate or 
oxalate. This fact prompted us to investigate the 
synthesis and characterization of new dinitrosyl 
derivatives, obtained by method (3a), with anionic 
(X,Y)-donor ligands (X,Y = N, 0 or S) containing 
donor atoms of different size and basicity. The 
ligands used were xanthates (Rxant ; R = Me or 

1523 
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Et), and N-alkyldithiocarbamates (RHdtc, 
R = Me) [@$)-donor ligands] ; o-aminophenoxide 
(o-AP) and 2-picolinate (Zpic) [(N,O)-donor 
ligands] ; o-aminothiphenoxide (o-ATP) [(N,S)- 
donor ligand] and dithizone (H*Dtz) [(potentially 
S-(&S) or (NJ)-donor ligand]. 

A study of the reactivity of the new complexes 
towards chloroform or Lewis bases (carbon mon- 
oxide or triphenylphosphine) has been carried out. 

RESULTS AND DISCUSSION 

(a) Reaction of the [Mo(NO),]*+ moiety with the 
(X,Y)-donor ligands 

The new derivatives have been prepared by 
addition of the alkali salt of ligand or of the ligand 
in basic medium to the reaction mixture which con- 
tains the [Mo(NO),]*+ moiety. The compounds 
stable to air and atmospheric moisture have been 
characterized by elemental analysis, electric- 
conductance and magnetic-susceptibility measure- 
ments, and IR and electronic spectroscopy (in sol- 
ution and diffuse reflectance). The complexes are 
non-electrolytes and diamagnetic. 

The compounds obtained by this type of reaction 
are hexacoordinated molybdenum(O) complexes of 
general formula Mo(NO),(X,Y),, although some- 
times secondary products are formed which some- 
times could not be characterized. So, in the reaction 
with 2-picolinate a mixture of Mo(N0),(2-pie), (1) 
(crystalline green solid) and Mo(N0)(2-pit), (5) 
(pale yellow solid) is obtained. These compounds 
can be separated by successive recrystallizations 
from dichloromethane. The mononitrosyl deriva- 
tive with this ligand (5) is insoluble in all solvents. 
The heptacoordinated mononitrosyl derivative, 
Mo(NO)(NH,0)(2-pic)2, has been described in the 
literature.” The o-aminophenoxide ligand reacts 
with the [Mo(NO),]~’ moiety to give the 
Mo(NO)*(o-AP), complex and a mixture of 
unidentified products, some of which are ligand 
condensation products. 

The reaction with dithizone leads to the for- 
mation of a dark purple solid with metallic lustre 
of formula [Mo(NO),(HDtz),(HzDtz)] where HDtz 
is the monoanion of the ligand and H2Dtz the neu- 
tral ligand. 

The behaviour of the (S,S)-donor ligands towards 

WoW%I *+ is different. When the ligand used is 
an N,N-dialkyldithiocarbamate, the reaction leads 
to formation of a Mo(NO)2(R,dtc)2 complex, 
as described in the literature3 for other 
dithiocarbamates. In the case of N-methyl- 
dithiocarbamate a mixture of Mo203(MeHdtc)4 

(purple) and a dinitrosyl species is obtained, but if 
the experiment is carried out in an inert atmosphere 
an orange solid is isolated although with very low 
yield. The elemental analysis data of this compound 
are consistent with a formula of type Mo(N- 
O)(MeHdtc),, but its IR spectrum presents two 
v(N0) vibrations. The presence of oxocomplexes 
in the reaction medium has been also previously 
described. 3,4 On the other hand, the alkali xanthates 
react instantaneously, but no characterizable prod- 
ucts could be isolated because of the formation of 
unstable oils or oil solids and molybdenum oxides 
or oxocomplexes. 

(b) Reaction ofthe Mo(NO)~(X,Y)~ complexes with 
chloroform, CO or PPh, 

The Mo(NO)2(R2dtc)2 derivatives (R2 = 2Et or 
pyr) react with PPh, in chloroform to give a mixture 
of compounds from which the molybdenum(V) 
oxocomplex, Mo203 (R2dtc),, can be isolated. 
When these dinitrosyl species are stirred in CHC13 
for a prolonged time in an N, atmosphere 
they decompose giving rise to an oxocomplex 
[Mo204(R2dtc)2] and the mononitrosyl complexes 
Mo(NO)(R2dtc)3 - fCHC13. 

As mentioned above, complexes of this type have 
been previously described,‘x8 but they do not con- 
tain the crystallization solvent. The presence of 
CHC13 has been shown by IR spectroscopy and Cl 
analysis by X-ray fluorescence. 

The reaction of the N-methyldithiocarbamate 
complex (6) with CHC13 is not reproducible. Some- 
times a solid of composition Mo(NO)(MeHdtc)3 - 
$HC13 is isolated. 

Mo(NO)~(O-AP)~ (2) and Mo(NO)~(O-ATP)~ (3) 
do not react with PPh3 and are stable in CHC13. 
However, when an excess of PPh, is added to com- 
plex 1 in CHC13 a relatively quick reaction occurs 
with formation of a molybdenum(II1) complex of 
composition Mo(2-pie), * H20. Compounds of this 

type, with (O,O)-donor ligands have been 
described. ’ 3 

No reaction was observed on bubbling CO 
through a solution of Mo(NO),(X,Y), complexes 
(X,Y =.Zpic, o-AP or o-ATP) in CH&12 and the 
recovered solids were spectroscopically (IR) ident- 
ical with the starting compounds. However the 
formation of Mo204(R2dtc)2.xCH2C12 and 
Mo(NO)(R2dtc)3 occurs upon treatment with CO 
of MO(NO)2(R2dtc)2 species. This process is anal- 
ogous to the decomposition in CHC13, but here the 
0x0 complex is obtained pure. 

All these results [(a) and (b)] are summarized in 
Scheme 1. Table 1 lists analytical, physical and IR 
data for the new complexes. 
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Fig. 1. 

Crystal structure of complex 1 

Structure. Figure 1 shows the geometry of the 
structure and the atom labelling. ’ 4 Table 2 lists the 
bond lengths and angles. 

Few X-ray structures are available for 

PWNW2+ complexes. ” The present study has 
confirmed the formation of a new compound, 
namely MO(N0),(2-pic)z. The molybdenum atom 
is coordinated to two 2-picolinates as (N,O)-donor 
chelating ligands, and to two NO groups in cis 
positions, forming a distorted octahedron. Both 
NO groups are almost linear. The ON-MO-NO 
angle [87.6(2)] is close to that reported’ ’ for Mo(N- 
O),(Et,dtc), [88.0(4)]. 

The MO-N bond lengths are similar to those 
found by Enemark and Feltham16 in Mo(N- 
0)2C12(PPh3)2. The N-O distances [1.168(6) and 
1.173(5) A] and MO-N-O angles [173.9(4) and 
174.9(4)“] are less than in the above compound but 
are within the range found for linear nitrosyls in 
other nitrosyl derivatives.2q’7q’8 The bond lengths 
and bond angles are as expected for the 2-picolinate 
ligand. I9 The packing of the crystal is determined 
only by van der Waals’ interaction and significative 
intermolecular interactions have not been observed. 
This fact is important to explain the magnetic 
behaviour found in the complex. 

IR spectra 

In the IR spectra of the dinitrosyl species, two 
NO stretching frequencies are observed indicating 

the cis coordination of these ligands. The complexes 
should then exist as optical isomers although these 
have been not resolved. In all spectra, v(N0) occurs 
in the 1783-1630-cm-’ region, and, if NO is con- 
sidered to be coordinated as NO+, then the 
Mo(NO)~(X,Y)~ derivatives could be regarded as 
hexacoordinated complexes of zerovalent metal 
ions. 

On the basis of observed IR spectra the lower- 
frequency v(N0) vibrations have been assigned to 
M(“+ “+---N-=0 and the higher-frequency 
vibrations to the M(“- I)+---N=O+ structure, 
although this rule is misleading because of the great 
overlap in the v(N0) frequencies of bent and linear 
nitrosyls in the 172&l 620-cm- ’ range. *’ 

The NO+ character of the nitrosyl group in the 
derivatives can also be deduced from the study of 
the crystalline structure of complex 1. The 
MO-N-O bond angles (173.9 and 174.9”) are 
characteristic of octahedral metal linear nitrosyls in 
which this angle varies from 170 to 180” indicating 
a straight coordination of the NO+ group.20 

In the Mo(NO)~(X,Y)~ complexes the values 
of the v(N0) frequency vary in the order 
(N,O) > (S,N) > (S,S) with the nature of the (X,Y) 
ligand. This variation is consistent with the decrease 
in the rr-contribution to the Mo-NO bond and 
with the electronegativity of the donor atoms of the 
(X,Y) group. The same variation can be observed in 
the mononitrosyl derivatives whose stereochemistry 
and metal environment are comparable. 

In the dinitrosyl complexes the (X,Y) ligand is a 
uninegative bidentate ligand as can be deduced 
from its characteristic IR vibrations (see Table 1). 
As mentioned above, the crystal structure of 
Mo(N0)2(2-pic)2 shows that the 2-picolinate ligand 
acts as an (N,O)-donor chelating group. 

The assignment of a possible structure to the 
dithizone derivative is difficult owing to the different 
coordination modes of this ligand (HaDtz) of res- 
onant formulae : 

N=N-Ph 
/ 

s= 
\ 

NH-NH-Ph 

and 

N=N-Ph 
/ 

HS-C 
\ 

9 

N-NH-Ph 

which can lose one or two protons behaving as 
an uninegative group (primary dithizone, HDtz) or 
binegative group (secondary dithizone, Dtz), 
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respectively. The primary dithizone can be coor- 
dinated by several modes : 2’ 

Ph 
/ 

N=N 

/ \M s= 
\ / 

NH-N 
\ 

Ph 
I 

Ph 
/ 

N=N 1 

II 

r S_-c=N * NH-Ph -/ 

The IR spectrum of primary dithizone complexes 
may be different to the compounds with secondary 
dithizones because the former present bands are 
due to the NH, C=N or N=N group, while such 
vibrations, would disappear in the spectrum of the 
latter.” In our complex, v(NH) and v(C=N) bonds 
are observed so that a formulation of type Mo(N- 
O),(Dtz), Is discarded. The hydrogen analysis and 
magnetic moments also do not correspond to this 
formulation. On the other hand the conductivity 
measurement and potassium analysis by X-ray 
fluorescence are not in agreement with a for- 
mulation of type K[Mo(NO),(Dtz),J. 

According to all the experimental data, the 
two more possible stereochemistries for the dithi- 
zones derivative are Mo(NO)2(HDtz)(HzDtz) or 
Mo(II)(NO),(Dtz)Z(H2Dtz). The diagmagnetism 
observed could be consistent with either formula. 
The v(N0) values are also in agreement with those 
corresponding to hexacoordinated molyb- 
denum(0) complexes and with those of hep- 
tacoordinated molybdenum(I1) complexes of type 
Mo(NO),(NHO)(NCS),(L,L) (L,L = bipy or 
phen) or [PPh4][Mo(NO),(NHO)(NCS),1,4 so that 
it is difficult to distinguish between the possible 
compounds, although the hydrogen elemental 
analysis seems to correspond to the molyb- 
denum(0) complex (4). The dithizone neutral mol- 
ecule can act as an S-donor monodentate ligand. 

Most metal complexes containing primary dithi- 
zonate show an N,S-coordination. In our case the 
primary dithjzone is also probably coordinated as 
an N,S-ligand (structure III). 

As mentioned above, the IR spectrum of mono- 
nitrosyl complex 4 shows two v(N0) bands. The 
separation between the bands of CCI 120 cm- ’ can not 
be attributed to an isomer mixture or to the presence 
of a symmetrical dimer, but could be due to an 
asymmetrical dimer with metal atoms in different 
oxidation states of type (NO),(MeHdtc)Mo(O)@- 
MeHdtc)2Mo(IV)(MeHdtc)3. However, in the 
literature, some examples of monomeric monon- 
itrosyl complexes with two v(N0) bands have been 
reported. 23 

The ~-methyldithiocarbamate derivative Mo(N- 
O)(MeHdt), shows a broad v(NH) band at ca 3250 
cm- ’ in the solid-state spectrum, but this vibration 
appears as a sharp band at higher frequency (cu 
3450 cm-‘) in the solution spectrum (DMSO or 
acetone). This fact can be attributed to interactions 
in the solid state between NH groups of different 
molecules. 

The remaining mononitrosyl derivatives show 
only one NO stretching frequency as expected. The 
values obtained for this frequency are analogous 
to those of heptacoordinated molybdenum(H) 
complexes, Mo(NO)(R2dtc)3, ‘J Mo(NO)(NH,O) 
(NCS)2(L,L)4 or Mo~O)~~O)(E~dtc~~.4 

All nitrosyl complexes prepared of formulae 
Mo(NO)~(X,Y~~ and Mo(NO)(X,Y)~ conform to 
the 18-electron rule, with the NO’ group and the 
(X,Y) chelating ligand regarded as a three-electron 
donor. 

The chloroform of crystallization in the 
Mo(NO)(X,Y), * $CHCIJ complexes gives rise to a 
v(C-CI) band at ca 750 cm- I. 

The v(C=O) frequencies of all 2-picolinate com- 
plexes rule out the existence of interactions through 
this oxygen atom. 

Electronic spectra 

Electronic spectra for several products are rec- 
orded in DMF or DMSO solution in the 260-900- 
nm region. Diffuse-refl~tan~ spectra were also 
measured in the 190-900-nm region. Table 3 sum- 
marizes the absorption maxima @,,), the molar 
absorptivities values (a), and a tentative assignment. 

We have assigned the spectra on the basis of the 
data reported by Budge et al. lo and Minelli et al. ” 
We assign the electronic absorption at 655800 nm 
to a transition within the ~Mo(NO)~~~ group from 
the Q&&, rr*(NO)] or b2[dxy, rc*(NO)] to the 
b,(n*NO) orbital. The more intense absorption at 
ca 450 nm is assigned to a transition from the 
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Table 2. Bond lengths (A) and angles (“) with estimated standard deviations in 

parentheses 

MwN( 1) 
Mo-N(2) 
Mo-N(3) 
M-N(4) 

Md(3) 
Mo-O(4) 

N(lW(1) 
N(2)-+(2) 
N(3)--C(l) 
N(3)-C(5) 
N(4FC(7) 
N(4)_C(ll) 
0(3)--C(6) 

N( 1 )-Mo-N(2) 
N(l)-Mo-N(3) 
N( 1 )---MC+-N(4) 

N(lFMo--0(3) 
N(l)_Md(4) 
N(2tMo--N(3) 
N(2)-Mo-N(4) 

N(2)_M+-W3) 
N(2F-Mo-O(4) 
N(3)-M-N(4) 

N(3FMo--0(3) 
N(3)_Mo--0(4) 
N(4)--Mo-O(3) 
N(4)-Mo-O(4) 
O(3)-Mo-O(4) 

Mo-N(lW(1) 
Mo-N(2W(2) 
M*N(3)--C(l) 
Mo-N(3)--C(5) 
C(l)_N(3)-C(5) 
M*N(4)--C(7) 
MO-N(4)--C( 11) 

C(7>-N(4)--c(l1) 

1.820(4) 
1.826(4) 
2.186(4) 
2.164(5) 
2.095(3) 
2.087(3) 
1.168(6) 
1.173(5) 
1.349(5) 
1.347(6) 
1.353(5) 
1.251(6) 
1.289(5) 

87.6(2) 
97.7(2) 
96.2(2) 
94.7(2) 

172.6(2) 
98.6(2) 
99.5(2) 

174.2(2) 
93.9(l) 

157.6(l) 
75.9(l) 
89.2(l) 
85.6(2) 
76.4( 1) 
84.5( 1) 

173.9(4) 
174.9(4) 
113.8(4) 
127.2(3) 
118.9(4) 
113.4(3) 
127.0(3) 
119.1(4) 

0(4)-~(12) 

0(5)-C(6) 
0(6)-C(l2) 
C(l)-C(2) 
C(l)-C(6) 
C(2)-C(3) 
C(3>--c(4) 
C(4)-C(5) 
C(7)-C(8) 
C(7)-C(12) 
C(8)-C(9) 
C(9)---C(l0) 
C(lO)--c(ll) 

MO-0(3kC(6) 

Mo-4~4~~12) 
N(~)-CW-C(~) 
N(3)--C(l>--C(6) 
C(2)--c(l )-C(6) 
C(1)+2tC(3) 
C(2k--C(3)-C(4) 
C(3)-C(4)---C(5) 
N(3)_C(5)--C(4) 
O(3)-C(6)--0(5) 
O(3)-C(6I--C(l) 
O(5)-C(6)--c(l) 
N(4)---C(7>-C(8) 
N(4)-C(7W( 12) 
C(8)_C(7)--c(l2) 
C(7)_C(SyC(9) 
C(8YC(9)_C(lO) 
c(9)-c(10)-c(11) 

N(4)_C(1 f)--c(lO) 
0(6>--c(l2k--C(7) 
0(4)-C(l2tc(7) 
O(4)-‘? 13--43(6) 

1.294(5) 
1.215(5) 
1.220(6) 
1.383(6) 
1.51 l(7) 
1.390(7) 
1.374(7) 
1.373(6) 
1.380(6) 
1.51 l(6) 
1.390(6) 
1.381(7) 
1.386(7) 

119.7(4) 
119.2(3) 
121.9(5) 
115.6(4) 
122.5(4) 
118.6(4) 
119.1(5) 
119.6(6) 
121.9(5) 
125.2(6) 
114.8(4) 
120.0(4) 
121.8(4) 
115.6(4) 
122.5(4) 
119.2(4) 
118.9(6) 
119.6(5) 
121.4(4) 
120.3(5) 
114.3(4) 
125.4(6) 

1529 

a@:, n*(NO)] to the b,(n*NO) orbital of the 
(Mo(NO)~}~ group. Our data agree with the results 
of Minelli et al. ’ ’ These authors have emphasized 
that the ON-MO-NO angle value is very impor- 
tant so that no interaction between the b,(rr*NO) 
orbital and the d., orbital (which also has b,-sym- 
metry) occurs if this angle is N 90”. The value of 
87.6(2) found in the case of Mo(N0)2(2-pic), per- 
mits the above-mentioned assignment. Likewise the 
absorption bands at higher energies included 
L c M charge-transfer and/or intraligand tran- 
sitions. 

In the ditizone complexes a high contribution of 
the ligand bands is present in all maxima observed 
in the spectrum. 

The significant change observed in the solution 
and solid spectra of complex 3 can be due to the 
existence of an interaction with the solvent. 

Magnetic properties 

All the compounds show at room temperature a 
feeble paramagnetism which can be partially due 
to a temperature-independent paramagnetism (tip). 
The corrected molar susceptibilities founded for 
these compounds are generally higher than those 
reported for other nitrosyl complexes and are attri- 
buted to a tip.4 However the carbonyl complexes of 
molybdenum frequently exhibit complicated mag- 
netic properties. 24 

In the case of complex 1, which exhibits the higher 
susceptibility values, the susceptibility was meas- 
ured as a function of field strength at four different 
temperatures (Table 4) and was found to be depen- 
dent of field strength and temperature. However the 
structural data preclude any spin-spin interaction 
in this compound. 
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Table 3. Electronic absorption and magnetic-susceptibility data of the complexes 

Electronic spectra data” 

Solution Solid Magnetic data 

Complex 
a max 
(nm) EC 

1 nl2.x 
(nm) Assignment 

106Xm6 T 
(cm’ mol- ‘) (K) (k) 

1 655 100 
433 1544 
296 sh 5372 

650 179 
475 2667 
325 sh 2264 
280 sh 10,798 

800 141 
590 227 
425 2039 
345 7951 
247 17,365 

5.54 57,711 
465 sh 34,912 
320 sh 27,683 
265 44.706 

6’ 720 36 
478 754 
325 6811 

“In DMF solution (1O-3-1O-5 M). 
b In DMSO solution. 
c Values of a in dm3 mol- ’ cm- ‘. 
‘Corrected molar susceptibilities. 

EXPERIMENTAL spectrophotometer with the standard Kontron 
diffuse-renounce accessory and barium sulfate as 
reference. Sometimes, the solid samples were 
slightly diluted with BaSO,. The magnetic sus- 
ceptibilities were measured by the Faraday method. 

655 
433 
325 
260 

676 
478 
290 
255 

735 
495 sh 
445 
310 
255 

680 
490 sh 
370 sh 
267 

665 
342 sh 
298 
260 

720 
478 
325 

- 

All reagents and solvents required for compound 
preparation were of analytical grade. Sodium IV- 
methyldithiocarbamate was prepared by the 
method described in the literature.25 The complexes 
Mo(NOf2(R,dtc}, (R = Et, R2 = pyr) were 
obtained by the method described by Sarkar and 
Subramanian.3 C, H and N analysis were carried 
out by Elemental Microanalysis Ltd Laboratories 
(Devon, U.K.). Conductance measurements were 
performed at room temperature using a Philips PW 
9506120 conductivity bridge. IR spectra in the 
~ZOO-cm- ’ region were recorded on a 325 Per- 
kin-Elmer spectrophotometer, using KBr disks. 
Electronic spectra were scanned in DMF or DMSO 
solution on a Kontron Uvikon 820 spec- 
trophotometer. The diffuse-reflectance spectra of 
the solid compounds were recorded on the same 

d+d 801 293.5 1.38 
n*(NO) t M CT 861 206 

893 151 
941 77 

d-d 270 295 
rr*(NO) + M CT 

1.20 
1.04 
0.76 

0.80 

s* + v(2-pie) 

dcd 
d-d 

n*(NO) +- M CT 

720 295 1.31 

207 290 0.69 

d+d 459 293 1.04 

rc* +- x(Zpic) 

dtd 
rr*(NO) +- M CT 

Crystal data 

C I 2HsMoN406, M = 400.07, orthorhombic, 
a = 12.502(3), b = 15.15(4), c = 15.296(6) A, 
U = 2897(8) A3, Z = 8, D, = 1.84 g cme3, 
F(OO0) = 1584, space group Pbea, &(Mo-I&) = 
9.23 cm- ‘. 

X-ray data collection 

A green prismatic crystal of size 0.3 x 0.2 x 0.2 
(I) was mounted on a Nonius CAD-4-F diffrac- 
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tometer. The cell dimensions were refined by least- obtained, a green solid soluble in CHICII, 1, and 
squares fitting on the 8 values of 25 reflexions. a pale yellow solid insoluble in the solvent 5. 

The lower precision achieved in the values of the 
b parameter could be attributed to a mosaic spread 
in this direction. The intensities of 2816 unique 
reflexions with 1 < 8 < 25”, hkZ(000) to (15 18 18), 
were measured at 295 K with monochromatic Mo- 
K, radiation (1 = 0.71069 A) and a 03-28 scan tech- 
nique. There was no appreciable change in the 
periodically monitored standard reflexions. The 
intensities were corrected for Lorentz and pola- 
rization effects and 1845 of these were considered 
as observed by the criterion Z > 2a(Z). Scattering 
factors for neutral atoms and anomalous dispersion 
corrections for atom were taken from International 
Tables for X-ray Crystallography ( 1974). 26 

Mo(NO),(o-AP), (2). To the green solution in 
DMF obtained as described above a solution of o- 
aminophenol (0.68 g) in 30 cm3 of methanolic KOH 
(0.65 g) was added and the resulting reddish-brown 
mixture was refluxed for 1 h in an inert atmosphere. 
The mixture was allowed to cool and the precipitate 
formed was filtered off. The filtrate was poured into 
150 cm3 of boiled water saturated with N2. A green- 
brown solid appeared after a few minutes. The mix- 
ture was stirred as ca 90°C for 20 min and then the 
precipitate was filtered off, washed with water, and 
dried over P,O , ,, in vacua for several hours. 

Solution and refinement 

The heavy atom was located from the three- 
dimensional Patterson map. The positions of the 
remaining non-hydrogen atoms were obtained for 
Fourier synthesis. An empirical absorption27 and 
extinction correction was applied at the end of the 
isotropic refinement. The H atom positions were 
calculated and included. Final refinement mini- 
mizing xw[lF,] -]FJ]’ with fixed isotropic tem- 
perature factors and coordinates for H atoms gave 
R = 0.025 and R, = 0.027. No trend in AF vs 
F,sin9/1 was observed. Maximum and average 
shift/error were 0.59 and 0.07, respectively. Most of 
the calculations were performed with XRAY76.‘* 

Mo(NO)~(O-ATP)~ (3). To the DMF green sol- 
ution of [Mo(NO)#+ obtained as above a solution 
of o-aminothiophenol (0.71 g) in 30 cm3 of meth- 
anolic KOH (0.65 g) was added and the resulting 
yellow-brown mixture was refluxed for 1 h in an 
inert atmosphere. Then, it was allowed to cool and 
the mixture was poured into 150 cm3 of boiled water 
saturated with N2. The brown solid formed was 
filtered off, washed with water, and dried over 
P4010 in uacuo. After the addition of CHC13 (75 
cm’) to the crude product, the mixture was stirred 
and the solid resulting was filtered off, washed with 
CHC13 and MeOH several times, and dried in uacuo. 

Final atomic positional and thermal parameters, 
bond lengths and angles, 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 submitted to the 
Cambridge Crystallographic Data Centre. 

Mo(NO)2(HDtz)2(HZDtz) (4). A solution of 
dithizone (1.43 g) in 15 cm3 methanolic KOH (0.65 
g) was added to a green solution of [Mo(NO),]*+. 
The mixture was refluxed in an inert atmosphere 
for 1 h and poured into 100 cm3 of boiledwater. A 
very dark precipitate was formed. After 1 h of stir- 
ring at room temperature the violet-purple solid 
was filtered off, washed with water, and dried over 
P4 0, o in vacua. 

Preparation of the complexes 

Mo(NO),(2-pit), (1) and Mo(N0)(2-pit), (5). 
Ammonium heptamolybdate (0.5 g) and hydrox- 
ylamine hydrochloride (0.85 g) were heated in 10 
cm3 of DMF at ca 90°C for an hour to get a green 
solution as described in the literature.3 A sus- 
pension of 2-picolinic acid (0.697 g) in 20 cm3 meth- 
anolic KOH (0.65 g) was added and a lemon green 
solid was formed immediately. The reaction mix- 
ture was refluxed in an inert atmosphere for an hour 
and poured into 100 cm3 of boiled water. After 
keeping at ca 90°C for 30 min the mixture was 
allowed to cool, and the precipitate was filtered off. 
The solid obtained was recrystallized several times 
from dichloromethane. Two products were 

Mo(NO)(MeHdtc), (6). To the green solution 
containing the [Mo(NO),]‘+ moiety a suspension 
of NaMeHdtc- 2.5H20 (0.986 g) in methanol (40 
cm3) was added under NZ. The reddish-brown reac- 
tion mixture was refluxed. After 30 min the solvent 
was partially evaporated at reduced pressure and 
the mixture was filtered. The filtrate was poured 
into 150 cm3 of boiled and degasified water. The 
orange gel obtained was centrifuged, washed with 
water, and dried in uacuo over P4010. The product 
was recrystallized from MeOH. 

Mo(NO)(pyrdtc), - fCHC13 (7). The Mo(NO), 
(pyrdtc)* complex was stirred in CHC13 and 
under N2 for several days. Then the reaction mix- 
ture was filtered and the yellow solution obtained 
was precipitated with light petroleum ether (b.p. 
4060°C). The orange-yellow solid formed was fil- 
tered off, washed with light petroleum ether, and 
dried in vacua. 

Mo(NO)(Et,dtc), - $HCI, (8). The Mo(NO), 
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(Et,dtc), complex was stirred in, chloroform and 
under N2 for 16 h. Then the brown oil and yellow 
solution formed are separated by decantation. The 
addition of light petroleum ether (b.p. 40-6O”C) 
gave rise to the formation of a yellow solid, which 
was filtered off, washed with light petroleum, and 
dried in uucuo. On the other hand, acetone added 
to the oil gave rise to a brown solid (product mix- 
ture) and a yellow solution from which a yellow 
solid was obtained by precipitation with light 
petroleum ether. Both the yellow products were 
identical. 

Mo(2-pit), - HZ0 (9). The reaction was carried 
out under Nz. Complex 1 and PPh3 in a 1: 1 molar 
ratio were stirred in CHC13 for 2 days, during which 
the colour of the solution became topaz. Diethyl 
ether was added to precipitate an earth-yellow solid, 
which was filtered off, washed with ether, and dried 
in uucuo. The same reaction in an excess of PPh3 
occurred much more rapidly and the solution 
became topaz in 1 h. 

Reaction ofMo(NO)z(pyrdtc)z with CO. Carbon 
monoxide was bubbled through a solution of the 
complex Mo(NO)(pyrdtc)2 in CH2C12 at room tem- 
perature for 50 min giving rise to the formation of 
an Mo204 (pyrdtc), * xCH2C12 complex as a crys- 
talline red solid or an orange powder. This solid 
was filtered off, washed with the CH&l,, and dried 
in zxzcuo. The mononitrosyl derivative Mo(N0) 
(pyrdtc), was precipitated from the filtrate by 
addition of light petroleum ether (b.p. 40-60°C). 
Sometimes this compound contained traces of the 
starting dinitrosyl complex. 
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Abstrac&-Perchlorate and hexalkorophosphate salts of monomeric [Cu(ter- 
py)(OOCH)(OH~)]~ and dimeric [Cu(te~y)(~CR)]~+ cations (terpy = 2,2’ : 6’,2”-ter- 
pyridine, R = CH3 or C,H,) have been synthesized and characterized by IR, electronic and 
ESR spectra, and analytical data. Spectroscopic results indicate a five-coordinate, close-to- 
square pyramidal geometry around the copper(I1) ion. The half-field absorption in the 
AM, = 2 region of powdered X-band ESR spectra has been observed for the dimeric species. 
The crystal structure of [Cu(te~y)(OO~H)~OH~)](ClO~) has been determined by X-ray 
diffraction methods. The compound crystallizes in the space group P2Jc with unit-cell 
dimensions: a = 7.341(3), b = 13.919(2), c = 18.081(3) A, p = 101.68(3)“, ‘v= 1809(l) A3, 
2 = 4. The structure was refined to R = 0.044, R, = 0.051. 

To design synthetic pathways to systems of desired 
properties is a growing challenge for inorganic 
chemists. ‘J Our current interest in this area is 
focused on copper(I1) chemistry. In addition to 
understanding the factors determining the con- 
formation around copper(I1) in the solid state, 3 we 
intend to gain insight into the chemical and struc- 
tural effects that govern exchange-coupling inter- 
actions in condensed species.4 Thus, we have 
reported the synthesis and characterization of a 
wide set of pentacoordinated Cu(LIII)XY complexes 
(LItI = tridentate ligand, X = coordinating anion, 
Y = coordinating or noncoordinating anion) 
showing a great structural diversity (including 
mono-, bi- and polynuclear species). Tridentate 
rigid “quasi-planar” ligands such as terpy 

*Author to whom wrrespondence should be addressed. 

(2,2’ : 6’,2”-terpyridine), 3-8 paphy (pyridine-Z 
aldehyde-2’-pyridylhydrazone)9 and TPT [2,4,6- 
tris(2-pyridyl)-1,3,5-triazine]‘” favour the stacking 
of [Cu(L,,)X]+ entities to give dimers or other con- 
densed systems (simple or ladder-like chains), but 
the ultimate nature of the resulting compound 
depends mainly not only on the concrete ligand but 
also on the character of the ~tenti~ly bridging X 
anion. 

We have now synthesized and characterized a 
family of carboxylate and terpy-containing 
copper(I1) complexes. The ability and adaptability 
of simple carboxylates as bridging ligands is well- 
established. ’ ’ 

EXPERIMENTAL 

~ep~~~~ion of the ~o~piexes 

[Cu(terpy)(OOCH)(OH,)](ClO~] (A). Solutions 
of CuS04 * 5Hz0 (0.061 g, 0.2 mmol) in water (4 

1533 
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cm3), terpy (O.Q46 g, 0.2 mmol) in acetone (4 cm’) 
and NaOOCH (0.027 g, 0.4 mmol) in water (2 cm3) 
were mixed in sequence with stirring. The resulting 
blue solution was filtered and then NaC104 * Hz0 
(0.12 g, 0.8 mmol) in water (4 cm3) was added to 
the filtrate with stirring. Slow evaporation at room 
temperature yields blue prismatic crystals after sev- 
eral hours. Crystals were separated by filtration, 
washed with cold water and acetone, and stored in 
a desiccator over silica gel. Found : C, 42.2 ; H, 3.1; 
N, 9.1. Calc. for ClgH14C1CuN307: C, 41.8; H, 
3.1 ; N, 9.2%. 

[Cu(terpy)(OOCH)(OH2)](PF,) (B). This blue 
complex was prepared as described for A but using 
KPF6 instead of NaC104*Hz0. Found: C, 38.1; 
H, 2.5 ; N, 8.3. Calc for C,gH,4PF6C~N303 : C, 
38.1 ; H, 2.8; N, 8.3%. 

[Cu(terpy)(OOCMe)lz(C1O& * 2Hz0 (C). A sol- 
ution of terpy (0.046 g, 0.2 mmol) in acetone (3 cm’) 
was added to other of Cu(OOCMe)z*HzO (0.040 
g, 0.2 mmol) in water (3 cm3) with stirring. After 
filtration of the resulting blue solution, 
NaClO, * HZ0 (0.112 g, 0.8 mmol) in water (4 cm’) 
was added with stirring and the solution allowed 
to stand at room temperature. The green-bluish 
needles which appeared after several hours were 
separated, washed and stored as above. Found : C, 
43.2; H, 3.3; N, 8.8. Calc for Ci7H16C1CuN307: 
C, 43.1; H, 3.4; N, 8.9%. 

[Cu(terpy)(00CMe)12(PF& *2Hz0 (D). Green- 
bluish needles of this complex were obtained by the 
same method as for C but using KPFs instead of 
NaC104*H20. Found: C, 39.6; H, 3.1; N, 8.0. 
Calc. for C1,HisPF,&uN303: C, 39.4; H, 3.1; N, 
8.1%. 

[Cu(terpy)(OOCEt)],(ClO& (E). This anhy- 
drous complex was prepared as described for A but 
using HOOCEt instead of NaOOCH. The resulting 
blue solution was adjusted to pH = 7 by aqueous 
NaOH solution and then allowed to stand at 60°C. 
After several hours, green-bluish needles appeared 
and were separated from the solution by filtration 
and treated as above. Found : C, 46.3 ; H, 3.3 ; N, 
9.0. Calc. for C,gH16C1CuN306: C, 46.1; H, 3.4; 
N, 9.0%. 

[Cu(terpy)(00CEt)12(PF& * 2H20 (F). Green- 
bluish needles of this complex were obtained in 
the same way as for E but using KPF6 instead of 
NaC104 * H20, and allowing to stand the solution 
at room temperature. Found: C, 40.8; H, 3.3; N, 
7.9. Calc. for CighIsPF6CuN303: C, 40.6; H, 
3.4; N, 7.9%. 

Physical measurements 

IR spectra (KBr pellets) were recorded on a Pye- 
Unicam SP2000 spectrophotometer. Diffuse- 

reflectance electronic spectra were registered on a 
Pye-Unicam SP 180 spectrophotometer. ESR spec- 
tra were recorded on a Bruker ER 200D X-band 
spectrometer. Water was determined thermo- 
gravimetrically using a Setaram B70 simul- 
taneous TGA-DTA thermobalance. 

Crystallographic study 

Crystal data of A. Blue prismatic crystals of 

G&~~,C~CUN~~T, M = 459.3, monoclinic, 
u = 7.341(3), b = 13.919(2), c = 18.081(3) A, 
/I = 101.68(3)“, V= 1809(1)A3,spacegroupP2,/c, 
2 = 4, D, = 1.686 g cmp3, P(OO0) = 932, ~(Mo- 
&) = 14.0 cm-‘, il(Mo-K, = 0.70926 A. 

Data collection. A well-formed crystal of dimen- 
sions 0.14x0.16x 0.18 mm was mounted on an 
Enraf-Nonius CAD-4 diffractometer equipped 
with a graphite monochromator. The cell dimen- 
sions were obtained by least-squares refinement of 
25 well-centered reflections (22” < 28 < 37”). From 
systematic absences (OkO, k odd ; 001, I odd ; h01, I 
odd) the space group P2,/c was assumed. Exam- 
ination of four standard reflections [( 17 8), (0 4 lo), 
(0 8 0), (0 3 9)], monitored after each 50 reflections, 
showed no appreciable intensity decay. 3444 reflec- 
tions were measured (2” < 2@ < 50” ; - 8 < h < 8, 
0 < k < 16,0 < I < 21) with the variable-speed cr)- 
28 technique, of which 2397 were unique with 
I > 2.50(Z) and used in the determination of the 
structure. Lorentz and polarization corrections 
were applied, but not absorption. 

Structure solution and refinement. The position 
of copper and 15 non-hydrogen atoms were deter- 
mined by direct methods (MULTAN 1 l/84).‘* The 
remaining non-hydrogen atoms were located from 
successive Fourier syntheses. Refinement of the 
structure was carried out with the SHELX76 sys- 
tem’ 3 by weighted anisotropic full-matrix least 
squares. All hydrogen atoms were located by Four- 
ier difference syntheses and included in the refine- 
ment with common fixed isotropic thermal par- 
ameters (U = 0.059 A’). The perchlorate anion is 
disordered. A difference map calculated at this stage 
revealed four minor 0 sites around the central Cl. 
A model with eight 0 sites and two sets of com- 
plementary occupancies was introduced. The oxy- 
gen atoms with minor occupancy factor were 
isotropically refined and a value of 0.14 was ob- 
tained for this parameter. The final R values 
were R = 0.044 and R, = 0.051 (237 parameters 
refined). x w(lF0I - lF,l)2 minimized with 
w = l/(02(F,)+0.01455F,2) with a2(F0) from coun- 
ting statistics. In the final difference map the 
residual maxima were less than 0.60 e A- 3 except 
for one peak (1.25 e A-‘) around the perchlorate 
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anion. Atomic scattering factors and corrections for 
anomalous dispersion for the copper atom were 
taken from International Tables for X-ray Crys- 
tallography.‘4 The geometrical calculations were 
performed with XANADU’* and DISTAN,‘6 and 
molecular illustrations were drawn with PLUTO. ’ ’ 
Final atomic coordinates, thermal parameters and 
FJFc values have been deposted with the Editor as 
supplemental data. Atomic coordinates have also 
been deposited with the Cambridge Crystallo- 
stallographic Data Centre. 

RESULTS AND DISCUSSION 

Significant aspects guiding the synthetic stra- 
tegies have been previously reported.” Molecular 
formulae have been written considering all the 
structural information available (see below). Except 
for A, the thermal dehydration step occurs as a one- 
stage endothe~ic process. In the case of A, this first 
step seems more complex, showing an exothermic 
component. The weight loss involved fits to the 
evolution of 1 mol CO* overlapping with Hz0 
removal, and the DTA temperature peak is rela- 
tively high (see Table 1). 

Assignments of the more relevant IR spectral 
bands in the complexes are listed in Table 1.3ands 
due to terpy ligand and ~ounte~ons are not 
discussed. Notwithstanding, it must be stressed that 
in no case the bands proper of C10; and PF; 
regular groups appear split. We conclude that both 
anions act as non-coordinating gro~ps.‘~ From the 
data in Table 1 some facts are noteworthy: (1) in 
both formate complexes, bands assignable to 
v&JOO) and v&ZOO) are located at 1600 and 1330 
cm-’ (Av = 270 cm-‘), respectively. However, 
these bands appear around 1580 and 1410 cm- ’ (AL? 
ca 170 cm- ‘) in the remaining complexes spectra (2) 
Likewise, only the spectra of the formate complexes 
display a weak band at 425430 cm- ‘, which can be 
associated to Cu--O(water) stretching vibrations. I9 
These facts argue in favour of: f 1) a different car- 
boxylate coordination mode in formate complexes 
with respect to the others. Thus, Av values are con- 
sistent with monodentate formate and bidentate 
(chelating or bridging) acetate and propionate ; ’ ‘A’ 
(2) when considering the anhydrous character of E, 
the lack of v(Cu-0) in the spectra of C, D and F 
suggests that water molecule occupies a coor- 
dination site only in the formate complexes. 
However, in all cases, the main component of 
v(O-H) band is centered about 3410 cm- ‘. It can 
be thought that water is involved in hydrogen bonds 
of medium strength. ” This might explain why lat- 
tice water removal C, D and F also requires mod- 
erately high temperatures (Table 1). 

The reflectance electronic spectra of all the solids 
studied exhibit one broad unresolved band centred 
around 15,300 cm- ’ (Table 1). Our previous results 
on related systems3-’ indicate that the rigid terpy 
ligand favours geometries close to square pyramidal 
around copper(H). This contention is also con- 
sistent in the present case and the position of the 
intensity maximum in the absorption envelope 
agrees with the Hathaway observations for 
[CuN 302] chromophores. 22 

X-band ESR spectra of polycrystalline samples 
show axial-type signals which remain unchanged 
from room temperature down to 125 K (Fig. 1). 
The ESR line shapes, leading to gll = 2.23- 
2.25 > g1 = 2.06 (Table 1) points towards a mainly 
copper(I1) &z_,,z orbital ground state, a result which 
agrees with the above statements. In addition, it 
must be noted the appearance at half-field values 
(i.e. in the A&i, = 2 forbidden transition region) of 
a new weak absorption (Fig. 1, Table 1) in the 
spectra of the acetate and propionate complexes. 
This signal implies a magnetic interaction between 
two copper(I1) ions and supports unequivocally the 
presence of dimeric entities in these complexes (C- 
F). IR, visible and ESR spectra data become coher- 
ent here, assuming a molecular structure similar to 
that schematized in Fig. 2 in which the [Cu(ter- 
py~(OO~R)~~ moieties are linked through biden- 
tate bridging carboxylate groups to give the dimeric 
pentacoordinated unities. Lacking X-ray structural 

-----G- 

1 I 1 
2700 3200 3700 

H(G) 

Fig. 1. Polycrys~lline X-band ESR spectra of complexes 
A, C and E at room temperature. (frequency = 9.435 

GHz). 
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Fig. 2. Schematic view of the proposed approximate 
geometry for the dimeric species. 

data (attempts to grow suitable crystals have been 
not successfully up to date) an an&syn carboxylate 
coor~nation mode has been assumed (as the more 
likely) for pictorial purposes only. 

Now, the absence of the AM, = 2 signal in the 
ESR spectra of the formate complexes may be 
related to the monodentate character of the car- 
boxylate groups shown by IR. Thus, it has been 
previously noted that copper(H) formate and its 
adducts are reluctant to adopt the binuclear 
copper(I1) acetate type structure (which is also 
found in the higher alkanoates). ” This behaviour 
has been associated to the low cr-electron donor 
efficiency of the HCOO- group which generally 
leads to polymeric complex structures. ” In our 
case, monodentate formates might yield monon- 
uclear or polymeric (containing mono-oxo-biding 

CO6 

& 
M31 

Fig. 3. Perspective view of [Cu(terpy)(00CH)(OH2)]’ 
cation with labelling of atoms. 

for-mate anions) species. Although the probable 
coordination to copper of the water molecule points 
towards a monomeric fo~ulatio~ for these com- 
plexes, the question remains open at this stage. This 
fact and the availability of single crystals of A suit- 
able for X-ray study lead us to approach its struc- 
tural resolution. 

Figure 3 shows a perspective view of the [Cufter- 
py)(OOCH)(OH,)]+ cation with the detailed label- 
ling of the atoms, and Fig. 4 shows a stereoscopic 
view of the unit cell. Significant bond distances and 
angles are given in Table 2. The coordination sphere 
of copper(I1) is best described as a square pyramid. 
The basal positions are occupied by the three 
nitrogen atoms from the te$y ligand and an 
oxygen atom of the monodentate formate 
anion [Cu-N( 1) = 2.030(4), Cu-N(2) = l-947(4), 

Table 2. Selected bond distances (A) and angles (“) for complex A : standard deviations 
are given in parentheses 

Cu-o( 1) 2.247(3) C(l6)--W2) 
Cu-o(2) 1.935(3) C(l6)--W3) 
cu-o(3) 2.815(4) C(16jH(160) 
Cu-N( 1) 2.030(4) WjH(w1) 
Cu-N(2) 1.947(4) WjH(w2) 
Cu-N(3) 2.056(4) Cl--Q(average) 

0(2)--cu---0(1) 88.4( 1) 0(3)--Q-W) 
0(3)--cu--o(2) 51.9(l) N(l)---&-O(l) 
N(ljCu~(2) 99.9(l) N(l)---Cu-O(3) 
N(Z)--Cu-O( 1) 99.1(l) N(Z)--Cu-O(2) 
N(2)--Cu--0(3) 120.5(l) N(Z)---Cu-N( I) 
N(3jCu--O( 1) 93.3(Z) N(3k--~u--0(2) 
N(3)-Cu-O(3) 88.7( 1) N(3)---Cu-N(1) 
N(3 j-Cu-N(2) 79.9(Z) 0(3jC( ~4wca 
0(3jC(l6)-H(160) 133.1(5) 0(2)--X(16 jH(160) 
H(wljO(1 jH(w2) 102(5) O-CL---O(average) 

Hydrogen bonding” 

O( 1) . ’ . O(3) 2.699(5) o(l~H(w2~(3) 
O( 1). . . O(5) 3.039(6) O(l)---H(wlW(5) 

“O(3)’ from O(3) after 1 +x, y, 2. 

1.266(6) 
1.237(5) 
1.020(5) 
0.81(6) 
1.18(6) 
1.380(5) 

140.0(l) 
97.7(l) 
94.5(l) 

172.4(l) 
80.1(l) 
98.8( 1) 

1585(l) 
125.5(5) 
101.2(4) 
109.1(9) 

175(5) 
168(3) 
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Fig. 4. Stereoscopic view of the unit cell for complex A. 

Cu-N(3) = 2.056(4), Cu-O(2) = 1.935(3) A], 
while the apical site is occupied by the oxygen atom 
from the water molecule [Cu-O(1) = 2.247(3) A]. 
The basal atoms are coplanar within &- 0.02 8, and 
the copper atom is displaced 0.15 a from the mean 
plane. The terpy ligand is planar within + 0.13 A 
and the plane through the atoms Cu, O(1) and 
O(2) makes an angle of 87.9” with the basal mean 
plane. If the second oxygen atom of the formate 
anion is considered as “semicoordinated” 
[01-O(3) = 2.815(4) A] the enviro~ent of the 
copper would be described as an elongated and 
strongly distorted octahedron [the 0(2)--01-O(3) 
angle is 51.9(l)“]. This kind of coordination has 
been also found in other carboxylate, nitro and 
nitrite copper(H) complexes.2,2223 

The interatomic distances and angles in the terpy 
ligand are in agreement with those found in pre- 
viously described complexes.4,7*23*24 As predicted 
above, the formate group is asymmetric 
[C(l6)-0(2) = 1.266(6) and C(1 Q---oo) = 
1.237(5) A] as a consequence of the polarization 
of the charge density towards the metal-bonded 
oxygen atom. 

The structure of A (Fig. 4) consists of double 
layers which are parallel to the “bc” plane. 
These double layers are built up with pairs of 

[Cu(terpy)(OOCH)(OH2)1+ units related by 
an inversion center; perchlorate anions occupy 
interlayer empty spaces. Crystal packing of the 
layers is achieved by intermolecular hydrogen 
bonding between the water molecule and the 
“semicoordinated” oxygen atom from the 
formate anion [0(1)-O(3)’ = 2.699(5) & O(l)- 
H(w2)-0(3)’ = 171(5)“] giving infinite chains 
* * * H,O-Cu-U-C--O-H@-Cu * - . along the 
(100) direction [O(3)’ from O(3) after 1 -i-x, y, z]. 
The water molecule is also involved in another 
hydrogen bond with an oxygen atom from the 
perchlorate anion [O(ljO(S) = 3.039(4)A; 
0(1 )--H(w1)---0(5) = 168(3)“]. 

Based on the results reported, a similar structure 
can be expected for B. Only the hydrogen-bonding 
scheme must differ from its perchlorate analogue, 
and this might lay behind the difference observed 
in the dehydration step. 

Lastly, dealing with exchange interactions, we 
note (Table 1) that the G = gll - Z/g1 - 2 parameter 
value is near to 4 even for the dimeric species, indi- 
cating that exchange interactions are weak.22 This 
result is not surprising if the actual geometry of the 
dimers is that proposed above. The effective overlap 
between the magnetic orbitals involved in the entity 
would be very poor. ** Furthermore, bridging car- 
boxylates provide in general a poor support to 
propagation of the exchange interactions except 
when the structural function is SY*~JVZ, as in the 
copper(H) acetate. l1 

Accordingly, further structural and magnetic 
studies could play a key role improving the under- 
standing of the factors controlling exchange-coup- 
ling interactions, and are in progress. 
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Abstract-The preparation of M(S2N,)(PR,)I (M = Pd or Pt) (1) complexes by reaction of 
MC&(PR& with S4N4H4 in the presence of di~abicyclound~ne is described. A variety 
of other reagents also give rise to 1; in particular S4N4-BuLi. The reactive intermediate in 
the latter case appears to be I&N; which has been characterized by X-ray crystallography 
as the PPh: salt: tetragonal, space group Pa, a = 17.579(5), c = 7.447(2) A. The pro- 
tonation of 1 to llVl(S,N,H)(PR,)JX (X = Cl- or BF;) and the use of 1 in the preparation 
of S3Nz0 is reported. 

Metalla-sulphtt-nitrogen chemistry provides access 
to a number of unusual compounds. I-3 Apart from 
the potentially interesting solid-state properties of 
the stacking compounds4 many complexes stabilize 
otherwise unknown anionic sulph~-~~ogen 
species such as SzN:- and S1N2H-. A number of 
synthetic strategies have been employed in the 
preparation of Pt(S2N2)(PR3)2 (1) and 
lPt(S,N,H)(PR,),]X (X = PF,) complexes. For 
example, in 1 when PR3 = PPh3 reaction of 
Pt(PPh,), with S,N,H, is satisfactory.’ However 
this method is not readily extended to other systems. 
We have successfully used Na(S,N,) [eqn (l)] : 

+ Pt(S~N~)(PR~)~+S~N~+ZNaCl. (1) 

but this salt is air-sensitive and extremely explosive ; 
clearly an alternative is preferable. 

Reaction of ljvIezSn(SIN,)], with PtC&(PR,), in 
the presence of [NH,][PF,] provides a useful route 
to 2 but the tin reagent is moderately air-sensitive 
and probably toxic. We have been investigating 
alternative routes to 1 and 2. Here we report on the 
use of S,N,H,-dbu (dbu = diazabicycloundecane) 
and S,N4-RLi as reagents. Both can be reacted 
with cis-PtCl,(PR,), to give 1. In the case of&N,-- 
RLi reactions one of the reactive inte~~iates is 
the Z&N; anion and the crystal structure of its tetra- 
phenylphosphonium salt is reported. Protonation 
reactions for the conversion of 1 into 2 are 

l Author to whom correspondence should be addressed. 

described. The usefulness of 1 as a source of SzNz 
in ring syntheses has also been studied. 

EXPER~~AL 

General reaction conditions, drying of solvents, 
preparation of starting materials and spectroscopic 
measurements were as described previously. 6 

To a suspension of S4N4H4 (20 mg, 0.1 mmol) in 
a CHzClz (10 cm3) solution of cD-PtC12(PMe2Ph)2 
(110 mg, 0.2 mmol) was added excess dbu (six 
drops). The colourless solution gradually turned 
pale yellow and the S.,N,H, started to dissolve. 
After 10 min the reaction was a golden yellow col- 
our with only a trace of S4N4H4 undissolved. At 
this point additional dbu (two drops) was added 
and the reaction was stirred for a further 90 min. 
The CH2C12 was removed in vacua leaving an oily 
pale yellow solid which was washed with degassed 
water (2 x 50 cm3), and then dried in VLLCUO. The 
final product was obtained as a pale yellow/off white 
solid by extraction with CH2C12 followed by pre- 
cipitation using hexane. Yield 90 mg (79%). The 
product had indistinguishable IR and 3’P NMR 
properties from those previously reported. 7 

Pt(SzN2)(PEt3)z and Pt(S,N,)(PPhzMe)z 

Reactions performed on a 3’P NMR scale gave 
the same products as those previously reported.7 

1541 
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Pd(S,N,)(PR,), (PR3 = PEt3, PMezPh, PPh,Me or 

PPh3) 

Reactions were performed as described for 
Pt(SzNz)(PMezPh)z but using trans or cis/trans mix- 
tures of the palladium complexes. 

For PR3 = PMezPh : Found : C, 40.1; H, 4.5 ; N, 
5.8.Required:C,40.5;H,4.7;N,5.9%.IR:v(NS) 
107O(vs), 605(w) cm- ‘. 31P-{ ‘H} : 6 - 3.8, -9.2 
ppm; ‘5 = 41.5 Hz. 

For PR, = PEt,: Found: C, 31.8; H, 6.6; N, 
6.6. Required : C, 33.1 ; N, 6.9 ; H, 6.4%. IR : v(NS) 
1074(vs), 671(m), 605(w), G(NS)/v(PdS) 443(w), 
348(w) cn- ‘. 31P-(1H} : 6 16.5,22.5 ppm; ‘J = 37 
Hz. 

For PR3 = PPhzMe : 3’P-{ ‘H} : 6 7.9, 11.5 ppm, 
2J = 39 Hz ; product not isolated. 

For PR3 = PPh3 : reaction did not proceed as for 
other phosphines. No AX 31P NMR spectrum was 
observed. 

[pd(S2N2)(PPh3)12 precipitated out of the reac- 
tion mixture. 

X = BF;. To a suspension of 1 in thf (0.1 mm01 
in 10 cm3) was added Et20 0 BF3 (Aldrich, two 
drops). Initially 1 dissolved giving an intense green- 
yellow solution, and after further stirring some pre- 
cipitate appeared. The volume of thf was reduced 
in vacua and diethyl ether added to precipitate 2. 
The product may be purified by crystallization from 
Et@-CH2C12. In this way analytically pure 
[Pt(S,N,H)(PMe,Ph)d[BF,] is obtained. In the 
case of palladium complexes for PR3 = PEt, : 
31P-{ ‘H} : 6 20.6, 23.9 ppm; 2J = 29 Hz. 
PR3 = PMe,Ph : IR : v(NH) 3300 cm- ‘. 3’P-(‘H} : 
6 -3.9, -5.4 ppm; 2J34 Hz. 

X = Cl-. To a suspension of Pt(S2N2)(PMe2Ph)2 
in thf (0.1 mm01 in 10 cm3) was added a few drops 
of HCl-saturated CH2C12. The solvent was removed 
under in vacua and the gummy solid triturated with 
hexane. Filtration, extraction of the solid into thf 
and removal of solvent in vacua gave a green oily 
solid. The crystalline product was obtained by slow 
diffusion of hexane into a CH2C12 solution. Yield 
0.08 mm01 (80%). Found: C, 29.7; H, 3.5; N, 4.0. 
Required for [Pt(S2N2H)(PMe,Ph),]Cl - CHIClz : 
C,29.8;H,3.7;N,4.1%.NB:the3’PNMRofthe 
initial crude reaction shows ca 20% cis-PtCl,(P- 
Me,Ph), as the side product. No attempt was made 
to recover this material. 

Preparation of S3N20 

Pt(S2NZ)(PMe2Ph)z (56 mg, 0.1 mmol) in CH2C12 
(10 cm’) was treated with excess SOCIZ (two drops) 

with stirring under NZ. The solution immediately 
changed from golden yellow to light orange. After 
stirring for 1 min the solvent was removed in vacua. 
The resulting red oil was extracted into CH2Clz (1 
cm’) and this solution chromatographed (Kieselgel 
60 Prep. plate) using CH2C12 as the eluant. The 
band at R, = 0.65 was extracted from the silica 
using CH2C12 and after removal of this solvent the 
product was further purified by vacuum sub- 
limation onto a liquid nitrogen cold finger (bath 
temperature 60°C). Yield 5 mg (35%). IR : 1125(s), 
985(m), 912(m), 740(m), 670(m), 510(m) cm-‘. 

A solution of S4N4 (0.28 g, 1.5 mmol) in thf 
(20 cm3) was treated with “BuLi [0.56 cm3, 2.7 M 
(Aldrich), 1.5 mmol]. The reaction immediately 
went dark red. The thf solution was reduced in 
vacua and treated with hexane (50 cm’) giving an 
orange-red precipitate. After filtration and drying 
the remaining solid was extracted into thf and solid 
[PPh,]Cl (0.56 g, 1.5 mmol) added. CH2C12 was 
added until most of the [PPh.,]Cl had dissolved and 
the solution was filtered. After standing for a few 
minutes a yellow solid precipitated. Enough 
CH2C12 to dissolve this solid was added and hexane 
was layered on the resulting red solution. The pro- 
duct was obtained as large orange crystals. Found : 
C, 59.5; H, 3.4; N, 8.3. Calc. C, 60.4; H, 4.2; N, 
8.8%. 

X-ray structural analysis of [PPh,][S,N,] 

Crystal data : C24H20N3PS3, orange tetragonal 
sphenoidal crystals, tetragonal, a = 17.579(5), 
c = 7.447(2) A, U = 2230 A3, space group Pa, 
2 = 4, M= 477.6, D, = 1.38 g cmp3, ~(CU- 
KDI) = 37 cm-‘. 

Measurements. Crystal dimensions 0.5 x 0.2 x 0.2 
mm. Refined unit-cell parameters were obtained by 
centring 14 reflections on a Nicolet R3m diffrac- 
tometer, 1807 independent reflections (0 < 58”) 
were measured with Cu-& radiation (graphite mono- 
chromator) using the o-scan measuring routine. Of 
these 1652 had IF,] > 3a(]F,]), and were considered 
to be observed. Lorentz, polarization and an ana- 
lytical absorption correction based on indexed faces 
were applied. 

Structure analysis. The structure was solved by a 
combination of the heavy-atom method and AE 
map recycling. The positions of the phosphorus 
atoms, one on the two-fold axis at [(0, 4, z)] and 
the other two on the 3 special positions [(0, 0, f) and 
(- f, 4, $1 were determined from the Patterson map. 
The positions of all the other non-hydrogen atoms 
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were determined by successive AE map recycling. 
The non-hydrogen atoms were refined aniso- 
tropically. The hydro en atom positions were ide- 
alized (C-H = 0.96 1 ) assigned isotropic thermal 
parameters [U(H) = 1 .ZU,,(C)] and allowed to ride 
on their parent carbons. 

Refinement was by block cascade full-matrix 
least squares to R = 0.063, R, = 0.074 
[w- * = a2(F)+0.001 lF2]. The chirality of the 
structure was established by refinement of a free 
variable (q) which multiplies allf” values. This vari- 
able converged to a value of 1.1(l). Compu~tions 
were carried out on an Eclipse S 140 computer using 
the SHELXTL program system.* 

Final atomic coordinates, including those of the 
hydrogen atoms, and thermal parameters have been 
deposited with the Editor as supplements data. 
Atomic coordinates have been deposited with the 
Cambridge Crystallographic Data Centre. 

RESULTS AND DISCUSSION 

It has been recognized for several years’ that the 
S,N- anion is in equilibrium with S,N- formed by 
deprotonation of &NH [eqn (2)] : 

S,N- = S4N- + $3, = f&N- +fS,. (2) 

and we have made use of this equilibrium in the 

preparation’ O of AuC12(S,N). Surprisingly, reac- 
tion of the Z&N- anion with group VIII metal chlor- 
ides gives complexes containing the S2N2H- ligand 
and this, together with the results of our studies 
(aide infiu), suggests the involvement of anions such 
as S2N:- in solution reactions of a number of sul- 
phur-~trogen compounds. 

Since the deprotonation reaction of &NH pro- 
vides a useful route to M-S-N complexes we have 
investigated the reactivity of S,N4H, in the presence 
of the base dbu. Thus treatment of eiS’PtC12(PR3)2 
or r~~~~-PdCl~(PR~)2 with S,N,H,-dbu yields 
M(S2N2)(PR32 (1) in good yield [eqn (3)] : 

+ 2M(S,N&PR,),+ 2dbuHCl. (3) 

(NB : only demonstrative examples were isolated ; 
the generality of the reaction was established by 31P 
NMR). The new palladium complexes gave sat- 
isfactory NMR, IR and microanalytical data. An 
interesting feature of the reaction is the fo~ation of 
an intermediate compound, observed by 3’P NMR 
(Fig. l), with 6 = - 13.8 and - 23.0 ppm and ‘J(Pt- 
P) = 3658 and 2987 Hz. Attempts to isolate this 
intermediate were unsuccessful ; it is also observed 
from reaction of dbu with ciS-PtC12(PR3)2 and the 
NMR data suggests a complex with two phosphine, 
one chloro and one dbu ligand. This is somewhat 

Pt(PMe2Phl2Cl2 + S,N,H,/DBU 

Fig. 1. 31P-{ ‘H) NMR of the reaction of c~-~Cl~~Me~~)~ with S,N+H, and dbu. Upper trace 
shows starting material, middle trace shows Pt(SzNz)QMezPh)z and intermediate believed to be cis- 

PtCl(dbu)(PMezPh)l, lower trace is after addition of additional dbu. 
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PtU’Phg)3 

> Pt(S2N2)(PR3)2 - 

[NH41 IS&l 

Pta2(PR3)2 Pt(32(PR3)2 Pta2(PR3)2 

Scheme 1. Reactions in which Pt(S2Nz)(PR,), is a major product. Note that in some cases the results 
are from 3 ‘P NMR only. 

surprising since dbu is considered to be a non- 
nucleophillic base. 

The mechanism of the reaction in eqn (2) is not 
immediately obvious and two observations appear 
to rule out a simple equilibrium process involving 
SrN$-. Firstly, the reaction is extremely clean (Fig. 
1) with all of the S4N4H4 eventually being com- 
plexed as S,N;- ; in other studies’ on S3N; we 
always observed the formation of S4N4. Secondly, 
unlike many of the reactions involving SN species 
no major colour changes are seen ; these would be 
expected if species such as SsN- were involved. It 
is possible that the reaction proceeds via co-ordi- 
nation of S4N4H4 followed by elimination of HCl 
to give Pt(&N,H,)(PR,), which is then attacked by 
PtCl(dbu)(PR& to give two molecules of 
[Pt(S,N,H)(PR,)]Cl; this will be deprotonated by 
dbu to yield 1. 

We have also observed disulphurdinitrido com- 
plexes from a number of other routes and these are 
summarized in Scheme 1. One particularly inter- 
esting reaction is that of S4N4 with BuLi ; a very 
reactive species is formed. We thought it possible 
that the intermediate might be SrN:- and thus 
attempted to crystallize it using [PPh,]CI. Sur- 
prisingly, the product obtained is [PPh4][S3N3], 
identified by X-ray crystallography, IR and micro- 

analysis. The crystal structure (Fig. 2, Table 1) 
reveals the expected planar ring for the anion with 
similar bond distances and angles to those reported 
for the [(n-C,H,),Nl” salt. ’ ’ We do not believe that 
the variation in S-N bond distances in the ring are 
a consequence of anion-cation interactions in the 
solid state as all of the inter-ion distances are con- 

Fig. 2. X-ray structure of [PPh4][S3N3] viewed down 
the crystallographic c-direction. The sulphur atoms are 

depicted as open circles. 

Table 1. Selected bond distance (rr> and angles (“) for [PPh.,][S3N3] 

WFW) 1.641(9) S(I)-N(3) 1.566(8) 
8(2)--N(I) 1.601(10) 8(2)---N(2) 1.609(7) 
S(3)+2) 1.590(7) S(3)---N(3) 1.628(8) 

N(l)_-s(l)-N(3) 116.6(4) N( 1 >--sC+-N(2) 116.4(4) 
N(2)s(3)--N(3) 115.6(4) S(l)_-N(l)s(2) 122.6(5) 
S(2)+2)+3) 124.4(5) S(I)-N(3)-S(3) 124.3(5) 
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CPt(S2N#)(PR3)21+ EPt(SZN$U(PR3)21+ PtC2,(PR3)2 + PdS 

CPt(S2N2R)(PR3)23X S3N2O + PtCJ2(PR3)2 

Scheme 2. Reactions of Pt(S*N~)(PR~)~. 
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sistent with the van der Waals’ radii. In contrast to 
the PPh: salt reported here and the [(n-C4H9).$Jl+ 
salt’ ’ the S-N distances of the S3N; anion in 
~*~S~N~]~S~N~]” show no significant variation. 

The wide variety of circumstances in which we 
have observed S,N:- complexes suggests that this 
anion is an important species in sulphur-nitrogen 
chemistry although it may be unstable. The plati- 
num centre appears to be particularly appropriate 
for trapping and stabilizing the disulph~dinit~do 
group. The complexes reported here are all reason- 
ably air-stable both as solids and in solution. 

The protonation of 1 is readily accomplished 
using HCl or HBF4, enabling the isolation of 2 
which have stacking structures with columns of cat- 
ions and anions. Other reactions of 1 are shown 
in Scheme 2. The majority of the reactions were 
followed by 3 ‘P NMR but we have been able to 
isolate S3N20 by the reaction with SOClz [eqn (411: 

/, /lPMegh (1, 
II 
s , /p+\pM%ph l T=O 

'N Cl 

N’S\ 
- 

e, /=O + 
N 

Reaction of 1 with SzClz in attempts to prepare 
S,N, is less satisfactory ; the product decomposing 
during workup. In the preparation of S3N20 the 

starting cis-PtC12(PR3)2 is recyclable and thus 1 
appears to have potential as a reagent in the syn- 
thesis of sulphur-nitrogen heterocycles. 
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A~~ct-Tet~e~yl~onium bis(1 , 1 -dicyanoe~ene-2,2-di~lenolato)oxo~hne~te~ 
has been prepared from TcCV) gluconate and characterized by single-crystal X-ray structural 
analysis (R = 0.064). In the complex the technetium atom is centred in an approximate 
square pyramid in which the four selenium atoms form the basal plane and the oxygen is 
at the apex. The Tc-Se distances average 2.471(4) A, while Tc=O is 1.67(2) A. 

The widespread use of the nuclide *Tc (y-emitter, 
y-energy : 140 keV, t 1,2 = 6 h) in the diagnostic 
nuclear medicine I-3 has strongly stimulated the 
development of the coordination chemistry of tech- 
netium. Using the long-lived isotope ‘9Tc (p-- 
emitter, E,, = 0.29 MeV, tl12 = 2.1 x lo5 years) a 
series of technetium complexes has been prepared 
and characterized4 including oxidation states of 
the metal from “0” up to “ + 7”. 

Potassium 1,l -dicyanoethene-2,2-diselenolate 
can be prepared from rn~o~~le and carbon dis- 
elenide by literature procedures. 8 All other reagents 
were analytical grade. 

Synthesis of tetraethylammonium bis(l,l-dicy- 
~oethene-2,2-disel~o~ato)oxotec~etat~~9 
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~ote~~eti~~ complexes have been studied 
by X-ray analysis with 0-, S-, N- and P-donor atom 
ligands, ‘y6 as well as tetrachlorooxotechnetate(V), 
T&Cl;.’ Here, the first report dealing with the X- 
ray structure of a technetium complex with sel- 
enium coordinated te~e~yl~oni~ bis( l,l- 
~~an~~~e - 2,2 - ~~l~olato~xo~~e~~ 
is presented. 

* Author to whom correspondence should be addressed. 

A solution of 330 mg (1.1 mrnol) potassium salt 
of the ligand in water (2 cm3) was added dropwise 
to a solution of Tc(V) gluconate” (0.5 mmol) at pH 
6-7. After addition of 0.5 cm3 of a saturated Et,NBr 
solution and cooling, a yellow brown powder was 
precipitated and collected by suction filtration. 
Recrystallization from acetonei-propanol gave 
large brown crystals (175 mg, yield 49% based on 
Tc). M.p. = 182-184°C. (Found: C, 26.7; H, 2.7; 
N, 9.3 ; Se, 44.3 ; Tc, 13.8. Calc. for (Et,N)TcO- 

EXPERLMENTAL 
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Table 1. Summary of the crystal data and refinement results 

Molecular formula 
Molecular weight 
Crystal system 

a (A) 
b (A) 
c (A) 
a(o) 
B (“) 
Y (“) 
v (A’) 
2, QOO), &c (g cm- ‘) 
Space group 
Crystal dimensions (mm) 
Linear absorption coefficient 01) 

(MO-Q (cm- ‘) 
Scan mode, scan rate (” min- ‘) 
Scan range (“) 
Background counting time 
28 limits (“) 
Total number of independent 

reflections 
Number of reflections used 

in refinement 
Number of variables 
Weighting scheme 
Anisotropic parameters 

R(F) = x IF01 - lFcl/C IF01 

C,J-IzoNP%Tc 
713.1 
Triclinic 
13.394(g) 
9.935(6) 
9.703(6) 
107.21(7) 
95.12(5) 
92.89(4) 
1224.4(14) 
2, 676, 1.934 
PT 
0.20x0.10x0.15 

64.8 
t&28,2.4 
1.2 
7 s at each end 
348 

3811 

1923” 
134 
w=l 
Tc and Se 
0.064 

“I > 30(z). 

(ligand)z C, 26.9; H, 2.8; N, 9.8; Se, 44.3; Tc, 
13.9%.) 

Structure determination and crystal data* 

The collection of X-ray data was carried out at 
room temperature on an automatic Philips PW 
1100 diffractometer, using MO-& radiation 
(A = 0.7107 A). A summary of the crystallographic 
data is given in Table 1. An experimental absorption 
correction based on Y scans” of three reflections 
at x = 90” was applied to the intensities. Most of 
the calculations were carried out in the SHELX-76 
system. ” 

Relevant bond lengths and angles are contained 
in Table 2, and the molecular structure and labelling 
are reported in Fig. 1. 

* Final positional thermal parameters, a list of all bond 
lengths and angles, a table of some geometrical features 
(least-square planes, torsion angles and interatomic con- 
tacts) and a list of the observed and calculated structure 
factors have been deposited aa supplementary materials 
with the Editor, from whom copies are available on 
request. Atomic coordinates have also been deposited 
with the Cambridge Crystallographic Data Centre. 

RESULTS AND DISCUSSION 

Preparation and spectroscopical behaviour 

Tc(V) gluconate lo has been shown to be a useful 
precursor for the preparation of technetium 0x0 
complexes. Reaction with 1,l dicyanoethene-2,2- 
diselenolate yields a complex anion of the type 
[TcO(ligand)J-, as previously reported for a series 
of dithiolato ligands,‘0*‘3 which can be isolated in 
form of its salts with large cations (e.g. tetra- 
ethylammonium). 

The complex, which represents the first coor- 
dination compound of technetium with a TcOSe, 
coordination sphere, yields brown crystals, easily 
soluble in organic solvents like acetone and dich- 
loromethane. In the IR spectrum the typical Tc=O 
stretching frequency can be observed as an intense 
band at 965 cm- I. A comparison with the bands in 
corresponding Tc=O complexes with the stepwise 
sulphur substituted ligands 1, I-dicyanoethene-2,2- 
thioselenolate, [SSe~(CN),]‘-, and 1, l-dicy- 
anoethene-2,2-dithiolate, [S2c---C(CN)d2-, shows 
a bathochromic shift depending on the number of 
selenium atoms in the coordination sphere (see Table 
3).’ The same holds true for the electronic spectra 



Tetraethylammonium bis( 1 ,l -dicyanoethene-2,2-di~l~olato)oxot~~e~te~ 

Table 2. Relevant bond lengths (s;> and angles (“) with esds in parentheses 
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TM 

To--Se(l) 
To-se(2) 
~(l)-W 
S%2)-W) 
C(I k--C(2) 

0-Tc-Se( 1) 
0--Tc-Se(2) 

Set l)_T+-Se(2) 
se(lFTd(4) 
Tc--se(l)--c(l) 
To-W2W(l) 
WlFW--fW2) 
Wl)-W)--C(2) 
W2)-W--C(2) 

1 H(2) 
2.476(4) 
2.4710 
1.92(2) 

19q2) 
1.32(3) 

108.1(6) 
112.2(6) 
7&o(2) 
89.6(2) 

88.4(7) 
88.9(7) 

105.8(1.1) 
127.2(1.8) 
127.0(1.8) 

T9se(3) 
T-(4) 
W3)-c(5) 
Se(4)-c(5) 
W-C(6) 

CkTc-Se(3) 
&Tc-Se(4) 

W3F--T+-Se(4) 
~2~o--Se(3) 
Tc+M3)--c(5) 
Td(4F-W) 
se(3>-c(5)--se(4) 
fW3k--W~6) 
W4)-c(5)-c(6) 

2.475(4) 
2.463(4) 
1.89(2) 
1.89(2) 
1.41(3) 

110.8(6) 
112.4(6) 
76.7(6) 
88.5(2) 
87.317) 
87.8(7) 

108.2(1.1) 
125.2(1.7) 
126.2(1.8) 

Table 3. Spectroscopical data of (Et,N)fTco(XYC=C(CN)& complexes 

XandY=Se X=S,Y=Se XandY=S 

IR” (cm- ‘) 
Td 965 970 980 
C==C 1493 1490 1490 
CZN 2222 2220 2225 

IJV-VW (nm) (logs) 361 (4.6) 350 (4.8) 350 (4.9) 
269 (4.5) 269 (4.7) 267 (4.9) 

“In KBr pellets. 
b In ethanol. 

Fig, 1. View along the c-axis. Numbering scheme is shown. 
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as outlined in Table 3, probably caused by the low- 
ering of the ligand field strength by the selenium 
donors with respect to sulphur. Similar results 
have been found studying various transition- 
metal complexes with dichalcogenocarbamates’4 
including nitridotechnetium(V) complexes with 
these ligands” and ~chalcogenophosp~nates. I6 

X-ray analysis 

The structure of (Et,N)TcO(Se&=C(CN),), 
contains well-separated anions and co~tercations, 
as shown in Fig. 1. This X-ray analysis confirms the 
square pyramidal geometry typical of mono-oxo 
Tc(V) compounds ; the tetrahedral tetra- 
ethyl~moni~ ion has no unusual features and is 
not further discussed. In the oxotechneti~ anion 
the four selenium atoms on the base lie roughly in 
a plane, with the Tc atom 0.88 8, above it, towards 
the “yl” oxygen atom. The fifth bond, Tc=O, is 
appro~ately ~~ndic~~ to this plane and its 
distance of 1.67 hi is similar to that in other mono- 
0x0 technetium complexes.6 Two features of the 
structure are worthy of note. Firstly, there appears 
no prior report of a Tc-Se bond length. The four 
Tc-Se bond distances are in very close agreement 
with each other, with a mean value of 2.471 A. The 
bond is longer by 0.15 A than the mean Tc-S value 
in five-coordinate Tc03+ complexes.” However, 
this len~he~ng is to be expected on the basis of the 
different covalent radii of Se and S (1.17 and I .04 
A, respectively). ’ * The values for the Se-C bond lie 
in the narrow range 1.89-1.92 A, which compares 
well with the values in the literature,Ig and seems 
to be normal for a Se-C (sp’) distance. 

Secondly, there is something remarkable about 
the C=C bond length in the selenolate ligands. In 
fact, the C(l)-C(2) and C(5)-C(6) lengths [1.32(3) 
and 1.41(3) I$, respectively] are different and there is 
no apparent reason for such a difference. A slight 
mispositioning of C(2) and C(6) atoms could be 
attributable to anisotropy, but introduction of aniso- 
tropic thermal parameters for all the atoms of the 
anion and/or apportion of a weighting scheme 
based on statistics counting did not improve the 
model (R index lowered to 0.063, but with 199 vari- 
ables). If we assume the average value (1.36 A), it 
parallels those found in ~i(Se,CLC(CN)z)3]3- ” 
and ~i(SeS~~CN)*)~]‘-.” 

Acknowle&ement-We thank Dr W. Dietzsch (Karl- 
Marx-University, Leipzig) for providing us with the 
~l~um~ntai~ng ligands. 
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Abstract-In ethereal solutions, WSC14 and 4 equiv LiOR (R = Bu’ or Pr? react to form 
compounds of formula W(S)(OR),. A single-crystal X-ray diffraction study of W(S)(O- 
Bu’)~ showed it to have a square-based pyramidal geometry with an apical sulfide ligand. 
Pertinent bond distances (A) and angles (“) are : W-S = 2.1396( 13), W-O(av.) = 1.886(3), 
S-W-O(av.) = 105.09(10), W-O-C(av.) = 143.47(27). The tert-butoxide compound is 
stable toward sulfur atom abstraction by phosphines, and neither compound has shown 
any tendency to undergo comproportionations with W2(OR)6 (R = Pr’ or CH2Bu’) species 
to form compounds of formula W,&-S)(OR),,, in direct contrast to analogous mol- 
ybdenum and tungsten 0x0 alkoxides. 

Soluble transition-metal oxide and sulfide clusters 
have been the subjects of much research as models 
for both industrially-important heterogeneous cata- 
lysts’ and active sites in metalloenzymes.’ Par- 
ticularly common is the family of trinuclear mol- 
ybdenum and tungsten 0x0 and sulfido clusters.3 
Efforts in this area in our group have so far focused 
on metal 0x0, imido and alkylidyne alkoxide clus- 
ters. For example the compounds Mo&-O)(p3- 
OR)@-OR),(OR), (R = Pr’ or CH,Bu’) were 
recently reported,4 and the series was extended in 
further work’ to include the isostructural species 
W,(O)(OPr’) , ,, and Mo2W(0)(OP~, ,,. Use was 
made of ligand substitution accompanied by com- 
proportionation in the synthesis of W&-NH)(O- 
P?) ,ofrOmW2(OP?)6(py)2 and W(N)(OBU%in the 
presence of isopropanol. 6 Since this synthetic strat- 
egy has proven so useful and considering the high 
affinity that molybdenum and tungsten show for 
sulfur, we considered the possibility of making sul- 
fido-capped tritungsten decaalkoxide clusters, par- 
ticularly since the triply-bridging sulf!do ligand is 
such a common entity in both early and late tran- 
sition metal chemistry. 3,7 This paper describes the 
synthesis of the necessary monomeric precursors 
and our efforts to use them in cluster-building reac- 
tions. 

* Author to whom correspondence should be addressed. 

RESULTS AND DISCUSSION 

Syntheses 

The reaction between WSC14 and 4 equiv of 
LiOR (R = Bu’ or Pr3 in ethereal solutions at 
-78°C gives W(S)(OR), in good isolated yields 

[eqn WI : 

W(S)C14 + 4LiOR 5 W(S)(OR),+4LiCl. 

(1) 

This simple ligand exchange route is essentially 
analogous to that used in preparing W(0)(OPfi4’ 
and W(0)(NMe2)48 from WOC14 (though the latter 
product must be prepared via an intermediate 
methoxide to minimize side reactions). Direct com- 
bination of alcohols with MoOCl, or WOC14, how- 
ever, must occur in the presence of > 4 equiv of an 
amine to precipitate the HCl liberated as tri- 
alkylammonium chloride. In this manner 
W(O)(OR), (R = Me, Et, Pf, Pr’, Bu” or benzyl) 
compounds were first prepared over 25 years ago,’ 
and the analogous Mo(O)(OPr”), was obtained 
more recently,’ though this latter compound can 
also be prepared via the lithium alkoxide method. lo 
Mononuclear Mo(O)(OR), (R = Bu’, Pr’ or 
CH2Bu’) species also result from direct reaction of 
O2 with the appropriate Mo(IV) alkoxide.4 

1551 
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Comparison with other mononuclear mono- 
sulfide species is provided by lV(S)(edt),]‘- 
(edt = ethane-I ,Zdithiolate dianion), recently 
reported by two groups. ’ ‘7” Henkel’s synthesis 
involves either a comproportionation and ligand 
rearrangement of VSj- and V,(edt)j- or reaction 
of the former with excess edt’-. The Christou syn- 
thesis, however, occurs via the direct exchange of 
sulfur for the oxygen atom of [v(O)(edt),]‘- using 
hexamethyldisilthiane, (Me$i),S. Other analogs 
are the [Re(S)(edt)$ anion13 and the neutral 
species V(S)(acen) [acen-N,NI-ethylenebis(acet- 
ylacetonylideneaminato) dianion] * 4 and V(S)- 
(salen) (salen = bis-salicylaldehydeethylenediimine 
dianion). l5 The latter two Schiff base complexes are 
obtained from the vanadyl compounds via S for 0 
exchange using BzS3. 

Physicochemicalproperties 

The new W(S)(OR), compounds are pale colored 
solids which are soluble in common organic 
solvents. They are air- and moisture-sensitive, par- 
ticularly the tert-butoxide. Both are readily sub- 
limable and the tert-butoxide can be crystallized 
from CH2C12 or Et,O. Analytical, IR and ‘H NMR 
data are given in Experimental. 

Solid-state and molecular structure of W(S)(OBu’), : 
bonding considerations 

The sample of W(S)(OBU’)~ which was used for 
the X-ray study crystallized from CH2C12 in the 
space group PT. An ORTEP diagram of this mol- 

* See discussion of M-OR n-bonding in Ref. 17 for 
derivation of the oxygen 0.67-A single-bond radius. 

Table 1. Selected bond distances (A) and angles (“) for 
W(S)(OBu’), (averaged where appropriate) 

w-s 
W-O 

S-W-O 
O-W-O cis 
O-W-O tram 
W-O-C 

2.1396(13) 
1.886(3) 
1.448(6) 

105.09(10) 
86.13(13) 

149.83(13) 
143.47(27) 

ecule is shown in Fig. 1. Selected bond distances 
and angles are given in Table 1. 

The overall coordination geometry consists of a 
square-based pyramid with the sulfide ligand occu- 
pying the axial site and the four alkoxide oxygen 
atoms lying in the basal sites. The tungsten atom is 
0.49 8, above the mean plane of the oxygen atoms. 
The molecule has a slight distortion such that the 
two pairs of trans O-W-O angles are inequivalent 
by 2.85” giving the molecule virtual C2-symmetry, 
but the ‘H NMR spectrum shows equivalent methyl 
resonances. Thus rapid O-C bond rotation and 
scissoring of the trans alkoxides must be occurring 
at room temperature. The solid-state distortion is 
likely due to crystal packing forces. 

In square pyramidal compounds of formula 
MXL, symmetry considerations dictate that M-X 
n- and M-L xl,-bonding (L orbitals parallel to the 
M-X vector) compete for the same metal orbitals, 
namely the d,, and dYz. In the present compound the 
W-S distance is shorter than the sum of standard 
literature covalent radii (1.37+0.94 &.I6 The 
W-O distances are also shorter than the sum of 
the covalent radii (1.37 +0.67 A)* and at the lower 
end of the W-OR bond length range. ” The 
W-O-C angles are also rather large. These data 
indicate a large amount of 0 + W and S + W R- 

Fig. 1. ORTEP diagram of W(S)(OBu’),. Atomic positions are represented by 50% probability 
thermal ellipsoids. 
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Table 2. M=S compounds, M--S distances, and M=S stretching bands 
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Compound 
d(M==8) G(M=S) 

(A) (cm- ‘) Reference 

WSCLl* 
wsc1; 
[WSBr& 
WSBr,“ 
Fph,l,[W,(S),(pS),(edt),l 
[NEt,l,[W,(S),(yS),(S,)J 
YS)(a=n) 
FWWWM-W 
[NM4MWW~l 
W(S)(OBu% 
W(S)(OPr% 

2.098(8) 
2.086(6) 
2.079(21) 

2.144(2) 
2.116(5) 
2.061(l) 
2.087(l) 
2.014(2) 
2.1396(13) 

569 18, 19 
568 20,21 
555 18, 19 
564 21 
504 22 
506 23 
556 14, 15 
502 12 
517 13 
518 This work 
540 This work 

“d(M=S) measured in gas phase, V(M=S) measured in frozen matrix. 

bonding, and that the oxygen atoms are hybridized 
in between sp* and sp as their filledp-orbitals donate 
into vacant tungsten orbitals. Furthermore, the 
lower value of V(W=S) for the tert-butoxide vs the 
iso-propoxide (5 18 vs 540 cm- ‘, respectively) when 
combined with the former’s greater basicity reflects 
that the same tungsten orbitals are used for n-bond- 
ing by both the sulfide and the alkoxide ligands. 
Table 2 lists a series of compounds in which the 
terminal sulfide ligands occupy the axial position in 
a square-based pyramidal geometry. Note that the 
M--C distances fall within a fairly narrow range as 
do the V(M=S) values. Comparing the tungsten 
compounds, there is a rough inverse relationship 
between d(W=S) and V(W=S), as expected, and 
the larger d(W=S) values occur for compounds 
containing good n-donating equatorial ligands, fur- 
ther supporting the contention that the same metal 
orbitals accept n-electron density from both equa- 
torial and axial ligands. Considering the formal 
electronic unsaturation of the metal atom in the 
present compounds, the high degree of ligand -+ 
metal n-bonding should be no surprise. In an Xc+ 
SW calculation on WSC14, S + W a-bonding is in 
fact predicted giving rise to a high-lying ligand- 
centered orbital of e symmetry.24 

Attempted comproportionation reactions to form 
compounds of formula W&-S)(p3-OR)@OR),- 

(OR), 

Synthesis of trinuclear oxo-capped alkoxide clus- 
ters proceeds according to eqn (2) :4*5 

M,(OR),+M(O)(OR), 

+ M&3-O)(/J,-OR)@-OR)3(OR)b. (2) 

Synthesis of isoelectronic imido-capped analogs 
proceeds similarly, possibly via com- 
proportionation of the metal moieties followed by 
addition of alcohol [eqn (3)] : 6*25 

hexane-ROH M&-NH)(OR) , ,, (3) 

M = MO, R = Pr’ or CH,Bu’ ; M = W, R = Pr’ 

Sulfur occurs widely as a four-electron donor in 
a pc,-coordination mode7 and the tungsten sulfide 
monomers described above are formally isolobal to 
the M(O)(OR), species of eqn (2). These facts led us 
to believe that a sulfur-capped trinuclear alkoxide 
cluster could be easily accessible via M(S)(OR), 
precursors. 

Attempts to synthesize compounds of formula 
W&L-S)(OR)10 (R = Pr’ or CH,Bul) are sum- 
marized in Table 3. In all cases ‘H NMR spec- 
troscopy showed no evidence of a 3 : 3 : 3 : 1 pattern 
for the four types of different OR ligands expected 
for products of formula W&-S)&OR)(p- 
OR),(OR),. Instead W(S)(OR), compounds and 
(in cases where excess alcohol was used) W(OR)6 
compounds were observed in the reaction mixtures. 
The observation of mononuclear hexaalkoxides has 
precedent in reaction (3) in which addition of alco- 
hol to (Bu’O)~W=N to form W(OR), and ammonia 
competes with triangle formation.25 Regardless, it 
appears that alcoholysis of the starting materials is 
at least a kinetically favored reaction compared to 
trimer formation. Unfavourable steric factors aris- 
ing from the larger sulfido vs 0x0 ligand could 
reasonably explain this difference in reactivity. Of 
note here are the observations that in space-tiling 
diagrams of the related imido-capped complex the 
imido proton is tightly wedged into the pocket M = MO, R = Pti or CH2Bu’; M = W, R = Pr’ 
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LiOPr’ (1.04 g, 15.7 mmol) was placed in a large 
Schlenk tube equipped with a stirbar. Diethyl ether 
(40 cm3) was added and the solution cooled to 
- 78°C. WSCl, (1.40 g, 3.9 mmol) was added with 
stirring over 3 h via an addition tube with the sol- 
ution changing from colorless to yellow to brown. 
The solution was allowed to stir 6 h and warmed to 
room temperature. LiCl was filtered off using a 
medium fiit and the solution evaporated to dryness 
in uucuo, leaving an oily red residue. This was taken 
up in 20 cm3 of CH&i,, allowed to stand for an 
hour, then the solvent removed in ZXZCUO, leaving an 
orange solid. Sublimation at 5O”C, 10V4 ton onto 
a water-cooled probe gave the product as a pale 
orange powder. ‘H NMR data (25°C. &-benzene) : 
S 1.32 ppm (d, 3JH-n = 6.14 Hz, 6H), 5.25 ppm 
(septet, 1H). IR data (Nujol mull, CsI plates, 
cm-‘): 1320(m), 1258(w), 1164(s), 1126(ssh), 
111 I, 975(vs), 846(s), 598(vs), 465(mbr), 

425(msh), 3OO(mbr). Solution IR (hexane, KBr cav- 
ity cell) also shows $(W=S) at 540(m) cm- ‘. Analy- 
sis for WS04C12HZ8 (Calc.) : C, 31.6 (31.9); H, 
6.1 (6.2) ; S, 7.0 (7.1)%. This product can also be 
obtained substituting NaOPr’ in place of LiOPr’ or 
by reacting W(S)(OBu?, with 4 equiv isopropanol 
overnight in toluene. The original method, given 
above, gave the best yields. 

Attempted desu~uri~~t~on and c5mproportio~~tion 
reaction i~o~v~~ W(S)(OBU~~ 

(a) W(S)(OBU’)~ (0.50 g, 0.98 mmol) was placed 
in a 50-cm3 Schlenk flask equipped with a stirbar. 
Toluene (20 cm3) was added via syringe, stirring 
commenced, and PPh, (0.129 g, 0.49 mmol) was 
added via a sidearm addition tube over -1: h. The 
solution was stirred for 24 h, then heated to 50°C 
and stirred for an additional 24 h. The solvent was 
then removed in VQCUO. ‘H NMR spectroscopy of 

Table 4. Summary of crystal data for W(S)(OBu~~ 

Empirical formula 
Color of crystal 
Crystal dimensions (mm) 
Space group 
Cell dimensions 

Temperature (“C) 

a (A) 
b (A) 
c (A) 
a (“) 
B 0 
Y f”) 

Z (mol~uies~~ll) 
Volume (A3) 
Calculated density (g cn- 3, 
Wavelength (A) 
Molecular weight 
Linear absorption coefficient (cm- ‘) 
Detector to sample distance (cm) 
Sample to source distance (cm) 
Average omega scan width at half height (“) 
Scan speed (deg min- ‘) 
Scan width (deg f dispersion) 
Individual background (ss) 
Aperture size (mm) 
Two-theta range 1”) 
Total number of reflections collected 

Number of unique intensities 
Number with F > 3.0Or~(F) 

RQ 
R,(F) 
Goodness of fit for the last cycle 
Maximum delta/sigma for last cycle 

WC&3@4S 

Pale yellow 
0.05 x 0.06 x 0.06 
PT 

-160 
9.130(2) 
14.008(4) 
9.217(2) 
101.49(l) 
113.48(l) 
94.81(l) 
2 
1041.92 
1.620 
0.71069 
508.37 
57.706 
22.5 
23.5 
0.25 
4.0 
2.0 
4 
3.0 x 4.0 
6-45 
2832 
2728 
2636 
0.0187 
0.0215 
0.833 
0.05 
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Abstract-He I photoelectron spectra of the &so-carboranes 1 ,2-C2B 1OH,2 and 1,7- 
C2B I ,-,H , 2, and their g-halogen0 derivatives are reported. The low ionization energy bands 
are gathered into two groups. The MNDO quantum chemical method provides the same 
picture and indicates that these bands correspond predominantly to the B-H (C-H) 
bonding molecular orbitals. Bromine and iodine bring about an almost uniform increase 
in ionization energies whereas the shape of the low ionization energy features of the chloro 
derivatives differ from those of the parent compounds. This effect is interpreted by the 
conjugative interaction of cluster n-type orbitals with the chlorine non-bonding orbitals. 

The &so-carboranes form a group of polyhedral 
molecules of particular interest from the viewpoint 
of multicentre bonding. ’ The interest in the elec- 
tronic structure of this class of compounds is stimu- 
lated by their analogy with transition-metal cluster 
compounds through the isolobal principle.’ 
Numerous quantum chemical calculations on these 
compounds have been reported. 3-7 The MNDO cal- 
culated MO energies are in reasonably good agree- 
ment with those obtained by the ab initio method’ 
and Stone’s tensor surface harmonic approach! %i ’ 

To our knowledge no attempt has been made to 
compare the calculated orbital energies with the 
energies of ionic states accessible by W photo- 
electron (PE) spectroscopy. Fehlner et al. used the 
equatorial-apex model3 for a discussion of the PE 
spectra of some thiaboranes and the effect of the 
exo substituent. ” 

We report here the He I PE spectra of the closo- 
carboranes 1,2-C2B,0H,2 (la) and 1,7-C2B10H,2 
(Za), as well as the spectra of their 9-chloro deriva- 
tives (lb and 2b), 9-iodo derivatives (ld and 2d), and 
9-Br-1 ,2-C2B1 0H1 2 (lc), together with the results 
of the MNDO calculations on the non-substituted 
species. 

The PE spectra can be divided into three regions 
labeled A-C (Figs 1 and 2). In region A four aver- 
lapping bands (l-4) and a well-resolved band (5) 
are found in the spectrum of la. Only four bands 

are observed within this region in the spectrum of 
2a. Four and three ionization events are observed 
in region B of the spectrum of the ortho and the meta 
isomer, respectively. A vibrational fine structure 
corresponding to a wavenumber of 720 cm-’ is 
observed in region C of the spectrum of 2a. The 
ortho isomer has only two broad features in this 
region. 

To interpret the spectral bands we apply Koop- 
mans theorem allowing the correlation of the ionic 
state energies with the orbital energies of the ground 
state.13 

The MNDO calculations on la and 2a provide 
the 15 outermost occupied levels gathered into two 
groups (Table 1). For la the HOMO and five levels 
are within a 0.6-eV interval. The two nearly 
degenerate MOs are separated by 0.5 eV and the 
following MO lies 0.6 eV lower (Table 2). Hence we 
can tentatively assign bands l-3 to the 6bI, 6b2, 
lOa,, 3a2, 9a, and 5b2 MOs, band 4 to the 2a2 and 
5bl MOs, and band 5 to the 8a, MO. For 2a the 
nine outermost MOs lie in a narrower interval and 
no level is markedly separated from the others. Thus 
any detailed assignment of region A is not possible 
since there is no hint how to assign nine levels to 
the four observed bands. The six MOs lying between 
- 15 and - 17 eV correspond to the bands 
observed in region B. It follows from the com- 
position of the MOs that the ionizations found in 

1559 
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4 

X A Ildl 
1 

8 10 12 14 16 18 8 10 12 14 16 
IE,eV IE,eV 

18 

Fig. 1. He I photoelectron spectra of 1,2-CzB,0H,, (la), 9-Cl-1,2-CzB1,,H1 1 (lb), 9-I-1,2-CzBlOH, I 
(Id), 1,5-C2B,0H,2 (2a), 9-Cl-1,5CzB10HI, (2b) and 9-I-1,5C,B,,,H,, (26). 

regions A and B come mainly from the B-H eV, respectively. The value of the spin-orbit split- 
(C-H) bonding MOs. The sharp bands at low ion- ting found for tertiary alkyl iodides is only 0.01 eV 
ization energy (IE) which are observed in the spec- higher, and the shape of the peaks is identical. The 
tra of the halogen0 derivatives come unam- low IE component of the lone-pair band broadens 
biguously from ionizations of the halogen lone with increasing conjugative interaction between the 
pairs. The spin-orbit splitting of the lone-pair ion- halogen and the alkyl.i4 ‘The FWHM of the spin- 
ization found in the spectra of the iodo derivatives orbit components in the iodo derivatives are 0.16 
and the bromo derivative amounts to 0.27 and 0.54 and 0.18 eV for the high and the low one, respect- 
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region A of the spectra of the iodo and bromo 
derivatives, and an almost uniform shift of all bands 
to a higher IE, corroborate this conclusion since no 
carborane MO is markedly stabilized. 

11 11 1”’ u ‘1 

8 10 12 IL 16 18 
IE,eV 

Fig. 2. He I photoelectron spectrum of 9-Br-1,5- 

CZBIOHII (W. 

Region A of the spectra of the chloro derivatives 
lb and 2b differs significantly from those of the 
parent compound. Band 1 is more resolved and 
band 2 increases in intensity. We believe that this 
demasking of band 1 is due to the stabilization of 
the carborane n-orbitals. The HOMO (6br) and 
HOMO-3 (lOa,) in la and HOMO (lOa,) and 
HOMO-4 (6b,) in 2a have a significantly higher 
localization on atom B(9) (Table 1). Thus these 
MOs can be stabilized by a conjugative interaction. 
The absence of this effect in the spectra of the bromo 
and iodo derivatives could be rationalized by a 
smaller resonance integral and/or by an increase in 
the energy difference between the interacting 
orbitals. 

ively (0.19 and 0.26 eV for tertiary aliphatic alkyl 
iodides’ ‘). Hence the degree of conjugation between 
halogen lone pairs and carborane skeleton II- 
orbitals* is essentially the same as in the alkyl hal- 
ogenides. The identical shape of the bands within 

For the MNDO calculation the experimental 
internal coordinatesr6 of the heavy atoms have been 
used and the coordinates for the hydrogen atoms 
were allowed to relax. 

* x-Orbitals are composed from the boron porbitals 
tangential to the surface of the cluster. 

The He I PE spectra were recorded on a VG 
Scientific UVG 3 spectrometer. The resolution 
(FWHM) was 30-40 meV through the entire spec- 
trum. An Ar-Xe mixture has been used as the inter- 
nal calibrant. 

Table 1. Calculated MO energies and composition of MOs for la 
and 2a 

6 12.34 18 13 lOa, 12.23 2 16 

6bz 12.38 1 1 3az 12.34 14 9 
lOa, 12.45 23 1 6b, 12.46 23 6 

3az 12.57 23 6 9e, 12.72 30 6 

9a, 12.75 36 2 6bz 12.77 23 12 

5bz 12.93 35 0 5b, 13.12 16 7 

2% 13.39 35 6 8Q 13.22 39 7 

5b, 13.41 21 0 2a2 13.53 21 1 

8e, 14.11 16 6 5bz 13.75 12 1 

4b, 15.35 27 0 4b, 15.17 40 2 

4bz 15.50 31 0 7ai 15.28 40 9 

7a, 15.71 34 6 4bz 15.67 38 0 

3b, 16.16 43 0 36, 16.19 42 10 

6ai 16.49 41 6 362 16.45 41 0 

3bz 16.97 39 12 6& 16.92 41 4 

5ar 19.36 35 1 5ai 19.05 27 4 

“The sum of squares of atomic-orbital coefficients over all 
hydrogen atoms. 

*Localization on B atom in position 9. 



1562 T. VONDRAK 

Table 2. Experimental vertical ionization energies (eV) 

Compound 

Band la lb Id 2a 2b 2c 2d 

X” 10.16 8.71” 10.12 9.64’ 8.80’ 
9.25 9.91’ 9.34’ 

1 10.62 11.11 11.37 10.78 11.43 11.13 10.93 
2 10.93 11.90 12.17 11.36 12.04 11.65 11.23 
3 11.35 12.32 12.81 11.82 12.30 12.04 11.61 
4 11.92 13.17 13.94 12.29 12.91 12.67 12.64 
5 12.64 14.01 14.77 13.74 13.96 13.80 13.77 
6 13.48 14.30 16.79 14.35 14.51 14.49 14.48 
7 14.14 14.98 17.37 14.89 15.07 15.10 15.07 
8 14.77 16.76 18.22 16.29” 16.40 15.07 16.32 
9 16.88 17.17 16.71 16.74 16.74 16.63 

10 17.97 18.39 16.99 17.13 17.14 17.18 
11 17.84 18.13 18.24 18.12 
12 18.64 

0 Estimated error 0.05 eV. 
b Halogen non-bonding orbitals. 
‘Spin-orbit components. 
dVibrational fine structure (720 cm-‘). 
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A~~act-Pol~e~~tion reactions of [Co~H3)~(H~O~}[CoX(C~~] and c~-[Co(~~)~ 
(H20)2][C~X(CN)S] (X = Cl, Br, I, NO2 or N,] have been studied. The compounds un- 
dergo aging reactions in the solid state or in solution induced by the ligand X involving 
solvolytic processes affording polymeric materials with p-cyan0 bridges. A mechanistic 
explanation of these reactions is given and a comparison between both series of compounds 
together with the parent compound ~Co~H3)~][Co(C~~] is discussed. 

The dehydration-anation reaction of double- 
complex salts of type : 

[Co~NH,),tHzOllfCo(CN)d 

--, E~NH,)sC~-NC-C~(CN),I+H,O ($1 

is well known. 
Many examples of this reaction have been 

reported in the literature, and a number of p-CN 
dinuclear complexes have been synthesized by this 
method, employing different amminated or amin- 
ated cationic aquo complexes and cyanurated 
anions. ‘7’ 

The physical and chemical properties of these p 
CN dinuclear complexes have been studied.3 The 
kinetic parameters of such reactions have been cur- 
rently studied in a series of double-complex salts 
containing different cations but the same anion. The 
aim of such work is to understand the influence of 
the varying cation in the kinetic parameters and to 
propose a realistic mechanism for the reaction. 

We have reported a complete kinetic-mechanistic 
study of the reaction : 

[Co(NH,),(H,O)I[CoX(CN),l 

+ [(NH,] ,Co-NC-CoX(CN),] + H2Q 

in order to understand the influence of the anion4 
The unit-cell parameters of these double-complex 
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salts are modified by the different X groups ; conse- 
quently, variation in the lattice free spaces allows a 
study of their influence in the activation energy and 
kinetic parameters of the solid-state process, we 
have proposed an S,l mechanism with a Frenkel- 
type defect and a square-base pyramid as an acti- 
vated complex according to the House and LeMay 
nomenclature.‘*‘j In the course of these studies, 
we have observed si~ficant differences in the be- 
haviour of the double-complex salts with 
the [COX(CN),]~- anions or the simpler one 
[CO(CN),]~-, and the [CO(NH,),(H,O)~]~+ and 

FWNHM-W13+ cations. We have, therefore, 
made a complete comparative study of the cor- 
responding dehydration-ration reaction, the 
results of which are reported in this paper. 

Synthesis of the new compounds cis-[Co(NH,), 
(H,O)d[CoX(CN),} o( = Cl, Br, I, NOz, N3 or 

CN) 

* Author to whom correspondence should be addressed. 

Starting materials such as &.s-~C~(NH,)~(H~O)~] 
(ClO,),,’ K~[CoN3(~~18 and K#Zo($N)$’ were 
prepared by literature methods. Acidopentacyano- 
cobaltates(II1) salts of type K,[CoX(C!N),] were 
prepared by a method already reported by us. lo 

Double-complex salts, c~~-]CO(NH~)~(H~O)~ 

EXPERIMENTAL 
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[CoX(CN),] (X = Cl, Br, I, NOZ, N3 or CN), were 
synthesized by precipitation from their correspond- 
ing compounds. In a typical experiment, NaClO, 
(2.0 g) was added to a solution of KJCoCl(CN),] 
(1.2 g) in a water-acetic acid mixture (5 : 1, 6 cm3). 
KC104 precipitated immediately and was dis- 
carded. To the clear solution c~s-[CO(NH~)~ 
(H,O),](ClO,), (1.2 g) was added in small por- 
tions with continuous stirring until all the solid 
was dissolved. Then glacial acetic acid was added, 
resulting in the formation of an orange-pink 
precipitate which was filtered, washed with eth- 
anol, and dried in vucuo. Yields were about 65%, 
and the analytical data were in agreement with the 
formula proposed in all cases (Table 1). 

Synthesis of the compounds [Co(NH 3) ,(H,O)] 
[CoX(CN),] (X = Cl, Br, I, NO*, N3 or CN) 

These compounds were synthesized according to 
the procedure already reported by us.* 

Physical measurements 

IR spectra were measured on a Beckman IR-20 
spectrophotometer as KBr pellets. Electronic spec- 
tra were measured in aqueous solution on a Beck- 
man Acta III and a Shimadzu W-240 spec- 
trophotometer. The electronic spectra of the 
insoluble compounds were measured as KBr pellets 
on the Beckman Acta III instrument. Powder X- 
ray diffraction were done on a Phillips diffract- 
ometer. Molar conductivities were measured on a 
Radiometer CDM-3 conductivitimeter. Ther- 
mogravimetric analyses were done on a Perkin- 
Elmer TGS-2 and a Rigaku Thermoflex system. 
C, H and N microanalyses were performed on a 

J. CASAB6 

Perkin-Elmer 240 microanalyzer. Co analyses were 
done by a complexometric method with EDTA. lz 

RESULTS 

Spectral measurements 

We have already reported* that the compounds 
[C~(NH~),(H,O)I[COX(CN),I @ = Cl, Br, I, N%, 
N3 or CN) are isomorphous. The tetrammine series 
also shows a similar behaviour (Table 2), and both 
series are isostructural with the parent compound 
[Co(NH,),][Co(CN),], the crystalline structure of 
which has been resolved by X-ray diffraction 
method. The latter compound has a trigonally dis- 
torted CsCl structure distorted affecting spatial 
group R3. I2 The isostructuralism with the aquoam- 
mine complexes may be explained assuming a dis- 
order of the water molecules in the coordination 
sphere of Co(II1) ion as has been proved in other 
cases too. ’ 3 

The electronic spectra of these compounds in 
aqueous solution are reported in Table 3. All of 
them show two bands in the visible and near-UV 
region. The former bands at higher energies are 
attributed to the first d-d transition of the anionic 
moiety while the latter ones at lower frequencies are 
assigned to the first d-d transition of the cationic 
moiety. The second band always exhibits less inten- 
sity than the first one, and apparently seems to be 
partially overlapped by this band. It is, therefore, 
necessary to have a Gaussian analysis of these 
bands to ascertain the position of the maximum of 
the less intense band. Both these bands appear to 
have the same energy as in the simple salts of both 
anionic and cationic species, showing the presence 
of the amminated cation and cyanurated anion in 
the compound without significant interactions 
between them. 

Table 1. Analytical data 

Compound 
C H N co HzO” 

Calc. (found) Calc. (found) Calc. (found) Calc. (found) Calc. (found) 

[Co(NH,),(H,O)I[CoC1(CN),l 15.5 (16.2) 36.2 (36.5) 4.4 (4.5) 30.5 (30.4) 4.7 (4.6) 
[Co(NH,),(H,OII[CoBr(CN),l 14.0 (14.1) 32.5 (32.8) 4.0 (4.2) 27.4 (27.4) 4.2 (4.1) 
W(NH 3) s(H ~O)I[CWW 4 12.5 (12.7) 29.3 (28.7) 3.5 (3.5) 24.7 (25.1) 3.8 (3.5) 
[Co(NH,),(H,OII[CoN,(CN),l 15.3 (15.5) 46.3 (46.8) 4.3 (4.3) 30.1 (29.6) 4.6 (4.1) 
[Co(NH,),(H,O)I[CoNO,(CN),l 15.1 (15.3) 38.8 (38.4) 4.3 (4.3) 29.7 (29.3) 4.5 (4.2) 
cis-[Co(NH,),(H,O)J[CoCl(CN),] 15.5 (15.6) 32.5 (31.4) 4.1 (4.3) 30.4 (30.1) 9.3 (8.6) 
cis-[Co(NH3)4(H20)211CoBr(CN)51 13.9 (14.1) 29.2 (28.7) 3.7 (3.8) 27.3 (27.7) 8.3 (8.0) 
ci+[Co(NH MH~O)WoWN) 4 12.5 (13.5) 26.3 (26.3) 3.3 (3.3) 24.6 (24.6) - - 
cis-[Co(NH,),(H,O)21[CoNs(CN)sl 15.2 (15.4) 42.3 (42.3) 4.1 (4.0) 29.9 (29.3) 9.1 (8.5) 
cis-[Co(NH,),(H,O)d[CoNO,(CN),] 15.1 (15.4) 35.2 (35.0) 4.0 (4.1) 29.6 (29.2) 9.0 (8.3) 

“H,O values are measured by thermogravimetric methods. 
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Table 2. X-ray powder diffraction data for the double-complex salts 
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Compound 

16.43 5.40 
18.04 4.92 
30.25 2.95 

16.53 5.36 
19.13 4.64 
30.38 2.94 

16.40 5.41 
18.95 4.68 
30.15 2.95 

16.25 5.46 
18.75 4.73 
28.93 3.09 

16.10 5.51 
19.15 4.64 
29.95 2.98 

16.55 5.36 
18.60 4.77 
30.25 2.97 

16.70 5.31 
19.30 4.60 
30.70 2.91 

16.35 5.42 
18.85 4.71 
30.05 2.97 

16.20 5.47 
19.20 4.62 
30.20 2.96 

16.60 5.33 
18.75 4.73 
30.50 2.93 

101 
110 
217 

101 
110 
217 

107 
110 
217 

101 
110 
211 

107 
110 
217 

1oT 
110 
21T 

107 
110 
211 

101 
110 
217 

101 
110 
217 

1oT 
110 
217 

95 
40 

100 

100 
50 
65 

100 
55 
64 

99 
80 

100 

100 
73 
78 

100 
33 
33 

100 
45 
65 

100 
70 
90 

100 
65 
65 

100 
75 
75 

a Values for this compound were not found due to fast polymerization. 

Table 4 shows the most significant bands in the 
IR spectra of these compounds. The CN stretching 
mode is very characteristic, appearing as a strong 
and narrow band at 2120 cm- ‘. Sometimes a weak 
band appearing at slightly higher frequencies is also 
assigned to the same mode perturbed by hydrogen 
bonding. l4 

Thermal behauiour of cis-[Co(NH,),(H,O)d 
[CoX(CN),] (X = Cl, Br, I, NOz, N3 or CN) 

Thermogravimetric measurements show as the 
first step, for all these compounds, the loss of two 
water molecules, so a difficulty in isolating dinuclear 
compounds with a p-CN ligand of the type indi- 

cated in reaction (2) could be expected : 

+ [(NH~)~(H~0)Co-NC-CoX(CN)4]+H20. 

(2) 

The heating of these double complexed salts in 
the solid state does not give isolable P-CN dinuclear 
compounds, unlike the pentammine series, but 
insoluble compounds for which IR spectrum dis- 
plays two bands of equal intensity in the CN stretch- 
ing mode region. The appearance of two bands in 
this region is attributed to two different types of 
CN bonds. Terminal -CN bonds appear at lower 
frequency while bridging -CN- bonds appear at 
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Table 4. Selected IR bands (cm- ‘) 
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Assignment x = Cl X = Br X=1 X=N, X=NOz 

3450-3500 340@-3500 3400-3600 
3120-3280 3100-3280 3180-3280 

2190 2190 2200 
2120 2120 2120 

1620 1600 1620 
1395 1400 1390 
1345 1350 1340 

840 850 840 
660 
575 

3400-3500 
3100-3280 

2180 
2115 
2040 
1610 
1390 
1340 
1290 
840 

410 410 415 405 
360 360 360 360 

300-310 320 310 310 

~L~-IC~~NH~)~(H~~)J[COX(CN)~I 

3400-3600 
3120-3260 

2120 

1610 
1380 

1310-1340 

840 

600-590 
410 
360 
310 

x = Cl X = Br x=1 X=N3 X=N02 

3360-3500 
3080-3 180 

2190 
2120 

1620 
1390 
1345 

860 

410 
360 
310 

3340-3480 3360-3600 336&3500 3360-3500 
308&3160 3080-3160 3100-3160 3100-3160 

2180 2180 2180 
2120 2120 2120 2120 

2040 
1620 1640 1620 1620 
1385 I390 1380 1400-1380 
1340 1340 1340 1340 

1295 
850 860 855 840-855 

670 
580 

590-600 
410 415 410 415 
350 355 355 
310 310 310-330 310-330 

Solid-state reactions in the [Co(NH,),(H,O)] characterize and study them. However, they under- 
[CoX(CN)5] series go reactions in the solid state as well as in solution 

In an earlier paper4 we have reported the syn- 
as we have shown by spectrophotometric and “Co 

thesis of dinuclear compounds with a p-CN ligand 
NMR spectroscopy.4 

according to the following reaction : 
As a typical case, [(NH,),&-NC-CoCI(CN)J 

was chosen. At first this comuound shows bands at 
388 and 470 nm. After 2 weeks, the compound was 

+ [(NH 3),Co--NC-CoX(~N)4l+ H20 (3) 
recrystallized by discarding the insoluble part. The 
compound obtained from the clear solution showed 

(X = Cl, Br, I, NOz, N3 or CN). These dinuclear bands at 340-345 and 470 nm in the electronic spec- 
compounds are fairly stable, permitting to isolate, trum in aqueous solution. The amminated Co(II1) 
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cation does not change its electronic spectrum, 
while, on the contrary, the cyanurated Co(II1) anion 
changes its spectrum, being finally similar to 
[Co(-NC)(CN)5]3- and [Co(NH,)(CN),]‘- spec- 
ies. “*” Furthermore, chemical analyses showed a 
C : H : N ratio identical to the freshly prepared dinu- 
clear compound, indicating that no loss of NH3, 
(CN), or Hz0 had occurred. The compound 
showed an electrical conductivity of 520 Q- ’ mol- ’ 
cm2 and the presence of free chlorine. The IR spec- 
trum was similar to the original complex. These 
results are similar for all pentamminaquocobalt(II1) 
double salts. 

DISCUSSION 

It is known that by heating the double-complex 
salt [CO(NH3)4(HzO)3][CO(CN)6] the p-CN dinu- 
clear compound [(NH3)4(H20)Co-NC-Co 
(CN),] is obtained, ‘* and there is no report of poly- 
merization problems in this case. A similar ob- 
servation has been made in the case of the dinuclear 
compound, [(NH,),Co-NC-Co(CN),], obtained 
by controlled heating of [Co(NH3)3(H20)] 
[Co(CN)&’ It is clear that the presence of the 
X ligands favours both the solution and solid- 
state processes with time shown by these 
compounds, and hence all mechanisms describing 
them must be taken into account. On the other 
hand, it is well known that the easy hydrolysis of 
the [COX(CN);]~- ions gives [CO(H,O)(CN),]~- 
species, * 6 which undergo polymerization even in 
solution. The aged solutions of this species exhibit 
one band at 350 nm in its electronic spectrum. 

The nature of the aged dinuclear p-CN com- 
pounds in both the pentammine and tetrammine 
series may be explained by two alternative mech- 
anisms. In the first step a p-CN dinuclear compound 
is formed. Such reactions may follow one of the 
following mechanisms. 

(a) The chloride ligand or any of the X ligands is 
lost by a hydrolytic process and a new inter- 
molecular p-CN bond is formed with other dinu- 
clear molecule. This mechanism should give to a 
polymeric material as indicated in Ia and b, depend- 
ing on the starting amminated salt : 

IS X= CL-,Br-or HI0 

r+ y,CN i,CN r/NH, 

H3N-Co-NC-Co-CN- o--cN- o-NH, 
/ 

HaN 
b 

NC'1 

3 

NC'1 H,N'I 

HZ ii 82 

lb X = Cl-or Hz0 

(b) One X ligand is lost by a migration mechanism 
of an NH3 group giving a new intermolecular p- 
CN bond, as indicated in IIa and b. Intramolecular 
migration of such types in these compounds has 
been demonstrated to occur by “Co NMR spec- 
troscopy.4 

118 X - CL; Br- or Hz0 

IIb x = Cl- or Ha0 

If the new p-CN bond formed in the above- 
mentioned mechanism was intramolecular, di- 
nuclear compounds of formula [(NH~)~CO(NC)~ 
CoP03NH31X or WH3)3W2WoW)2Co 
(CN)3NH3]X may be synthesized as reported by 
several authors.‘3*” 

The polymers shown above are similar but with 
different sequences of the amminated and cyan- 
urated moieties. 

CONCLUSIONS 

The chemical and spectral characteristics of these 
polymeric materials are in agreement with the 
experimental results found. The difference in reac- 
tivity between these acidopentacyanocobalt- 
ates(II1) and the parent hexacyanocobaltate(II1) 
depends on the nature of the ligand X. The easy 
hydrolysis of these X groups is a critical step in the 
polymerization process. The rate of polymerization 
varies in the order Cl < Br < I. The difference 
between the polymeric materials afforded by aging 
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of both amminated series of compounds is due 
only to the presence of coordinated water mol- 
ecules in the fragments of the polymerization of the 
tetramminated series as shown in I and II. The 
coordinated water molecules are extremely sus- 
ceptible to polymerization, as has been repeatedly 
demonstrated in a number of cases involving the 
synthesis of @N dinuclear compounds.‘*20 
Because of this reason, the pentamminated series 
behaves differently, which permits the isolation of 
@N dinuclear compounds before undergoing 
polymerization. On the contrary, the tetram- 
minated series is more sensitive to these processes, 
and undergoes rapid polymerization, which pre- 
vents the isolation of dinuclear complexes. 
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Abstract-The ligand-substitution reaction of the bromopentaamminecobaIt(III) ion, 

[CoBGJHddz+, with ethylenediaminetetraacetate (EDTA) (which denotes all the forms 
of EDTA, i.e. edta4-, Hedta3-, H,edta2- etc.) was induced by irradiation with visible light 
of aqueous solutions containing the tris(2,2’-bipyridine)ruthenium(II) ion, [Ru(bpy)3]2+. 
The [Co(edta)]- ion was efficiently produced in acid solutions at pH 2-3, where [Ru(bpy)3]2+ 
acts as an inductor and a photocatalyst. The ligand-substitution reaction constitutes a chain 
reaction composed of a ~Ru~bpy)3]z+ and ~Ru(bpy)3]3+ cycle, where the substitution reaction 
is initiated by the quenching reaction of the photoexcited complex [Ru(bp~)~]~+* with 
[CoBr(NH,),]*‘. The formation rate of [Co(edta)]- by the ligand-substitution reaction 
between EDTA and [CoBr(NH3)5]2’ decreased with increasing pH (pH > 3) as well as with 
decreasing pH (pH < 2), and was at a maximum at pH 2-3. Under conditions of pH 2-3, 
the photo-induced ligand-substitution reaction between EDTA and [CoBr(NH3)5]2+ was 
quantitative, i.e. the [[Co(edta)]-],rmod/[~CoBr(NH3)s]2+]decomposed ratio = 1. Reaction 
m~hanisms are discussed, 

In a previous work, ’ we studied the photo-induced 
ligand-substitution reaction between ethy- 
lenediaminetetraacetate (EDTA) and [CoCl 
(NH3)5]2+. Our interest has arisen from compar- 
ing [CoBr(NH,),]*+ with [CoCl(NH3)J2” in the 
same photo-indu~d reaction composed of a 

DWbyM*+ and [Ru(bpy)3]3+ cycle. In the initial 
stage of the present work, we found that the pro- 
duction of [Ru(bpy)d3” {or the disappearance of 
[Ru(bpy),]*+} due to the quenching reaction 
between [Ru(bpy),]*“* and ]CoBr(NH3)5]2+ was 
remarkably different from that in the case of 

ICoCw=3h12’ in the previous work’ (refer to 
Fig. 1). 

When a solution containing [Ru(bpy)3]2’ and 
[CoBr(NH3),]2+ {or [CoCl(NH,),]*+) was 
irradiated with visible light, the [Ru(bpy),]” ion 
was oxidized to the [Ru(bpy)3]3+ ion by the bimol- 

t Author to whom correspondence should be addressed. 

ecular quenching reaction of [Ru(bpy),12+* with 
[CoBr(NH3)#+ {or [CoCl(NH3),]*+}. The 

IW’m9,13+ ion once formed could react with the 
solvent water or other reducing species such as the 
Br- ion in solution, being reduced to the 

[Rdwh12+ ion. Consequently, the difference in 
the disappearance of [Ru(bpy)3]2’ ( or the pro- 
duction of [Ru(bpy),13+) due to the quenching reac- 
tion of [Ru(bpy),12+* with [CoBr(NH,),]*+ and 
[COC~(NH,)~]*+ is attributable to the Br- and Cl- 
ions, the latter ion not being oxidized by 
[Ru(bpy),13+ but the Br- ion being oxidized by 

PWbm)s13+ : the Br- or Cl- ion is liberated by 
the quenching reaction of [Ru(bpy)$+ * with 
[CoBr(NH3)5]2’ or [COCI(NH,)~]~+. Despite the 
remarkably different behavior in the quenching 
reactions of [CoBr(NH3),12+ and [CoCl(NH,),]*+, 
the photo-induced ligand-substitution reaction of 
both complexes with EDTA was found to proceed 
similarly. 

1571 
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Fig. 1. Variation 

of [Ru(bpy),l*+ + 

1 I I , I 

0 1 2 3 4 

t (h) 

in the [Ru(bpy)J*+ ion concentration by the oxidative quenching reactions 
with [CoBr(NH,),]*+ and [CoCl(NH,),] *+. Conditions: 5x 10m5 mol drnv3 

[Ru(bpy),]Cl, and 5 x 10v3 mol dmm3 [CoBr(NHp),]Br2 for plots A and A, 1 x 10m3 mol drnm3 
[CoBr(NH,),](ClO,), for plots 0 and n , and 5 x 10v3 mol dm-” [CoCl(NH3),]C12 for plots 0 and 
0 ; 0.05 mol drnd3 acetic acid and sodium acetate (PH 4.75), nitrogen saturated, 25°C. Plots A, 0 
and 0 indicate the results with continuous irradiation of visible light by four 100-W tungsten lamps, 
and plots A, n and 0 indicate the results obtained when the photo-reacted solution stood in the 

dark after irradiation for 1 h. 

EXPERIMENTAL 

Chemicals 

[Ru(bpy)3]C12*6Hz02 and [CoBr(NH,),] 
(C1O4)23 were prepared as described in the litera- 
ture2*3 and recrystallized twice. Disodium dihy- 
drogen ethylenediaminetetraacetate (Na*[H,edta]) 
and other chemicals used were of guaranteed- 
reagent grade. Deionized water was further distilled 
with and without addition of permanganate in a 
glass still. 

Procedure 

The procedure is essentially the same as described 
in the previous paper. ’ The pH of the reaction sol- 
ution was adjusted with perchloric acid and sodium 
acetate. 

RESULTS AND DISCUSSION 

As seen in Fig. 1, when the solution contain- 
ing [Ru(bpy)3]2+ and [CoBr(NH,),]*+ or 

7 The formula Co(II)EDTA used in the present paper 
represents a mixture of [Co(edta)]*- and [Co(Hedta)]- ; 
the equilibrium constant K = [[Co(Hedta)]-]/ 
{[[Co(edta)]*-][H+]} for the reaction [Co(edta)]*- 
+H+ =S [Co(Hedta)]- is 103,’ dm3 mol-’ at an ionic 
strength of 0.10 mol dm-’ and 20°C.4 Thus, the 
species [Co(Hedta)J- should be dominant in acid sol- 
utions of pH 2-3. 

[COC~(NH,)~]*+ in the absence of EDTA was 
irradiated with visible light the [Ru(bpy),]*+ ion 
was oxidized to the [Ru(bpy),13+ ion by a bimol- 
ecular quenching reaction with the photoexcited 
species [Ru(bpy)3]2+*, and the [Ru(bpy)3]3+ ion 
could be reduced rapidly to the [Ru(bpy),]*+ ion by 
the Br- ion (see plot A in Fig. l), and thus the 
variation curve for the [Ru(bpy),]*’ ion con- 
centration using [CoBr(NH,),]*’ as a quencher was 
very different from that using the [CoC1(NH3)J2+ 
ion. On the other hand, when a reaction mixture of 
the same constituents as in Fig. 1 contained some 
EDTA, the [Ru(bpy),]*+ ion concentration did 
not change at all with [CoBr(NH3),]Br2, 
[CoBr(NH,),](ClO,), and [CoCl(NH3),]C12 during 
irradiation by light, and instead the [Co(edta)]- 
complex was produced in proportion to the 
irradiation time (t), at least for the initial stage of 
the reaction (see Figs 2 and 3). 

This fact indicates that the [Ru(bpy),j3’ ion once 
formed is rapidly reduced to the [Ru(bpy),]*+ ion 
by the Co(II)EDTAt ion produced by the reaction 
between EDTA and Co&+ {or [CoBr(NH 3) 5] + > [see 
eqn (4)]. The latter species could be formed first by 
the quenching reaction of the [Ru(bpy),]*+* ion 
with [CoBr(NH3)5]2+, and dissociates rapidly to 
Co&+, Br- and NH3 (or NH:) [see eqn (3)]. It was 
found that the formation rate of [Co(edta)]- was 
indifferent to the Br- ion over the initial con- 
centration range 0.02 mol dm- 3 in the reaction 
mixture : the formation rate d[[Co(edta)]-]/dt 
was 2.56 x lo-‘, 2.66 x lo-’ and 2.60 x lo-’ mol 
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/. -o-o-o-o- 

d 

cl I I I I 

0 1 2 3 4 

t (h) 

Fig. 2. Examples of [[Co(edta)]-I,_, vs t. Conditions : 
pH 2.2 (0.02 mol dm- 3 HClOJ, ionic strength 0.21 mol 
dir- 3 ; initial concentrations are 1 x lo- * mol drn- 3 
[CoBr(NH,)JClO&, and 1.7x IO-’ mol dm-’ and 
5.4 x 10m4 mol drnm3 NaJI-I,edta] for plots 0 and 0, 
respectively; and 5 x lo-’ mol dme3 [Ru(bpy),]Cl,. The 
other conditions are the same as those in Fig. 1 with 

irradiation by four lamps (see footnote $ on p. 1575). 

dm- 3 s- ’ in 0, 0.004 and 0.02 mol dm- 3 Br-, 
respectively.? 

Effect of hydrogen ion concentration on theformation 
rate of [Co(edta)]- 

The initial rate of formation of the [Co(edta)]- 
ion [Vi in eqn (8)] was determined from plots of 

[[Co(edta)]-Iformed vs t for various hydrogen ion con- 
centrations. As seen in Fig. 4, the formation rate of 
[Co(edta)]- decreased at pH c 2 and pH > 3, and 
was maximum at pH 2-3. 

The decrease in the formation rate of [Co(edta)]- 
at pH < 2 would be due to the increase in the pro- 
tonated species of EDTA, i.e. H,edta, H3edta- etc., 
and due to the decrease in the equilibrium con- 
centration of [Co(edta)]*- in such acid solutions. 
While the decrease in the formation rate of 
[Co(edta)]- at pH > 3 is caused by the occurrence 
of a reaction between EDTA and [Ru(bpy),13+ 
which competes with the formation reaction of 
[Co(edta)]-, i.e. the reaction between Co(II)EDTA 

t The rate constants for the oxidation reactions of 
water (H,O), Br- and Co(II)EDTA by the [Ru(bpy)J3+ 
ion are 3.2 x 10e4 s-l,’ 0.44 dm3 mol-’ s-‘, and 2 10’ 
dm3 mol- ’ s- ‘, respectively. Thus, the reaction between 
Co(II)EDTA. and [Ru(bpy),]‘+ could occur pre- 
dominantly in the presence of Br- in aqueous solutions. 

t (h) 

Fig. 3. Variations in the [[Co(edta)]-]rO,,c, and 
[[CoBr(NH,),]‘+] concentrations at pH 4.75. Con- 
ditions: 5 x IO-’ mol dm-’ [Ru(bpy),]Clz, 1.7 x 10m3 
mol dmm3 [CoBr(NH3),](C104)2, 0.05 mol dm-’ acetic 
acidandsodiumacetate(pH4.75),andl x 10m3,2x 10m3 
and 4 x lo-’ mol dmm3 EDTA for plots 0, 0 and A, 
respectively. Other conditions are the same as in Fig. 2. 

and [Ru(bpy)3]3’ [eqn (511. At pH 2-3, the for- 
mation rate of [Co(edta)]- was independent of the 
EDTA concentration in the reaction mixture, and 
the concentration of the [Co(edta)]- formed was 

PH 
Fig. 4. Effect of pH on the formation rate of [Co(edta)]-. 
Conditions for plot 0 : 5x lo-’ mol dm-’ [Ru 
(bpy),]C$, 2 x 10m3 mol drnm3 [CoBr(NI-13)&C104),, 
2 x 1O-3 mol drne3 Na,[H,,edta], and ionic strength 0.09 
mol dm- 3. Other conditions are as in Fig. 2. Conditions 
for plot 0 : all the conditions are the same as in plot 0, 
except for 2 x lo- 3 mol dm- 3 CoSO,, which is equivalent 
to the EDTA concentration added before starting the 

reaction. 
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Table 1. Formation of [Co(edta)]- and decomposition of [CoBr(NH,)$+ by the photo-induced reaction” 

103UC4~W-lfom~ 103[[CoBr(NH3),12+l-~,,,,, 
(mol dm- ‘) (mol dm- ‘) 

0.5 0.39 0.39 1.00 
1.0 0.70 0.70 1.00 
1.5 0.97 1.01 0.96 
2.0 1.14 1.11 1.03 

Av. 1.00+0.02 

“Conditions are the same as for plot 0 in Fig. 2, except for 2 x lo-’ mol dnp3 [CoBr(NH,),](ClO,),. 

equal to that of the [CoBr(NH,)J*’ decomposed 
due to the photo-induced ligand-substitution reac- 
tion (see Table 1). 

Therefore, the stoichiometry and overall reaction 
at pH 2-3 may be written as follows : 

[CoBr(NH 3) 5] *+ + EDTA 

hv 
- [Co(edta)]- + Br- + 5NH: 

tWbpy),12+ 

(at pH 2-3). (1) 

When some CoSO, concentrations were added to 
the reaction mixture before starting the reaction, 
and when all the EDTA species existed as 
Co(II)EDTA,t the formation rate of [Co(edta)]- 
was independent of pH over the range 2-7 and was 
equal to that at pH 2-3 without addition of CoSO, 
(see plot 0 in Fig. 4). At pH 4.75, the rate of 
the decrease in the [CoBr(NH&]*+ ion concentra- 
tion in the photo-induced reaction system was 
not dependent on the EDTA concentration, 
but the formation rate of the [Co(edta)]- ion 
decreased with increasing EDTA concentration 
(see Fig. 3), and the [[Co(edta)]-Iformed 

B~(NH~M2+l~eMmp~ ratio was 0 7 0.6 and O!!: 
0.001, 0.002 and 0.004 mol dm-’ EDTA, respect- 
ively, at the start of the reaction. These ratio values 
were smaller than unity being quite different from 
the corresponding value of 1 .O at pH 2-3 (see Table 
1). Consequently, the photo-induced ligand-sub- 
stitution reaction between [CoBr(NH&]*+ and 
EDTA proceeds most efficiently (at an efficiency of 
100%) at pH 2-3, and proceeds less efficiently at 
the other pH values of the reaction solution. The 
experiments hereafter will be carried out at pH 2.2 
in a solution of 0.02 mol dme3 HC104. 

Dependence of reaction rate on the [CoBr(NH,)J*’ 
ion concentration 

The initial rate of formation of [Co(edta)]- [Vi in 
eqn (S)] was determined from plots as in Fig. 2, and 

the reciprocal Vi was plotted against the reciprocal 
[CoBr(NH 3) *] *+ concentrations at the start of 
the reaction. As seen in Fig. 5, the Y;’ vs 
[[CoBr(NH,),]*+]; ’ plots showed a straight line 
with an intercept. The intercept was hardly depen- 
dent on the temperature as well as on the ionic 
strength, but the slope decreased with increasing 
temperature or ionic strength (see Fig. 5 and Table 

2). 

E#ect of the irradiated-light intensity on formation 
of [Co(edta)]: 

No substitution reaction between EDTA and 
[CoBr(NH,),]*+ and no formation of [Co(edta)]- 
were found in the dark, and the rate of formation 
of [Co(edta)]- was proportional to the number of 
lamps used for irradiation. The initial rate of for- 
mation of [Co(edta)]- was 1.78 x 10e8, 6.07 x lo-*, 
9.72 x 10w8, 1.29 x lo-’ and 1.56 x lo-’ mol dmP3 
s- ’ with room light, one, two, three and four lamps, 
respectively, under the same conditions as those at 
pH 2.2 in Fig. 4. 

I I I 

0 900 1800 

[ [CoBr (NH&lZ+];’ (dm3mol-‘) 

Fig. 5. Plots of V;’ vs [[CoBr(NH,),]‘+]; ’ [eqn (811. 
Conditions: pH 2.2 (0.02 mol dmm3 HCIO,); other 
conditions as for plot 0 in Fig. 4. Plots 0 and l in- 
dicate the results obtained at ionic strengths of 0.09 

t See footnote t on p. 1572. and 0.21 mol dm- ‘, respectively. 
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Table 2. Values of parameters in eqns (7) and (8) 

5 
15 
25 
35 
25 

Ionic strength lO’I,@ k,lko 10-9k, 
(mol dm- 3, (mol drn3 s-‘) (dm3 mol-‘) (dm3 mol-’ s-‘) 

0.09 2.7 550 
0.09 2.8 625 
0.09 2.7 722 1.09,0.916 
0.09 2.8 772 
0.21 3.0, 2.4’ 1102 1.67 

Av. 2.7kO.3 

a Conditions as in Fig. 5. 
b Value obtained by measurement of the luminsecence of [Ru(bpy) 3]” l which is quenched 

by the [CoBr(NH,),]‘+ ion; the Stem-Volmer constant was 601 dm3 mol-‘. 
c This value has been obtained from the slope in Fig. 2 [see eqn (7”)]. 

It was also confirmed that the aquation of the 

[CoBr(NH d51 *+ ion during the occurrence of the 
photo-induced ligand-substitution reaction was 
negligible under any conditions employed in 
the present study and that the concentration of 

the [Ru(bpy)#+ ion remained constant during the 
photo-induced reaction. 

Reaction mechanism 

The following reaction mechanism could be pro- 
posed to account for the results obtained at pH 2- 
3: 

[Ru(bpy),]*+ + hv’” [Ru(bpy),]‘+* 

ko -c [Ru(bpy)3]2+ + hv’ 

PWbpyM2+ +A 
(2) 

[Ru(bpy)J’+* + [CoBr(NH&12+ 

% Co:: + 5NH: + Br-, (3) 

7 gee footnote t on p. 1572. 
$ When k,[[CoBr(NH,),]‘+] >> kO, eqn (7) should be 

written as follows : 

and 

d[[Co(edta)]-]/dt = (I,@) (7’) 

[[W=W-lfo,~ = US94 (7”) 
where the term Zdp is constant (see text and Table 2), and 
thus the [[Co(edta)]-]rO- should be proportional only 
to t, irrespective of the [C~BIQIH)~],]~+ ion as well as the 
EDTA concentration. This is actually the kind of case 
given in Fig. 2, in which the value of k,[[CoBr(NH,),]“], 
is IO-fold larger than the k, of 1.5 x lo6 s-r,’ and is also 
much larger than the k;[[Co(edta)]-1, values during 
the formation reaction of the [Co(edta)]- ion. 

Co&+ (or [CoBr(NH,),]+} + EDTA 

z Co(II)EDTA, 

Co(II)EDTA+[Ru(bpy),13+ 

kl [Co(edta)]- + [Ru(bpy)3]2+, 

[Ru(bpy),]‘+* + [Co(edta)l- 

K,. [Ru(bpy)J3+ +Co(II)EDTA. 

The overall reaction is the same as in the 
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(4)? 

(5)t 

(6) 

stoi- 
chiometric eqn (1). Although the quenching rate 
constant k; is as large as k, [k, = (1. l-l .7) x 10’ 
dm3 mol- ’ s- ’ (see Table 2) and k; = 2 x lo9 dm3 
mol- ’ s- ‘1, the reaction of eqn (3) proceeds 
predominantly when [[CoBr(NH,),]“] >> 
[[Co(edta)]-1. Such conditions {[[CoBr(NH3),]2+] 
>> [[Co(edta)]-1) should be satisfied at least for 
the initial period of the reaction even if the photo- 
reaction started at a relatively low [CoBr(NH3)5]2’ 
ion concentration. When the reaction of eqn (6) is 
neglected, the following rate law can be derived : 

4[WeW-l = I,~k,[[CoBr(NH3),1”l 
dt k0+k,[[CoBr(NH3),]2f]’ 

(7)X 

where Z, indicates the amount of light absorbed, Q, 
indicates the quantum yield for the excited species 

PWm%12+*, and, thus, I,@ corresponds to the 
formation rate of the excited species. Thus, the 
initial rate of formation of the [Co(edta)]- ion (Vi) 
is written as follows : 

JY;‘=l+ k. z a 
(1 

m KoBrWHd#+l; ‘. (8) 
a Q 

Plots of V; ’ vs [[CoBr(NH3)J2+]; ’ are illustrated 
in Fig. 5, and the intercept and slope are l/(Z,Q) and 
ko/(ZaQkq), respectively. Consequently, the values of 
I,@ and kq/ko are obtained from the plots, and these 
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3.2 
lo3 7-l (K-l) 

Fig. 6. Arrhenius plots for ~~/~~ Conditions as in Table 2. 

values are given in Table 2. The I,@ values were 
independent of the temperatures as well as of the 
ionic strength, while k~jk~ values were rather depen- 
dent on the temperature as well as on the ionic 
strength. The plot of In (k,/k,) vs T- ’ showed a 
straight line, giving the activation energy 
Eb- E,, = 8.31 kJ mol- ’ (Fig. 6). 

We can evaluate the kg values from kq/ko by using 
k. = 1.52x lo6 s-I.* The Zr, values were obtained 
under various conditions and are given in Table 2 
together with Z,(D and kg/k0 values. For comparison, 
the kg value was determined by measurement of the 
luminescence of ~Ru(bpy)~12’* in various 
[CoBr(NH,),]“* concentrations with deter- 
mination of the Stern-Volmer constant. The result 
is given in Table 2 together with values obtained by 
using eqn (8). They are in good agreement with each 
other under the given conditions. This also supports 
the reaction mechanism of eqns (2)-(6), and the rate 
law of eqns (7) and (8) is practically valid. 

At pH > 3, the concentrations [Co(edta))- ion 
which was formed became less than those of the 

KoBrWH&12” ion which decomposed to Co::, 
Br- and NH;, and the tKoWW-lfomd 
[[CoBr(NH 3) 5] z+]dec,,mpOsM1 ratio decreased with in- 
creasing EDTA concentration (see Fig. 3). This fact 
could be attributed to the occurrence of the reaction 
between EDTA and [Ru(bpy)3]3+. This con- 
sideration is reasonable because the reaction rate of 
[Ru(bpy)3]3+ with EDTA becomes much faster with 
increasing pH of the solution : e.g. the second-order 
rate constant for the reaction between [Ru(bpy)~]~+ 
and EDTA is 8 x lo3 and 2 x lo6 dm3 mol-’ s-’ at 
pH 4 and pH 7, respectively.6 The reaction of 

D’Wb9s13+ with EDTA competes with that of 

[Ru(bpy)J3+ with Co(II)EDTA [eqn (5)], and the 
reaction rate of the formation of the [Co(edta)]- 
ion becomes slower according to the increase in the 
EDTA concentration at pH > 3 (see Fig. 3). 

1. 

2. 

3. 

4. 
5. 

6. 
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Abstract-Reaction of [ReOC13(PPh3)d with bromophenylhydrazine in methanol yields 
[ReCl(N,C,H,Br),(PPh,)J (1). Complex 1 reacts with arylthiolates to give mixtures of 
[Re(SAr)(N&H,Br),(PPh,)d (2) and [Re2(SAr),(NNR)$. Complexes 1 and 2 display 
trigonal bipyramidal geometries with the phosphine ligands occupying the axial sites. A 
sign&ant feature of the structures is the nonequivalence of the rhenium-diazenido moieties, 
such that for 1 the R-N(l) and N(l)-N(2) distances are 1.80(2) and 1.24(3) A, while 
Re-N(3) and N(3)-N(4) are 1.73(2) and 1.32(3) A, and for 2 the R-N distances are 
1.73(l) and 1.80(2)‘with corresponding N-N distances of 1.32(2) and 1.25(2) A. Reaction 
of (PPh,)[ReO(Sph),] (3) with unsymmetrically disubstituted hydrazines affords complexes 
of the type [ReO(SPh),(NMRR’)] (R = Me, R’ = Ph for 4). Complexes 3 and 4 display 
distorted square pyramidal geometries with the 0x0 groups apical. The significant feature 
of the structure of 4 is the nonlinear R-N(l)-N(2) linkage, exhibiting an angle of 
145.6(10)“. The angle does not appear to correlate with a significant contribution from a 
valence form with sp2 hybridization at the a-nitrogen. Crystal data : 1: monoclinic space 
group, P&/n, a = 12.216(2) A, b = 19.098(2) A, c = 20.257(4) A, /? = 106.20(l)“, 
I/ = 4538.3(8) A’ to give 2 = 4 ; structure solution and refinement based on 1905 reflections 
converged at R = 0.070. 2 : monoclinic space group P2,/n, a = 14.393(2) A, b = 18.842(3) 
A, c = 20.717(4)& fl = 110.26(l)“, V = 5270.5(8) 8’ to give 2 = 4 for D = 1.53 g cm- ’ ; 
structure solution and refinement based on 4249 reflections to give R = 0.070.3 : monoclinic 
space group P2,/n, a = 12.531(2) A, b = 24.577(4) A, c = 16.922(3) A, B = 99.06(l)“, 
V = 5146.2(g) A3, D = 1.36 g cme3 for 2 = 4, 2912 reflections, R = 0.050. 4: monoclinic 
space group p2,/n, a = 16.137(2) A, b = 9.863(2) A, c = 16.668(2) A, j? = 111.12(l)“, 
V = 2474.7(6) A3, D = 1.74 g cme3 for Z = 4,294O reflections, R = 0.066. 

Although there have been extensive recent studies The organodiazenido group (NNR)+ is for- 
of transition-metal complexes with sulfur ligands,’ mally isoelectronic with the nitrosyl ligand NO+ 
relatively few simple monomeric rhenium thiolato and chemically related to the diazenide unit, 
complexes have been reported.2-4 In particular, -NNH, a potential intermediate in the reduction 
examples of rhenium thiolato species incorporating of dinitrogen to ammonia. Structural studies have 
small organic molecules are rare. As part of our confirmed that the organodiazenido ligand may 
studies of the binding of small molecules to metal adopt a variety of geometries : “singly bent”,5 
sulfur sites, we have prepared a number of diaz- “doubly bent”6 and bridging.7 
eonid- and hydrazido(2 - )-rhenium complexes Unsymmetrically disubstituted organohy- 
with aromatic thiolato coligands. drazines may function as hydrazido(2-) ligands, 

-NNRR’, which arise formally and often in prac- 
tice, from the protonation of the terminal nitrogen 

* Author to whom correspondence should be addressed. of the organodiazenido ligand. Once again linear8 
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and bent’ M-N-N frameworks have been 
observed. 

In this paper we report the synthesis and struc- 
tural characterization of the five-coordinate 
mononuclear rhenium diazenido and hydra- 
zido(2-) complexes [Re(NNC,H,Br-4),(SC,H,- 
2S-Me2WW21 (2) and [ReO(NNMe- 
Ph)(SC,H,),] (4), respectively. Complex 2 was pre- 
pared by the reaction of [ReCI(NNCsH,Br- 
4)2(PPh&] (1) with 2,5-dimethylthiophenol. Al- 
though the five-coordinate species 1 had been 
isolated previously, lo some ambiguity existed with 
respect to the structural identity, whether mono- 
nuclear or chloro-bridged binuclear. This study 
establishes the mononuclear trigonal bipyramidal 
structure, analogous to that of [MoCl(NNMe,), 
(PPh&]+.” 

The oxo-hydrazido(2-) species (4) was isolated 
from the reaction of [ReO(SPh)J- (3) with the 
disubstituted hydrazine by replacement of a 
thiophenolate group. Although the retention of the 
0x0 group was unanticipated, a similar reaction 
trend has been observed for [MoO(SPh),]- with 
disubstituted hydrazines. 

DISCUSSION 

The most frequently employed synthetic routes to 
aryldiazenido complexes employ oxidative addition 
of a diazonium salt or insertion into a metal-hydro- 
gen bond to give a diazene complex which is sub- 
sequently deprotonated. ” The silylated diazene 
Me3SiNzPh has also been shown to provide an 
efficient method of introducing the aryldiazenido 
function. ’ 3 Finally, direct reaction of a metal 0x0 
species with an arylhydrazine may proceed by a 
condensation mechanism, followed by depro- 
tonation, to yield a metal-aryldiazenido complex.14 
Employing the latter methodology, the rhen- 
ium(V)-oxo complex [ReOCl,(PPh,),] reacts with 
excessp-bromophenylhydrazine in methanol to give 
1 as a red-orange precipitate in 70-80% yield The 
complex exhibits a strong IR band at 1520 cm- ’ 
assigned to v(N=N). The X-ray diffraction studies 
discussed below have established the identity of this 
species as a mononuclear complex, analogous to 
the manganese complex [MnX(N,Ph),(PPh,),]. ’ 5 

Suspension of 1 in warm benzene or methylene 
chloride gives a red-maroon material with strong 
IR bands at 1560 and 1520 cm-‘. We suspect the 
occurrence of a dimerization reaction in aprotic 
solvents giving a doubly chloro-bridged species 
(la), implying both linear and bent diazene ligands 
functioning as three- and one-electron donors. 

Complex 1 reacts with excess HCl in meth- 
anol to give a red-orange material analyzing 

for [ReCl,(NNHCJ-I,Br-4)(Mvc,H,Br-4)(PPh&l 
(lb). The complex shows strong IR bands at 1625 
and 1572 cm- I assigned to v(N-N) for the hydra- 
zido(2 -)- and diazenido-type ligands. Complex lb 
appears to be structurally analogous to the pre- 
viously reported [ReBr,(N,Ph)(NNHPh)(PPh,),] 
where protonation occurs at the /?-nitrogen of the 
nitrogen ligand. lo 

Addition of an excess of 2,5-dimethylthiophenol 
to 1 results in a dark red solution from which orange 
crystals of 2 are observed to form in several hours. 
The characteristic IR bands at 1545 and 15 15 cn- ’ 
confirm the presence of the bisorganodiazenido 
rhenium unit. In the reaction with unsubstituted 
phenylthiolate, a second crop of lustrous black crys- 
tals separates from the mother liquor after several 
days. This species has been identified as the formally 
rhenium(B) complex [Re2(SAr),(NNCgH4Br-4)2]-, 
isolated as the triethylammonium salt. The 
structural and chemical properties of this class of 
complexes have been discussed previously. ’ 6 
Although displacement of the chloro ligand of 1 

by thiophenolate occurs readily, under the reaction 
conditions employed substitution of the phosphine 
ligands and one organodiazenido group by thiolate 
ligands occurs only slowly to yield the stable triply 
thiolato-bridged species [Re,(SAr),(NNR),]-. 

In contrast to the behavior of 1, complex 2 reacts 
with HCl to produce intractable materials, pre- 
sumably as a result of protonation at the coor- 
dinated thiolate sulfur rather than at nitrogen. This 
preferential protonation at the thiolate site appears 
to be characteristic of diazenid*thiolate com- 
plexes. 

Although there are now several examples of mol- 
ybdenum hydrazido(2 -) complexes with thiolate 
coligands, ’ 7 analogous rhenium complexes have 
not been reported. In an attempt to isolate rhenium 
species of this type, [ReOCl,(PPh,)2] was treated 
with an excess of an unsymmetrically disubstituted 
organohydrazine, such as H,NNMePh, to yield a 
crystallizine, light orange material analyzing for 
[ReCl(NNMePh),(PPh,),]. Both -NNR2 ligands 
cannot serve as four-electron donors, since the 
metal would have a 20-electron count, suggesting 
that one -NNR, group is bent at the a-nitrogen 
and functions as a two-electron donor. 

Reaction of [ReC1(NNMePh)I(PPhs)2] with 
excess thiophenol in benzene yields 4 in low yield 
as a diamagnetic bright red crystalline material. The 
presence of the 0x0 group is confirmed by a strong 
IR band at 945 cn- ‘, while the band at 1545 cm- ’ 
is attributed to the hydrazido(2-) ligand. The 0x0 
ligand is apparently introduced from residual oxy- 
gen in the reaction solvent, and yields may be con- 
siderably improved by carrying out the synthesis in 
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Table 1. Relevant bond lengths (8) for structures 14 

1 2 3 4 

R&1( 1) 

Re-P( 1) 
Re-P(2) 

Re--N( 1) 1.798(19) Re-N( 1) 1.730(13) 
N(l)-N(2) 1.241(29) N(l)-N(2) 1.324(17) 
Re-N(3) 1.726(24) R-N(3) 1.798(16) 

N(3)-N(4) 1.315(36) N(3)-N(4) 1.249(23) 

2.436(9) 

2.449(8) 
2.457(9) 

Re--s(l) 
Re-P( 1) 
R-P(2) 

2.376(4) 
2.457(4) 
2.454(4) 

R-W) 1.661(11) R&(l) 1.658(12) 
Re-S( 1) 2.326(4) Re--S( 1) 2.339(4) 

Re-W2) 2.350(S) Rd(2) 2.354(4) 

R&(3) 2.323(5) Re--s(3) 2.331(4) 
Re-S(4) 2.333(4) 

Re-N( 1) 1.858(9) 
N(l )-N(2) 1.255(15) 

oxygenated solvents. The oxo-hydrazido complex hydrazido(1 -) species such as [Re(NHN- 
(4) may also be prepared by reaction of MePh)O(SPh),]- may be an intermediate. The for- 
[ReO(SPh)J (3) with H,NNMePh. Although we mation of a rhenium-nitrogen multiple bond may 
anticipated the replacement of the 0x0 group of 3 provide the driving force for oxidative elimination 
by a hydrazido(2 - ) ligand, 3 reacted with the l,l- of the hydrogen on the cl-nitrogen. 
disubstituted hydrazine with retention of the 0x0 
group and replacement of a thiophenolate group by DESCRIPTION OF THE STRUCTURES 

the hydrazido(2-) ligand to give 4. This is not a Relevant bond lengths and angles are tabulated 
simple methathesis reaction as concomitant oxi- in Tables 1 and 2, and ORTEP views of the struc- 
dation of the metal from Rev to ReVi1 occurs. A tures are presented in Figs l-4. 

Table 2. Relevant bond angles (“) for structures 14 

1 2 

RvN(~)-N(Z) 
Re-N(3)-N(4) 
N(l)-R-N(3) 
P( l)-Re-P(2) 

P(l)-Re-C(l) 
P(2)_Re--c(l) 
P(l)-Re-N(1) 
P(2)-Re-N( 1) 
P(l)-Re-N(3) 
P(2)--Re-N(3) 
C(l)-Re-N(1) 
c(l)-R~+N(3) 

N(l)-N(2)--C(71) 
N(3>-N(4)--(?81) 

3 

172.0(27) 
164.7(18) 
119.4(12) 
174.8(2) 
89.7(3) 
86.5(3) 
93.6(8) 
91.3(8) 
87.4(9) 
91.7(9) 

118.1(10) 
122.5(7) 
120.0(26) 
116.2(23) 

Re-N( 1)-N(2) 160.9(2) 
Re-N(3)-N(4) 178.1(2) 
N(l)-R+N(3) 120.0(6) 
P( I )-Re-P(2) 177.5(2) 

P(l)_Re--s(l) 84.2(l) 

P(2)_Re--s(l) 97.2(l) 
P(l)-R-N(l) 90.0(S) 
P(2)-Re-N( 1) 91.1(5) 
P(l jRe-N(3) 90.3(5) 
P(2)-Re-N(3) 87.2(5) 
s(l)-Re-N(1) 121.1(5) 
S( l)-Re-N(3) 118.6(4) 

N(l)-N(2)--C(71) 119.8(13) 

N(3tiN(4W(81) 117.6(14) 

4 

R-N(l)-N(2) 145.6(10) 
O(l)-Re-S(1) 109.3(4) O(l)-Re-S(l) 109.9(4) 
0( l)-Re-S(2) 106.7(4) O(l)-Re--S(2) 104.8(4) 
0(1)-R-S(3) 109.2(4) O(l)-R&(3) 109.4(4) 
O(l)--Re-S(4) 107.0(4) O(l)-Re-N(1) 108.2(5) 
W)_RA(2) 84.8(2) S( I)-R-S(2) 77.4(l) 
S(l)-R&(3) 141.5(2) S(l)-Re-S(3) 140.0(2) 
S(I)-Re-S(4) 84.8(2) s(2)-Re-S(3) 85.7(l) 
S(2)-Re-w4) 146.3(2) W-R-N(l) 88.8(3) 
s(3)_Re--s(4) 83.4(2) S(2)-Re-N(1) 146.9(4) 

s(3)-Re-N(1) 86.1(4) 
N(l)-N(2C(l) 118.8(12) 
N(l)-N(2+C(7) 122.0(11) 
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Fig. 1. ORTEP view of the structure of [ReCl(NNC&,-Br-4),(PPh,)J, showing the atom-labelling 
scheme. 

Fig. 2. Perspective views of the structure of [Re(SC,H,-2,5-Me,)(NNC,H,-Br+(PPh,)J. 
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Fig. 3. ORTEP view of the structure of [ReO(SPh)J, crystallized as the (PPhJ+ salt. 

The structure of 1 consists of discrete monomeric 
units. The geometry about the rhenium is best 
described as a trigonal bipyramidal, with the phos- 
phine ligands axial and the equatorial plane defined 

Fig. 4. ORTEP view of the stru&re of [Reo(NNMePh) 
(SPh),], showing the atom labelling. 

by the chloro group and the a-nitrogen atoms of the 
diazenido ligands. The rhenium-phosphorus and 
rhenium-chlorine distances are unexceptional. 
However, an unusual feature of the structure is the 
inequivalence of the two rheniumdiazenido units. 
The Re(l)-N(1) distance of 1.80(l) 8, is sig- 
nificantly longer than the Re(l)-N(3) distance 
[1.73(2) A]. This unequivalence is reflected in the 
N(l)-N(2) and N(3)-N(4) distances of 1.24(2) 
and 1.32(3) A, respectively, and in the 
Re-N(l)-N(2) and Re-N(2)-N(3) angles of 
172.0(23) and 164.7(18)“. As shown in Table 3, this 
feature is also observed in the structures of 2 
and the molybdenum(W) cationic species 
[MoC1(NNMe,)2(PPh,)d+ I6 which is structurally 
analogous to 1 and 2. Since there are no apparent 
steric interactions between the -NNR or -NNR2 
ligands and the phosphine groups, this does not 
appear to be simply a solid-state effect. 

The gross structural features of 2 are essentially 
identical to those of 1, with the exception of the 
substitution of the thiophenolate ligand for the 
chloro group in the equatorial plane. The inequiv- 
alence of the diazenido ligands is pronounced, sug- 
gesting varying contributions of canonical forms I 
and II to the overall structure of the diazenido 
ligands. The Re-N(3) and N(3)-N(4) distances 
of 1.80(2) and 1.24(2) 8, closely approximate the 
limiting formalism I, for which distances of 1.80 
and 1.24 A have been calculated. ‘* On the other 
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Table 3. Comparison of geometric features of five-coordinate rhenium and molybdenum diazenido and hydra- 
zido(2 - ) complexes 

Complex 
Coordination 

geometry” 
M-N 

(A) 

N-N 

(A) 

M-N-N 

(“) Reference 

[ReCl(NNC,H,Br-4),(PPh,)J tbp 

[Re(SC,H,-2,5-Me,)(NNC,H,BA),(PPh,)d tbp 

FroCl(NNMeJDPh&l+ tbp 

[ReO(NNMePh)(SPh),] sq. pyr. 
[MoO(NNMeJ(SPh),]- sq. pyr. 

1.73(2) 
1.80(2) 
1.73(l) 
1.80(l) 
1.76(l) 
1.76(l) 
1.858(g) 

1.821(9) 

1.32(3) 
1.24(2) 
1.32(2) 
1.25(2) 
1.34(2) 
1.25(l) 
1.26(2) 
1.29(l) 

164.7(W) 
172.0(23) 
160.9(13) 
178.1(13) 
165.2(10) 
173.9(9) 
145.6(10) 
152.5(10) 

This work 

This work 

14 

This work 
11 

“tbp = trigonal bypiramidal, sq. pyr. = square pyramidal. 

hand, the Re-N(1) and N(l)-N(2) distances of 
1.73(l) and 1.32(2) 8, suggest a significant con- 
tribution from II and a degree of valence isomerism 
for the diazeniderhenium units of these structural 
types. 

& 1.24 N 1.40 

Jel.gO iIe l-73 

I II 

The structure of 3, crystallized as the tetra- 
phenylphosphonium salt, is identical to that of the 
tetraphenylarsonium salt, previously reported.* 
The geometry about the rhenium is square pyr- 
amidal with an a ical 0x0 group. The Re-0 dis- 
tance of 1.66(l) 8: is similar to those observed for 
the (Ph,As)+ salt, and for [ReO(SCH2CH2S)2]-4 
and [ReO(SC6H2Me3)4]-.‘g 

The geometry about the rhenium in 4 is best 
described as distorted square pyramidal with the 
0x0 ligand occupying the apical position. The basal 
plane is defined by three thiolato sulfur atoms and 
the a-nitrogen of the hydrazido(2 -) ligand. The Re 
atom lies ca 0.7 A above the mean NS3 basal plane. 

The Re-0 distance of 1.66( 1) A is identical to 
that observed for the parent anion (3), and the 
average Re-S distance of 2.341(6) 8, is similar to 
that of 2.333(6) A in 3. The Re-S(3) distance is 
longer than the average of the Re-S(1) and 
Re-S(2) distances [2.354(4) vs 2.335(4) A], pre- 
sumably reflecting a tram influence of the hydra- 
zido(2 -) ligands in the pseudo-trans position. 

The overall square pyramidal geometry adopted 
by 4 is similar to that observed for woO(NNMeJ 
(SPh),]-.’ ’ The presence of the 0x0 group in the 

apical position is consistent with the tendency of 
cylindrically symmetrical x-donors to occupy this 
site in order to maximize overlap with the metal &.- 
and d,,-orbitals.*’ 

The Re-N(1) and N(l)-N(2) distances of 
1.858(9) and 1.26(2) A, respectively, lie within the 
range found for metal hydrazido(2 -) complexes,” 
and are consistent with extensive delocalization of 
the n-bonding throughout the Re-N(l)-N(2) 
unit. Although the -NNMePh ligand lies in the 
basal plane, the Re-N( 1) distance indicates strong 
x-bonding to the rhenium. The hydrazido group 
has two orbitals available for x-bonding, the p- 
orbital on N(1) in the N(l)-N(2)-C(l)-C(7) plane 
and the N-N n-antibonding orbital perpendicular 
to this plane. The N(l)-N(2)--C(l)--C(7) plane 
eclipses the Re-0 bond vector, ensuring that the 
N(1) p-orbital overlaps with the metal D,z orbital. 
The rr-antibonding orbital has the correct symmetry 
to interact with the metal &-orbital. 

The most unusual feature of the structure is the 
non-linearity of the Re-N(l)--N(2) angle 
[145.6(10)“]. Simple electron counting suggests that 
-NNR2 unit functions as a four-electron donor in 
the hydrazido(2 -) formalism. Although the short 
N(l)-N(2) distance supports this argument, the 
Re-N( 1)-N(2) angle suggests a contribution 
from a valence form with sp* hybridization at the 
a-nitrogen. This latter description of the bonding 
appears unlikely in view of the short’Re_N( 1) dis- 
tance and the electronic requirements of the metal. 
Recent ab initio calculations indicate that the ener- 
gies between different geometric forms of -NNR2 
ligand types may often be very small and that the 
angle at the cl-nitrogen is a rather insensitive indi- 
cator of hybridization mode. ** Consequently, 
extrapolating from the observed structure to an 
inferred charge distribution may be inappropriate. 

Five-coordinate geometries appear to be quite 
common for rhenium complexes with strongly Z- 
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bonding ligands, such as 0x0 groups and hydrazido coligands, such as phosphines, the trigonal bipyr- 

or diazenido units. The limiting geometry, whether amidal geometry is adopted with the bulky groups 

ttigonal bipyramidal or square-based pyramidal, occupying the axial sites. Cylindrically symmetrical 
may be dictated in part by the steric requirements x-donors, such as 0x0 groups, appear to favor the 
of the coligands. Thus, in the presence of bulky apical position of the square-based pyramid. 

Table 4. Summary of crystal data and experimental details for the structures of [ReCl(NNC,H,Br-4),(PPh3)~ (l), 

[RetSC6H3-2,5-Me3(NNC,H,Br-4),CPPh,)J (2), PPUWVWJ (3) and [ReWJ’NRdWh)d (4) 

1 2 3 4 

a (4 
b (A) 
c t-4 
ff1”) 

Space group 
Z 

&k fi% m- 3, 

(A) Crystal parameters at 23°C’ 

12.216(2) 14.393(3) 
19.098(3) 18.842(3) 
20.257(4) 20.717(4) 
90.00 90.00 

106.2ofl) 110.26(l) 
90.00 90.00 

4538.3(8) 5270.5(8) 

J%ln P&/n 
4 4 
1.63 I.53 

12.531(2) 16.137(2) 
24.577(4) 9.863(2) 
16.922(3) 16.668(2) 
90.00 90.00 
99.06(l) 111.12(l) 
90.00 90.00 

5146.2(9) 2474.7(6) 

J%/u P2iln 
4 4 
1.36 1.74 

(B) Measurement of intensity data 

Crystal dimension (mm) 0.20x0.20x0.25 0.15x0.20x0.22 0.18x0.22x0.15 0.18x0.18x0.18 
Instrument Nicolet R3m 
Radiation MO-& (A = 0.71069 A) 
Scan mode Coupled 6(crystal)-26(counter) 
Scan rate f” min- ‘) 7-30 
Scan range (“) 2 > 28 < 45 
Scan length (“) From [26(lu, i)- 1 .O] to [2f?(&) + 1 .O] 
Background measurement Stationary crystal, stationary counter, at the beginning and end of each 28 scan, 

each for the time taken for the scan. 
Standard 3 collected every 197 
Number of reflections collected 4757 8550 5363 4922 
Number of ind~nd~t refIections 

used in solution 1905 4249 2912 2940 

(C) Reduction of intensity data and summary of structure solution and refinement’ 

Data corrected for background, attenuators, Lorentx and polarization effects in the usual fashion 
Absorption coefficient (cm- ‘) 67.91 58.41 44.24 92.25 
Absorption correction Based on tfr stands for five mflections with x near 90 or 270” 

T&T,, 1.09 1.14 1.03 1.11 
Structure solution Patterson synthesis yielded the Re positions, all remaining non-hydrogen atoms 

were located via standard Fourier technique 
Atomic scattering factors’ Neutral atomic scattering factors were used throughout the analysis 
Anomalous disPersior@ Applied to all non-hydrogen atoms 
Final discrepancy factof R = 0.070 0.070 0.050 0.066 

R, = 0.070 0.070 0.052 0.066 
Goodness of fit (GOV 1.337 1.369 1.172 1.496 

“From a least-squares fitting of the setting angle of 25 reflections. 
‘All calculations were Performed on a Data General Nova 3 computer with 32K of 16bit words using local 

versions of the Nicolet SHELXTL interactive crystallographic software package as described in G. M. Sheldrick, 
~~~o~e~ S~EL~TL ~~~at~~~ Mamai. Nicolet XRD, Cupertino, CA (1979). 

‘D. T. Cromer and J. 8. Mm, Acta Cryst. 1968, AM, 321. 
d International Tables for X-ray Crystallography, Vol. 3. Kynoch Press, Birmingham (1962). 
= R = Z [IF,1 - IF@ lFj], R, = (I: w(lFJ - IF&‘/I: ~lF,,l2]“~. w = 1/S2(Fd)+g*(Fo), g = 0.0005. 
‘GoF = E w(lEI --l~&%&-~vW2, where N,, is the number of observations and NY is the number of variables. 
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EXPERIMENTAL 

Materials and metho& 

All preparative reactions were performed in 
reagent grade solvents with no special precautions 
to eliminate atmospheric oxygen. [ReOC1,(PPh3)] 
was prepared by the literature method.23 All other 
reagents were obtained from standard commercial 
sources and used without further purification. 

The following instruments were used in this 
work: IR, Perkin-Elmer 283B IR spectro- 
photometer ; X-ray crystallography, Nicolet R3m 
diffractometer. 

All compounds were isolated as crystalline solids. 
Microanalytical data were obtained by MicAnal, 
Tucson, AZ. 

Preparation of compounds 

[ReC1(PPh3)2(NNCgH4Br-4)2] (1). Oxotrichloro- 
bis-(triphenylphosphine) rhenium (2.0 g), p-bro- 
mophenyl hydrazine hydrochloride (4.3 g) and tri- 
ethylamine (15 cm3) were heated under reflux with 
stirring in 150 cm3 methanol for 30 min. The result- 
ing red-brown solution is filtered, and the red pre- 
cipitate washed with dry methanol, then air-dried 
giving 70% yield. Found : C, 5 1.3 ; H, 3.3 ; N, 5.0. 
Calc. for [ReCl(PPh,),(NNC,H,Br)2] : C, 51.7 ; H, 
3.4; N, 5.0%. 

[Re(SC6H3 - 2,5 - MeJ(PPh3)2(NNC6HqBr - 4)2] 
(2). Chlorobis(triphenylphosphine) bis(p-bromo- 
phenyldiazenido) rhenium (0.5 g), 2,5-dime- 
thylthiophenol(O.43 g), and diisopropylethylamine 
(0.5 cm3) were warmed gently with stirring in ben- 
zene (150 cm3) overnight. The resulting deep red 
solution was filtered and the benzene removed by 
rotary evaporation. The red oil was dissolved in 
dichloromethane and layered with methanol- 
diethyl ether. Large red crystals form within 24 h. 
Found: C, 55.1; H, 3.9; N, 4.5. Calc. for 
[Re(SCgH3-2,5-Me2)(PPh3)2(NNC6H4Br-4)2] : C, 
55.3; H, 3.9; N, 4.6%. 

(PPh,)[ReO(SPh),] (3). Was prepared by litera- 
ture method with substitution of tetraphenyl phos- 
phonium bromide for the arsonium salt. 

[ReO(NNMePh)(SPh),] (4). (PPh,)[ReO(SPhJ 
(1 .O g) l,l-methylphenyl hydrazine (0.57 cm3) and 
diisopropylethylamine (1.0 cm3) were refluxed in 
100 cm3 of methanol with stirring. The color gradu- 
ally changed from purple-black to red, after which 
the solution is filtered. The methanol was removed 
by rotary evaporation giving a red oil. This material 
is redissolved in methanol and layered with diethyl 
ether, giving bright red-orange crystals. Found : C, 

45.9 ; H, 3.5 ; N, 4.2. Calc. for ReO(NNMePh) 
(SPh), : C, 46.2; H, 3.6; N, 4.3%. 

X-ray crystallography 

The experimental details of the data collections 
and structure solutions are summarized in Table 4. 
A complete description of crystallographic pro- 
tocols may be found in-Ref. 24. 

Final atomic positional and thermal parameters, 
bond lengths and angles and FJF, values have been 
deposited as supplementary material with the 
Editor, from whom copies are available on request. 
Atomic coordinates have also been submitted to the 
Cambridge Crystallographic Data Centre. 

5. 

6. 

7. 

8. 

9. 

10. 
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Abstract-A magnesium-aluminum double hydroxide was prepared by the simultaneous 
hydrolysis of magnesium and aluminum alkoxides. Pure double hydroxide is obtained 
between 0.6 and 0.8 in the Mg2+/(Mg2+ +A13+) mole ratio. Infrared spectra were compared 
with those of 4Mg(OH)2*Al(OH)3 synthesized by Feitknecht and Gerber, and the naturally 
occurring mineral Mg,A12(OH), 8 * 4H20. The compounds MgO and MgAl,O, crystallize 
slowly above x 500°C and x 8OO”C, respectively. Powders for the double hydroxide gave 
large aggregates of small particles. Definite signs of particle growth and a marked increase 
in crystallite growth were seen in powders produced above 1100°C. Specific surface areas 
of powders heated at low temperatures are very high and did not fall below 10 m2/g until 
the heating temperature was raised above 1100°C. 

A magnesium-aluminum double hydroxide is one 
of compounds of layer lattice structures that were 
shown by Feitknecht’ to form by the combination 
of divalent and trivalent ions of similar atomic radii. 
A study dealing with the Mg-Al double hydroxide 
was first carried out by Feitknecht and Gerber2 in 
which precipitations were prepared from mag- 
nesium and aluminum chloride solution in the pres- 
ence of excess sodium hydroxide. The formula of 
the double hydroxide was given as 4Mg(OH)2 * 
Al(OH)3. Mortland and Gastuche3 synthesized 
the double hydroxide from mixed chloride solution 
at pH 10 by the use of sodium carbonate. How- 
ever, no data for the characterization of the 
double hydroxide, except for the X-ray2T3 and infra- 
red spectrum’ analyses, and its heating products 
have been reported. Aside from the preparation of 
the double hydroxide, a new magnesium-aluminum 
hydroxide mineral Mg,Al,(OH) I 8 - 4H20, termed 
as meixnerite, was recently found in cracks of a 
serpentine rock near Ybbs-Persenbeug (Lower 
Austria). 4 

In the present study, a Mg-Al double hydroxide 
was found to form by the simultaneous hydrolysis 

* Author to whom correspondence should be addressed. 

of magnesium and aluminum alkoxides. The pre- 
sent paper deals with the characterization of the 
double hydroxide and its products of thermolysis. 

EXPERIMENTAL PROCEDURE 

Magnesium methoxide Mg(OCH3)2 was pre- 
pared by the reaction of magnesium foil 
(> 99.99%) and analytical-grade methanol con- 
taining ethyl bromide (MeOH/EtBr = 4 : 1) at 
room temperature. ’ Aluminum isopropoxide 
A1(OC3H7)3 was synthesized by heating aluminum 
metal (> 99.99%) in an excess of analytical-grade 
2-propanol with mercury(I1) chloride (10V4 mol/ 
mol of metal) as a catalyst for 10 h at 82”C6 The 
mixed alkoxides in various compositions shown in 
Table 1 were refluxed for 10 h and then, except for 
the mole ratio Mg2+/(Mg2+ +A13+) = 0.9, hydro- 
lyzed by adding conductivity water containing 
ammonium hydroxide (H20/NH40H = 2: 1) at 
room temperature. The temperature was slowly 
increased to 75°C while the resulting suspensions 
were stirred. The hydrolysis products were sep- 
arated from the suspensions by filtration, washed 
15 times in hot water, and dried at 80°C under 
reduced pressure. On the other hand, in the mole 
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Table I. Chemical compositions and phases identified in starting powders 

Starting 
powder 

(Mg’+/Mg’+ +A13+) 
mole ratio Phase identified 

A 0.5 
I3 0.6 
C 0.7 
D 0.8 
E 0.9 

Mg-Al double hy~xide, AlO 
Mg-AI double hydroxide 
Mg-Al double hydroxide 
Mg-Al double hydroxide 
Mg-Al double hydroxide, MB(OH)~ 

Table 2. X-ray data for Mg-AI double hydroxides 

Starting powder B 

&Jnm L&m l/Z, hkz 

Starting powder C 

L&m L&m z/z0 

Starting powder D 

L&m &r&m r/z0 

0.76 0.76 100 003 0.77 0.77 loo 0.79 0.79 loo 
0.378 0.378 70 006 0.382 0.382 70 0.396 0.396 65 
0.258 0.257 50 102 0.258 0.257 50 0.260 0.259 35 
0.249 0.249 15 103 0.250 0.250 15 0.252 0.252 10 
0.228 0.228 25 105 0.229 0.229 20 0.233 0.232 20 
0.1931 0.1931 1.5 108 0.1943 0.1943 15 0.1978 0.1978 10 
0.1523 0.1523 30 110 0.1526 0.1526 30 0.1533 0.1533 30 
0.1493 0.1493 25 113 0.1496 0.1496 25 0.1505 0.1505 25 

Hexagonal ; a = 0.3046 nm, 
c = 2.268 nm. 

Hexagonal ; a = 0.3051 nm, Hexagonal ; u = 0.3066 nm, 
c = 2.293 nm. e = 2.373 nm. 

ratio Mg2+/(Mg2+ +A13+) = 0.9 an aqueous soi- 
ution of sodium hydroxide was added to the mixed 
alkoxide at room temperature with stirring to adjust 
the pH to the optimum value of 1 l.* The resulting 
suspension was warmed slowly to 75°C with 
stirring. Subsequent operations were made by using 
the same technique as described above. 

RESULTS AND DISWSSION 

Ide~tl~cat~un of starting powder 

The starting powders were examined by X-ray 
diffraction (XRD) using Ni-filtered CuKa radiation 
(Table 1). The starting powder A contained two 
crystalline phases identified as boehmite AlO 
and a Mg-Al double hydroxide. The double 
hydroxide was obtained as a single phase in B 
through D. The starting powder E was a mixture 
of Mg(OH)2 and the double hydroxide. According 
to Feitknecht and Gerber,2 the stability of the 
double hydroxide is due, in part, to Cl- ions that 

*Aqueous NaOH solution was used because 
Mg(OH),, being one of hydrolysis products, was dis- 
solved by NH.,OH. 

compensate for the induced positive charges 
resulting from the substitution of A13+ for Mg2+ 
ions. The formation of the double hydroxide in 
the present study is probably due to the Br- ions 
generated from ethyl bromide used in preparing 
the magnesium methoxide. Table 2 shows the 
X-ray data for B through D ; the diffraction lines 
were shifted at higher angles with increasing Mg2+ 
content. They were indexed as a hexagonal unit 
cell with lattice parameters presented in Table 2. 
The values of the lattice parameters were generally 
consistent with those of 4Mg(GH)2.Al(OH)s 
(a = 0.309 nm, c = 2.37 nm)” and Mgal*(OH),, * 
4H20 (a = 0.30463 nm, c = 2.2932 nm).4 

Emission spectroscopic analysis showed that the 
impurities in starting powder B were 10 Fe, 10 Ca, 
50 Pb, 50 K, 100 Si, and 100 ppm Na. All other 
cation impurities were present in amounts less than 
10 ppm. 

Experimental results obtained from starting 
powder B will hereinafter bc described. 

Thermal analysis 

Thermogravimetry (TG) and differential thermal 
analysis (DTA) were conducted in air at a heating 
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Fig. 1. (a) Thermogravimetry and (b) differential thermal 
analysis curves for starting powder B. 

rate of lO”C/min ; a-alumina was used as the ref- 
erence for the DTA. Figure l(a) shows a TG curve 
of starting powder. The dehydration proceeded in 
two steps and it was essentially completed at 600°C. 
The 36.7% weight loss was more than the theor- 
etical value (32.6%) due to the release of adsorbed 
CO*, as will be described in the latter section. The 
DTA curve reveals two endothermic peaks at 170” 
to 360°C and 360” to 600°C [Fig. l(b)]; these cor- 
respond to two steps of dehydration. Although 
MgO and spine1 MgA1204 crystallized slowly above 
z 500°C in the latter stages of dehydration and 
x SOO”C, respectively, no exothermic peaks due to 
the crystallization were observed throughout the 
heating process. 

Product of thermolysis 

The specimens were heated at a rate of lO”C/min 
and then quenched and examined by XRD. Figure 
2 shows the X-ray diffraction patterns for starting 
powder and products of thermolysis. The lines of 
the double hydroxide decreased in intensity with 
increasing temperature above 170°C and dis- 
appeared at 600°C. The lines corresponding to 
MgO and MgAl,O, began to appear at x 500°C 
and x 8OO”C, respectively, and their intensities 
increased slowly up to 1100°C. The specimen heated 
at 1100°C gave the characteristic pattern of the 
mixture, although the lines were broadened. Both 
phases with sharp lines developed rapidly above 
1100”c. 
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Fig. 2. X-ray diffraction patterns for starting powder 
B and specimens quenched after heating to various 

temperatures. Phases: 0, MgO; 0, MgAl,O,. 

Infrared spectra 

Infrared spectroscopy was performed on a dis- 
persion in potassium bromide using the pressed-disc 
technique. The IR spectra of the starting powder 
is shown in Fig. 3 and compared with those of 
4Mg(OH)z~A1(OH)32andMg,A12(OH),,~4H20;4 
these spectra were very similar in shape. The 
absorption band resulting from the O-H stretching 
vibration based on interlayer water was observed 
at 3450 cm-‘. The bands at 3000 and 1625 cm- ’ 
are due, respectively, to the O-H stretching and 
bending vibrations of Hz0 and, on the basis of 
preparation history, represent adsorbed water. The 
mineral Mg,A12(OH),8 * 4H20 contained 2% CO2.4 
In addition, Feitknecht and Gerber’ reported that 
considerable amounts of CO2 were adsorbed on the 
surface of the double hydroxide because aqueous 
NaOH solution was used in preparation. The 
absorption bands resulting from CO:- stretching 
vibrations, as well as the data reported, were present 
at 1410,1360,1050, and 865 cm-’ ; this is probably 
due to the NH40H solution containing CO2 used 
in hydrolysis. These bands disappeared in the speci- 
men heated at 600°C. Characteristic bands derived 
from the structure of the Mg-Al double hydroxide 
were observed at 780,680,555, and 450 cn- ‘. The 
spectrum of the specimen after heating at 600°C 
showed the presence of the bands at 775,690,515, 
and 430 cm-’ and their intensities increased with 
increasing temperature up to 1100°C. The IR spec- 
tra for the specimen obtained by heating at 13OO”C, 
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Fig. 3. Infrared absorption spectra for starting powder 
B, 4Mg(OH),*Al(OH),, MgJl,(OH),8*4Hz0, specimen 
quenched after heating B to 13OO”C, MgAl,O,, 

and MgO. 

MgALOz,,* and MgOt are also shown in Fig. 3. 
The data for MgA1204 and MgO were in good 
agreement with those reported previously. 7-9 The 
spectrum pattern of the specimen, being the mixture 
of MgO and MgA1204, is similar to that of pure 
MgA1204. According to the MgA1204 data,7*8 the 
bands in the 500-800 cm-’ range are assigned to 
the Al-0 stretching vibration of AlO octahedra. 
On the other hand, MgO is characterized by only a 
strong band due to the Mg-O streching vibration 
between 430 and 550 cm- . ’ 9 Accordingly, the bands 
at 775, 690, and 5 15 cm- ’ of the specimen can be 
assigned to Al-O stretching vibrations. The band 
at 430 cm- ’ is due to Mg-0 stretching vibration. 

Powder characterization 

Powders for electron microscopic examination 
were dispersed in amyl acetate by a 5 min ultrasonic 
treatment. Drops of the dispersion were dried on 
carbon film. Examination was carried out under a 

*MgAl,04 was prepared by solid state reaction 
between MgO and Al,O, for 10 h at 1500°C. 

tMg0 was prepared by decomposition of Mg(OH)2 
for 3 h at 1200°C. 

100 keV beam. Electron micrographs of starting 
powder and specimens heated to various tem- 
peratures are shown in Fig. 4. The starting powder 
gave large aggregates of small particles. At 600” and 
1000°C smaller aggregates (< 1 pm) were formed. 
Definite signs of particle growth were seen in 
powders produced above 1100°C. 

The variation of crystallite size with increasing 
temperature was determined from X-ray line broad- 
ening. ’ ’ Pure MgAl,O, and MgO, described in the 
former section, were used as the samples of 
unbroadened line widths. The lines used were the 
(400) and (311) reflections for MgA1204 and the 
(200) and (220) reflections for MgO. Figure 5 shows 
the curves for crystallite growth of MgO and 
MgAl,O, in the products with increasing tem- 
perature. A marked increase in crystallite growth 
of both compounds occurred above 1100°C. These 
results agree with observations made by the electron 
microscope. 

Specific surface area of the specimens obtained 
at various temperatures was measured with a BET 
method using N2 adsorption after they were dried 
at 200°C in vacuum. A continuous decrease in 
surface area with increasing temperature is shown 
in Fig. 6. Surface areas at low temperatures were 
very high and did not drop below 10 m2/g until the 
heating temperature was raised above 1100°C. As 
described above, MgO and MgA1204 crystallized 
slowly from z 500°C and w 800°C respectively, to 
w 1100°C. High surface areas at low temperatures 
must be associated with amorphous phases. 

1 

Fig. 5. Crystallite size of MgO and MgAl,O, in 
products obtained from starting powder B with in- 
creasing temperature. Phases: 0, MgO; l , MgA1204. 

Heating rate is lO”C/min. 
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Fig. 4. Electron micrographs for (a) starting powder B, (b) 6OO”C, (c) IOOO’T, and (d) 1300°C. 
Heating rate is lO”C/min. 
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A~~act-Inorga~~ and organometallic Bi(III) complexes with five-mem~red heterocycles 
were studied. The preparation, properties, and spectroscopic characterization (‘H NMR, 
IR, MS-fragmentation behaviour) of the new compounds are reported. The first member 
of Se coordinated Bi metallacycles is presented. Bi organyles with the o-aminobenzenethiol 
ligand system, at present widely investigated, are described as o-aminobenzenethiolate and 
~-amino~nzenethioldiate derivatives. 

Several Bi(II1) heterocycles with 0,O’ and S,S’ 
coordinated five-membered chelate ring systems 
were prepared by a reaction of CH3Bi(OC~~~)~, 
obtained from CH3BiBr2 and NaOC,H,, with 
dioles or dithioles under C2H50H elimination.’ By 
means of this reaction the analogous pyrocatechol 
derivatives were prepared : ’ 

/X 
CH3-Bi 

x=o,s 

‘X R 
R= H, CH3 

Recently an equivalent synthesis of the cor- 
responding (S,S’ and 0,O’ coordinated) eight-mem- 
bered BifIII) ring systems was reported,* the +- 
tetrahedral sphere of coordination (X-ray structure 
determination) showing the stereochemical activity 
of the lone pair of electrons. Triphenylbismuth, 
reacting with thiosalicylic acid, lost two phenyl 
groups and the product was a six-membered cyclic 
0,s coordinated derivative : 3 

C6H5 -‘li 
A \ 

0, 
C D / 
6 

By the methods described above the synthesis 
of Bi containing five-membered heterocycles was 
possible. Bi(C6H5)3 or RBi(OC,H,), (Bi: 6+ ; C, 
0 : 6 -), reacting with the free ligand acid R-X- 
H (X = 0, S; R: 6-; H: S+) gave the desired 

metallacycles by benzene or ethanol elimination, 
respectively. Se,Se’ and Te,Te’ coordinated five- 
membered Bi(II1) heterocycles are not yet known. 
The reason for this may be the difficult preparation 
of diselenoles or ditelluroles (e.g. hydrolysis of 1,2- 
(LiX)2C6H4, X = Se, Te). 

Although some organyl Bi(III)-N compounds 
have been produced,4 the synthesis of five-mem- 
bered me~llacy~les was restricted to chalcogen 
coordinated derivatives. In recent publications, 
however, Bi(II1) complexes of o-aminothiophenol 
with Bi-S bondings of tris(2aminothiobenzenethio- 
lato)bismuth(III) were reported.5,6 On the other 
hand o-aminothiophenol seems to be an interesting 
ligand in the synthesis of S,N coordinated five- 
membered Bi heterocycles as they exist already as 
members of the subgroups IV and VI.7*8 

Commercially available reagents BiBr, (Alfa), 
Bi(&H& (Alfa), 1,2-BrzC6H4 (Fluka), and 1,2- 
(SH)&H4 (Merck) were used without further puri- 
fication, o-aminothiophenol (Fluka) was distilled 
under argon and reduced pressure. CH3BiBr2,9”0 
(C6H5)2BiBr,” ci~-l,2-(NaS)2~2(C~2,‘2 and 1,2- 
(LiSe),CbH4 were prepared as described in the 
works cited. ’ 3 

All reactions took place in an inert gas atmos- 
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phere (Ar), using the Schlenk technique. The sol- Preparation of methyl(benzene- 1 ,Zdiselenolato) 

vents were purified, dried and argon-saturated. bismuth(ZZZ) [Bi(CH,)(Se,C,H,)] (complex III) 
All melting points are uncorrected. The spec- 

troscopic characterization was carried out with the 
following equipment : 

Elemental analysis : Hewlett-Packard C-H-N 
analyser 185. 

Molar mass determination : Analytische Labora- 
torien, Elbach. 

‘H NMR : Bruker WP 80, samples under vacuum. 
IR: Perkin-Elmer PE 457 and Perkin-Elmer 580 

B, KBr technique. 
MS : Varian MAT 311 A, EI, 70 eV ; metastable 

transitions: linked scan, calculated for the fol- 
lowing isotopes : 32S, “Br, *‘Se, and “‘Bi. 

Preparation of (benzene- 1,2-dithiolato)bromo- 
bismuth(ZZZ) [BiBr(S,C,H,)] (complex I) 

The equivalent amount (69.32 mmol) of n-butyl- 
lithium in hexane at 10°C was dropped into the 
stirred solution of 4.93 g (34.66 mmol) 1,2- 
(SH)&H4 in 280 cm3 benzene. The suspension of 
1,2-(LiS)&H4 was stirred for 2 h and allowed to 
warm to 25°C and 15.55 g (34.66 mmol) BiBr, were 
added and stirred for 4 h. The solvent having been 
evaporated, the remaining residue was extracted 
with CH2C12 and the dark red product recrys- 
tallized from acetone. 

1.08 g (4.34 mmol) of 1,2-(LiSe)&H4, dissolved 
in 200 cm3 of ether, were reacted at - 15°C with 
1.66 g (4.33 mmol) CH,BiBr, and refluxed for 30 
min. The solvent was evaporated, the residue 
extracted with ether and the precipitated red orange 
solid collected by filtration, washed with ether and 
benzene and dried in a vacuum. Yield : 1.23 g (62%). 
Found: C, 18.1; H, 1.2. Calc. for C,H,BiSe, 
[458.03] C, 18.4; H, 1.5%. Fp. 142-147°C 
decomposition. ‘H NMR (acetone-d&: 6 [ppm] 
(int.).7.22(2.00)m,6.56(1.98)m, 1.96(1.52)s, 1.59 
(1.59) s. IR : a [cm-‘]. 3070m (v-CH,C6H4), 2880s 
(v-CH,CH3), 1640s 1430m (v-CC,C6H4), 1265m, 
1 lOOw, 103Ow, 750~s (y-CH,CsH4). MS (125C): 
m/z (int.). 460 (25) M+, 445 (63) M+-CH3, 418 (1) 
Bi:, 380 (8) M+-Se, 369 (4) BiSe:, 365 (5) M+-Se- 
CH3, 289 (18) BiSe+, 254 (22) Bi(CH,):, 239 (26) 
Bi(CH,):, 224 (19) BiCH:, 209 (100) Bi+, 156 (7) 
SeC,H$. 

Preparation of bis(phenyl)-o-aminothiophenolato- 
bismuth(ZZZ) [Bi(C,H,),(SC,H,NH,)] (complex IV) 

Yield: 6.40 g (43%). Found: C, 17.0; H, 1.1. 
Calc. for C,H,BiBrS, [429.11] C, 16.8; H, 0.9%. 
Fp. decomposition > 200°C. ‘H NMR (DMSO- 
d6) : 6 [ppm] (int.). 6.32 (2.00) m, 5.86 (2.09) m. IR : 
a [cm-‘]. 307Om (v-CH,C,H,), 164Os, 1435m (v- 
CC,C6H4), 1265m, llOOw, 103Ow, 750~s (y- 
CH,C,H,). MS (210°C): m/z (int.). 428 (20) M+, 
349 (100) Mf-Br, 288 (8) BiBr+, 241(11) BiS, 209 
(92) Bi+, 140 (13) C6H4S:, 108 (5) C6H,Sf. 

Preparation of (cis- 1,2-dicyano-ethene- 1,2-dithio- 
luto)bromo-bismuth(ZZI) [BiBr(S,C,(CN),)] (com- 
plex II) 

1.20 g (2.69 mmol) BiBr3 were reacted with 0.50 
g (2.69 mmol) (NaS),C,(CN), in 50 cm3 THF at 
25°C and stirred for 1 h. After filtration the resulting 
deep red solution was evaporated and the dark 
red violet residue extracted with CH&12. Yield: 
0.62 g (54%). Found: C, 11.4; N, 6.1. Calc. for 
C4BiBrN2S2 [429,07] C, 11.2 ; N, 6.5%. Fp. de- 
composition under atmospheric conditions. IR : 
t [cm-‘]. 2200s (v-CN,CN). MS (140°C) : m/z 
(int.). 428 (43) M+, 352 (100) BrBiS:, 349 (52) 
M+-Br, 288 (5) BiBr+, 209 (10) BiC. 

1.19 g (9.47 mmol) o-aminothiophenol and 4.17 
g (9.47 mmol) triphenylbismuth were dissolved in 
50 cm3 benzene, refluxed for 2 h and stirred for 12 
h at 25°C. The yellow solution was concentrated to 
20 cm3 and allowed to stand overnight yielding 
an orange microcrystalline solid. The product was 
collected by filtration and washed twice with 
benzene, methylenechloride, carbondisulfide, and 
ether. Yield. 3.00 g (65%). Found : C, 44.3 ; H, 3.1; 
N, 2.6. Calc. for ClgHr6BiNS [487.38] C, 44.4; H, 
3.3 ; N, 2.9%. Fp. 105-l 10°C. Molecular weight by 
vapor pressure osmometry (solvent N,N-DMF) : 
469 g/mol. Calc. for M : 487 g/mol. IR : 3 [ar- ‘1. 
3435m (v-NH,NH& 3350m (v-NH,NH,), 3060m 
(v-CH,C6H4), 1598vs (&NH,NHJ, 157Om (6- 
NH,NH& 1480m, 1450m, 1435s (v-CC&H,), 
117Ow, 106Ow, 103Ow, lOlOm, 765m, 745~s (y- 
CH,C6H4), 735sh, 705s (v-CS,CS). MS (170°C): 
m/z (int.). 487 (7) M+, 410 (8) M+-CsHS, 409 (6) 
M+-CsH6, 363 (5) Bi(&HJ:, 333 (5) Mf-2CsHS, 
332 (30) M+-C6H6-C6H,, 286 (25) BiC,H:, 
248 (30) (SC6H4NH&, 209 (100) Bi+, 201 
(46) C6H4NH2SC6H:, 154 (8) (C,H,):, 125 
(68) H2NCsH$H+, 124 (92) H,NC,H,S+, 108 (2) 
S&H:. 

Preparation of methyl-o-aminothiophenoldiato- 

bismuth(ZZZ) [BiCH3(SC6H4NH)], (complex V) 

The dilithium-o-aminothiophenoldiate was pre- 
pared in 50 cm3 benzene by the reaction of 0.61 g 
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(4.87 mmol) o-aminothiophenol with 9.75 mmol n- 
butyllithium in hexane. 1.87 g (4.87 mmol) 
CH,BiBr, were added and stirred for 8 h at 25°C. 
The yellow solution was evaporated and the 
remaining residue extracted with ether. The extract 
was concentrated to 20 cm3 and allowed to stand 
for 12 h. The slightly soluble yellow product thus 
prepared was collected by filtration and washed 
three times with ether. Yield : 1.05 g (62%). Found : 
C, 24.5 ; H, 2.5 ; N, 3.8. Calc. for C7HsBiNS [347.19] 
C, 24.2; H, 2.3; N, 4.0%. Fp. 165°C. Molecular 
weight by vapor pressure osmometry (solvent N,N- 
DMF) : 835 g/mol. Calc. for M, : n = 2,694 ; n = 3, 
1041 g/mol. IR: P [cm-‘]. 3580m (v-NH,NH,), 
3420m (v-NH,NH& 3080~ (v-CH,C6H,), 2880m 
(v-CH,CH,), 1600m (&NH,NH& 1480 m, 1450m 
(v-CC&H‘,), 760sh, 758s (y-CH,C,H,). MS 
(15OC) : m/z (int.). 457 (3) CH3Bi 
(SCsH,NH2)(SC6HS)+, 363 (37) (CH3)2Bi 
(SC,H,NH,)+, 349 (23) CH3Bi(H)(SC6H,NH2)+, 
348 (96) CH3Bi(SC6H4NH2)+, 347 (8) M+, 333 (92) 
Bi(SC6H4NH2)+, 332 (55) M+-CH3, 248 (48) 

(SC,H,NH,):, 239 (18) CH,BiNH+, 224 (24) 
CH3Bi+, 209 (96) Bi+, 125 (98) HSC6H4NH:, 124 
(100) SCsH4NH;. 

RESULTS AND DISCUSSION 

Bi(II1) dithioluto derivatives 

The reaction of BiBr3 with equimolar amounts 
of the appropriate alkali metal dithiolate ligand 
salts yielded for the first time by a new reaction 
route some five-membered Bi(II1) metallacycles 
(complex I and II), which were only inorganically 
coordinated to the Bi central atom. 

/S 
Br-Bi 

‘S 
T 

Generally I and II are just moderately soluble, but 
they are very soluble in DMF and DMSO, II in 
THF too. The ‘H NMR and IR spectra show all 
the expected signals in the normal ranges. The mass 
spectra of both complexes have as peak with the 
highest m/z value an intense signal according to the 
molecular ion ; and under MS conditions they are 
more stable than the corresponding organometallic 
Bi(II1) derivatives. ’ 

Thefirst Bi(II1) diselenolato heterocycle 

The synthesis of Se coordinated five-membered 
Bi(II1) metallacycles, analogous to 0 and S deriva- 
tives, had not been achieved on the conventional 
reaction route because of the difficult preparation 

of cis-1,Zdiselenoles. In the present work the first 
Se,Se’ coordinated five-membered heterocyclic bis- 
muth organyl (complex III) is reported as the prod- 
uct of treating CH,BiBr, with an equimolar amount 
of the easier available dilithium ligand salt of 
benzene-1,2-diselenol (Fig. 1). The identity of com- 
plex III was proved by elemental analysis, ‘H 
NMR, IR, and mass spectra. The IR spectrum 
shows the typical absorptions of the symmetrical o- 
disubstituted benzene ring system and those of the 
methyl group. The aromatic range of the ‘H NMR 
spectrum shows two multiplets, equal in intensity, 
according to the AA’BB’ system of the CsH4 
protons. In addition to the solvent quintet of 
CD3COCD2H in the methyl area two sharp singlets 
with a signal splitting Av of 29.6 Hz appear, similar 
but not equal in intensity (1 .OO : 1.05) (Fig. 2). The 
integration relative to the C6H4 protons resulted in 
approximately a half methyl group for each singlet. 
This may be explained by the stereochemical 
activity of the lone pair of electrons and a $-tetra- 
hedral geometry of III at the Bi central atom. 
Because of the anisotropy effect of the aromatic 
ring system (Fig. 1) two conformers with an endo 
or exo standing CH3 group to the five-folded het- 
erocyclic ring system in envelope conformation may 
exist with a different chemical shift of the methyl 
protons. In the temperature dependent ‘H NMR 
spectrum between +6O”C and -60°C no sig- 
nificant effect was observable ; the coalescence tem- 
perature may be higher than + 60°C and by this the 
activation free energy of the ring inversion of the 
five-membered heterocycle AG* can be expected to 
be higher than 70 kJ/mol. 

The mass spectrum of III shows an intense peak 
of the molecular ion with the highest m/z value and 
the signal of the Bi+ ion as the base peak, as is usual 
in the case of many Bi organyles. The transi- 
tions TM+) + (M+-CH3), (M+-Se) + (M+-Se-CH,), 
(M+-Se) + (Bi+), and (CH,Bi+) + (Bi+) could be 
clarified by pursuing the metastable transitions 
using the linked scan technique. 

o-Aminothiophenol derivatives 

Although Bi(C,H,), reacts with mercaptans with 
formation of Bi-S bonds and benzene elimination, 

Fig. 1. Conformations of III with an exo (left) and an 
endo (right) standing methyl group. 
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I 

8.0 7.0 6.0 

I- 

3‘ 0 2.5 2,o I,5 1‘0 

Fig. 2. ‘H NMR spectrum of III, methyl and aromatic range, -24”C, 6 in ppm, solvent : acetone-d, 
(99%D). 

the acidity of an aromatic substituted amino group 
is too low for Bi-N bond formation. Treating 
Bi(C,H,), with equimolar amounts of o-amino- 
thiophenol yielded the monosubstituted complex 
IV only, and not the desired S,N coordinated 
derivative IVa. By refluxing of Bi(C&), with 1,2- 
(NH2)2C6H4 in benzene no reaction was observed. 

/S 
C,H, -Bi 

‘N 

IPa 
A 

The identity of the new complex IV was proved by 
elemental analysis, IR, ‘H NMR, and mass spectra, 
its monomeric structure in DMF solution having 
been determined by vapor pressure osmometry. The 
compound IV was identical with the product we 
isolated from the reaction of (C,H,),BiBr with 1,2- 
(LiS)(NH2)C6H4. The transition from IV to IVa 
(m/z = 409) by benzene elimination and a further 
fragmentation of a phenyl group from IVa to IVa- 
Ph (m/z = 332), proved by metastable transition, 

was observed under the conditions in the mass spec- 
trometer (Fig. 3). On the other hand the non-cyclic 
M+(IV)-Ph (m/z = 410) was identified and sig 
nificantly classified because of the isotope purity of 
Bi (see m/z = 209, Bi+ ; Fig. 3). With this result the 
synthesis of an S,N coordinated cyclic Bi derivative 
seemed to be possible and CH3BiBr2 was reacted 
with the dilithium o-aminothiophenoldiate. Accord- 
ing to the analytical and spectroscopic data the 
isolated product V corresponds to a complex of 
the composition CH~Bi(SC~H~NH). The complex 
V, in most organic solvents barely soluble or insol- 
uble, is moderately soluble in DMF (x 20 mg/mL). 
Nevertheless it has no five-membered heterocyclic 
structure but is an oligomeric polynuclear com- 
pound as shown by vapor pressure osmometry and 
mass spectromet~. Like IV the derivative V also 
shows the signal of an ion (m/z = 347) which could 
be the desired monomeric five-membered metal- 
lacycle. As is usual for Bi organyles the mass 
spectra show many decomposition products as well 
as very intense signals of the Bi+ ion. 
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Fig. 3. Mass spectrum of IV, EI, 70 eV, 17O”C, int. > 0.2%, m/z 2 100. 
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Abstract--The complex Re(~SiMe~)(CH~SiMe~)3Cl has been isolated as yellow crystals in 
low yield from the reaction of ReCl,(THF), with Me3Si~H~MgCl and characterised by X- 
ray crystallography. The molecule has a trigonal bipyramidal geometry with the alkylidyne 
and chlorine ligands axial. 

The first monome~c alky~d~e complexes, trans- 
X(CO), M&R (M = MO and W), were prepared 
by treating an alkylidene complex with BX3.’ 
Higher oxidation state species of the type M(CCMe3) 
(CH2CMe3)3 have been prepared by treat- 
ing MoCl, or WC&, with five or six equivalents of 
neo~ntyllithi~.’ 

We now report the synthesis of the first mono- 
meric rhenium(VII) trimethylsilylmethylidyne com- 
plex. The alkylation of ReCl,(THF)* in tetrah- 
ydrofuran leads to the dinitrogen complex,3 
[Re(CH~SiMe3)~]~N~, as well as low yields of 
bis(~-t~ethylsilylmethylid~e) tetrakis (tri- 
methylsilylmethyl) dirhenium.4 A third minor prod- 
uct from this reaction, a hexane soluble yellow 
air-sensitive crystalline solid ReCl(CSiMe,) 
(CH2SiMe3)3 has now been isolated. 

The molecular structure as determined by X-ray 
~stallography is shown in Fig. 1, and confirms 
the structure predicted by Schrock et al.,’ for the 
analogous neopentyl neopentylidyne complex 
ReCl(CCMe3)(CH,CMe3)3. Selected bond lengths 
and angles are given in Table 1. The metal has a 
trigonal bipyramidal co~g~ation, with the tri- 
methylsilylmethylidyne and chlorine ligands axial. 
The Re-C bonds to the equatorial tri- 
methylsilylmethyl ligands are bent away slightly 

*Authors to whom correspondence should be addressed. 

from the multiply bonded a~ylidyne, as is usually 
found, and the Re-C-Si angles in the alkyls are 
somewhat greater than tetrahedral due to steric 
repulsions involving the SiMe3 groups. Otherwise, 
geometry parameters are as expected. 

The spectroscopic data are in agreement with the 
structure as determined. There are singlets in the ‘H 
NMR spectrum at 6 0.22 and 0.15 p.p.m. (relative 
intensity 27 : 9) indicating the trimethylsilylmethyl 
and trimethylsilylmethylidyne methyl protons 
respectively; a singlet at 6 3.22 (relative intensity 6) 
can be assigned to the methylene hydrogens, whose 

C(21) C(22) 

Fig. 1. The. structure of ReCl(CSiMe~)~~H*SiMe~)~. 
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Table 1. Selected bond lengths and angles for Re(CSiMe,)(CH,SiMe,),Cl 

Cl(l)-Re(1) 

C(2)-Re(1) 
C(4)-Re(1) 
C(ll)--Si(1) 
C(13)-Si(1) 
C(21)-Si(2) 
C(23)-Si(2) 
C(31)-Si(3) 
C(33)-Si(3) 
C(41)-Si(4) 
C(43)-Si(4) 

C(l)_Re(l>-cl(l) 
C(2)_Re(lF(1) 
C(3)-Re(l)--c(l) 
C(4)-Re(lWl(1) 
C(4)-Re( 1 )-C(2) 
C(ll)-Si(l)--C(l) 
C(lZ)-Si(l)-C(ll) 
C(13)-Si(l)-C(ll) 
C(21)-Si(2FC(2) 
C(22)-Si(2)--C(21) 
C(23)-Si(2)-C(21) 
C(31hSi(3)-C(3) 
C(32)-Si(3)---C(31) 
C(33)-Si(3)-C(31) 

C(4l)-Si(4)-C(4) 
C(42)-Si(4)-C(41) 
C(43)-Si(4)-C(41) 
Si(l)-C(leRe(l) 
Si(3)-C(3)-Re( 1) 

(a) Bond lengths (A) 

2.523(6) C(l)--Re(l) 
2.059( 12) C(3t_Re(l) 
1.726(11) C(l)-Si(1) 
1.831(18) C(lZ)-Si(1) 
1.751(19) C(2)-Si(2) 
1.845(U) C(22 jSi(2) 
1.860(16) C(3)-Si(3) 
1.842( 14) C(32)-Si(3) 
1.845(15) C(4)-Si(4) 
1.819(16) C(42)-Si(4) 
1.805(18) 

(b) Bond angles (deg.) 

87.9(4) C(2)-Re(lt-Cl(l) 
118.2(5) C(3)-Re(l)--cl(l) 
119.5(5) C(3)_Re( 1 )-C(2) 
179x5(3) C(4)-Re(l>--c(l) 
94.4(5) C(4)_Re( 1 )-C(3) 

111.2(7) C(12)-Si(l)-C(l) 
105.2(10) C(13)-Si(l)-C(l) 
110.6(12) C(13)-Si(l)-C(12) 
105.8(6) C(22)-Si(2)-C(2) 
107.6(8) C(23)---Si(2)-C(2) 
109.3(7) C(23)-Si(2)-C(22) 
105.8(7) C(32)-Si(3)--C(3) 
110.6(6) C(33)-Si(3)--C(3) 
107.6(7) C(33)-Si(3)-C(32) 
109.7(7) C(42)-Si(4jC(4) 
111.2(10) C(43)-Si(4)-C(4) 
111.3(9) C(43)-Si(4)--C(42) 
118.7(7) Si(2)-C(2bRe( 1) 
116.2(6) Si(4)-C(4)-Re( 1) 

2.084(13) 
2.052( 12) 
1.850(13) 
1.826(20) 
1.868(12) 
1.859(16) 
1.927(14) 
1.852(14) 
1.893( 12) 
1.843(18) 

86.1(4) 
85.4(4) 

121.2(5) 
92.0(6) 
94.3(5) 

113.0(8) 
106.0(8) 
110.9( 11) 
113.0(6) 
110.5(6) 
110.5(8) 
110.4(6) 
112.8(6) 
109.6(7) 
108.8(7) 
105.1(8) 
110.5(8) 
119.5(7) 
178.8(6) 

low field value is characteristic of rhenium tri- 
methylsilylmethyl compounds.6 The mass spectrum 
shows the molecular ion m/e 568 (13%) with the 
correct rhenium isotope pattern, although the base 
mass is m/e 553 (M+-Me). Sequential loss of the 
CH2SiMe3 groups are not well defined, due to the 
facile loss of CH3 groups. 

EXPERIMENTAL 

Microanalysis by Pascher, Remagen. Spec- 
trometers . I.R., Perkin-Elmer 683 (spectra in nujol 
mulls) ; NMR, Jeol FX-90Q (in C6D6, p.p.m. rela- 
tive to SiMe,) ; mass, Kratos MS 902 at 70 eV. 
Solvents were refluxed over sodium-benzophenone 
under nitrogen and distilled before use. All oper- 
ations were carried out under vacuum or purified 
nitrogen. 

Synthesis ofRe(CSiMe,)(CHzSiMe&C1 

To a stirred suspension of ReCL,(THF)*’ (0.51 g, 
1.08 mmol) in THF (50 cm’) at -78°C was added 
trimethylsilylmethylmagnesium chloride (6.0 cm3 
of a 0.73 mol dmp3 solution in diethylether, 4.3 
mmol) under nitrogen. The solution was warmed 
slowly and held at room temperature for 1 h. The 
resulting purple solution was evaporated and the 
residue extracted into hexane (3 x 30 cm3), con- 
centrated to about 50 cm3 and cooled - 20°C over- 
night. Yield : 0.06 g, 10% ; m.p. 120-122°C. Found : 
C, 33.3 ; H, 7.4 ; Cl, 6.1. Calc. for ReC, 6H42Si4Cl : 
C, 33.8; H, 7.4; Cl, 6.2%. I.R. (cm-‘): 141Om, 
1336s 1248vs, 1179s, 106Ow, 102Ow, 971sh, 935sh, 
906s, 845vs, 780sh; 755m, 701sh, 679m and 622m. 
NMR ‘H : 3.22 (6H, S, U-I-SiMe,), 0.22 (27H, s, 
CHzSiMe3) and 0.15 (9H, s, Re=C-SiMe 3). 
Mass spectrum : m/e, 568 (13%), Re(&SiMe,) 



Chlorotris(t~methylsilylmethyl)trimethylsilylmethylid~e rheni~~I1) 

(CH#Me&CI+ ; 553 (loo%), Re(--LSiMe,) Data coliection 
(CH,SiMe&Cl-Me+ ; 73 (87%), SiMe:. 

1601 

X-ray crystallography. The crystal used for X-ray Crystal size 0.55 x0.45x 0.30 mm, scan width 

study was sealed under argon in a thin walled glass w = 0.8+0.35tantI, scan times 1.35-6.77 deg 

capillary. All X-ray measurements were made using 
. _ , 

mm 9 1.5 < 0 < 25. 4924 unique data, 2207 

a Nonius CAD4 diffractometer operating in the Observed [I ’ 2tr(o]* 
o/28 scan mode and graphite monochromated Mo- 
Kcz radiation (A = 0.71069 A). The structure was Structure relinemend 

solved via routine application of the heavy atom No. of parameters = 202. Weights = [c’(F)+ 
method and developed and refined using Fourier O.O002(F,)‘]- ‘, R = 0.0392, R, = 0.0349.* 
and full-mat~x least squares methods. Non-hydro- 
gen atoms were refined anisotropically ; hydrogens Ackno~Zedgement-We thank the SERC for provision of 
were located experimentally and included with x-ray facilities. 
group Uiso values, but with geometrical constraints 
applied to retain idealised geometries at the relevant 
carbon atoms. Crystal data and details of the data 1 
collection and refinement are as follows. 

Crystal data 

2. 

Ci6H&1Si4Re, M = 568.505, monoclinic, 
P2,/a, a = 17.991(2), b = 12.616(2), c = 12.296(2) A, 3. 
fl= 91.66(2)“, V = 2790.00 A3, Z = 4, De = 1.35 
gcm3, p(Mo-K) = 46.78 cm- ‘, F(OOO) = 1144. 4’ 

5. 

*Final atomic positional and thermal parameters, 
bond lengths and angles and F,}F, values have been 6. 
deposited as supplementary material with the Editor, 
from whom copies are available on request. Atomic coor- 
dinates have also been submitted to the Cambridge Cry- 7. 
stallographic Data Centre. 
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Abstract-The syntheses, characterization, X-ray structure and magnetism of a number 
of dinuclear compounds, with general formula M2@-OH2)~-02CR)2(02CR)2(tmen)2 are 
described. In this formula M = Co(II), Ni(II), R = CH3, CH,Cl, CHC12, and CC13, and 
tmen stands for N,N,N’,N’-tetramethyl-1,Zdiaminoethane. 

The X-ray structures of two examples, M = Co and R = Ccl,(I) and M = Co, Ni and 
R = CH,Cl(II) are described in detail. Compound I crystallizes in space group P2 Jc, with 
a = 23.610(7), b = 10.439(2) and c = 17.920(4) A, /I = 110.43(4)” and Z = 4. Using 5196 
measured reflections collected on a diffractometer with graphite monochromatized MO-I& 
radiation, the structure was refined to R = 0.089. The dimeric units C02(OH2)(02CCl3)2 
[Co.. . Co = 3.696(3) A, angle Co-O-Co = 116.1(6)“] resemble very much those of earlier 
reported structures with M = Ni, Co and other bridging carboxylato anions. Apart from 
the two bridging carboxylato anions, two monodentate CC13CO; anions are present, in 
addition to the normal bidentate tmen ligands, completing the octahedral geometry for 
each metal ion. The dimeric structure, with the bridging water ligand, appears to be highly 
stabilized by intramolecular hydrogen bonding with one of the oxygens of the monodentate 
CC13CO; ligands (0. . . 0 contacts of 2.56-2.60 A). This stabilization by hydrogen bonding 
appears to be very similar to the proposed hydrogen bonding in hemerythrine, in which the 
coordinated dioxygen seems to be hydrogen bonded with the bridging -OH group. 

Compound II has essentially the same basic structure ; it crystallizes also in the space 
group P2,/c, with a = 16.034(7), b = 13.114(7), c = 15.344(7), b = 91.20(4) and Z = 4. 
From 4701 measured reflections the structure was refined to R = 0.043. The dimeric units 
exhibit a Co-Ni distance of 3.596( 1) A, with a Ni-O-Co angle of 116.5”. The slightly smaller 
distances around Ni(II) made distinction from Co(I1) possible. 

The metal ions in these Co and Ni compounds are antiferromagnetically coupled, just as 
the Fe ions in hemerythrine. This antiferromagnetic interaction has been studied by low- 
temperature magnetic susceptibility measurements. The magnitude of the coupling appears 
to vary as a function of the metal, the M . . . M distance and the MUM angle. 

* Author to whom wrrespondence should be addressed. 

1603 



1604 U. TURPEINEN et al. 

Bridging carboxylato groups are quite common in 
coordination compounds, and a variety of coor- 
dination geometries and bridging modes have been 
described during the last three decades. The classi- 
cal example, CU~(OAC)~(H~O)~, a centrosymmetric 
structure with four bridging acetates, first 
described’ in 1953, has initiated research on this 
type of compound and derivatives. Reviews about 
this topic, describing compounds with variations 
in the apical ligands, and with different carboxy- 
lates as the bridges are available.’ Other classical 
examples of such compounds are3s4 Zn,O(OAc), 
and Pe30(OAc),(pyridine)3. 

In nature, the oxygen transport protein hemer- 
ythrine has been known for some time to contain 
the bridging unit Fe(Glu)(Asp)(OHJFe, in which 
the value of x = 0 or 1, depending upon the con- 
ditions. It is now generally accepted that in the 
deoxy form, the two iron ions are bridged by an 
OH group, whereas upon oxygenation (at one iron), 
the OH bridge changes into an 0x0 bridge,5-7 in 
which the hydrogen is transferred to the coor- 
dinated peroxo ligand, thereby changing to a hydro- 
genperoxido, OOH-. 

Fig. 1. Schematic structure of M,(OHJ(O,CR),(tmen), 
compounds. 

0.. . 0 and other contacts and also to study the 
reactivity of these compounds. The first results deal 
with the magnetic exchange of some Co*+ and Ni*+ 
dimers with N,N,N’,N’-tetramethyl-l,Z-diamino- 
ethane(tmen) as the terminal ligand and with a 
variety of carboxylates, as well as with the X-ray 
structure of one example. 

Very recently, Lippard and Wieghardt inde- 
pendently reported synthetic coordination com- 
pounds, mimicking the active site of hemerythrin, at 
least for the dinuclear Fe20(02CR)2 unit. *-lo Apart 
from the iron(II1) compounds, also the Mn(II1) 
dimers, ’ ’ and (very recently * ‘) also the Fe(I1) dimer 
could be isolated. This latter compound oxidizes 
easily and is difficult to study in detail. 

EXPERIMENTAL 

Starting materials and syntheses 

It appears that the role of the hydrogen bond 
between the bridging OH (or 0) and the coor- 
dinated dioxygen ligand (hydrogenperoxido) is very 
important for the stability of dinuclear unit and 
in particular for the binding of the dioxygen. It 
therefore seems useful to study the details of such 
dimeric units with a bridging oxygen (0, OH or 
H20) by spectroscopy and magnetism. 

Unfortunately with iron, the access to a great var- 
iety of compounds seems rather small, due to oxi- 
dation and dissociation problems, although Lip- 
pard l3 has reported exchange of carboxylates by 
phosphates. With Co’+ and Ni2+ much more stable 
systems having the M2(OH2)(02CR)2 bridging unit 
have been known for about a decade,“17 with 
R = CH3, CF3, CH,Cl, CHC12 and CC13. In these 
compounds the bridging H20 molecule is strongly 
hydrogen bonded to a non-bridging carboxylato 
group, see Fig. 1. 

The metal acetates and tmen were used as com- 
mercially available, without further purification. 
The other metal salts were prepared from the metal 
carbonates and the corresponding acid. Powdered 
microcrystalline compounds were easily obtained 
upon slow evaporation of aqueous ethanol sol- 
utions of the metal salts and tmen in stoichiometric 
ratio. The mixed-metal complex was prepared 
by adding 0.01 mol of green Ni2(C2H2C102)4 
(C6Ht6N2)H20 and 0.01 mol of red-brown Co, 
(C2H2C102)4(C6Ht 6N2)2H20 to 100 cm3 ethanol. 
The reaction mixture was refluxed at -78°C 
for 5 h. After cooling of the solution to room tem- 
perature, crystallization was allowed to continue 
for two weeks. When the most of the solvent was 
evaporated large light red-brown crystals were col- 
lected by filtration. Microscopic examination sug- 
gested that crystals were homogeneous. 

Characterization and analyses 

This hydrogen bonding is very similar to the pat- The compounds were characterized by their 
tern proposed in hemerythrin,6~7 and in fact occurs infrared spectra and by analysis of their nickel con- 
to each of the metals. It seemed of great interest to tent. The Co(I1) and Ni(I1) compounds were found 
study the details of the dimeric structure and to to be isomorphous for each counter ion. Deter- 
correlate magnetic exchange coupling with M-M, mination of nickel and cobalt contents in the mixed- 
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metal species revealed that the composition was 
CoNi(C2H2C102),+(C6H16N2)2H20. Ligand-field 
spectra were recorded in the diffuse reflectance 
mode on a Perkin-Elmer 330 instrument. Infrared 
spectra were taken as Nujol mulls and as KBr discs 
on a Perkin-Elmer 180 instrument. 

Magnetic susceptibility 

Powder magnetic susceptibilities were obtained 
in the 2-80 K region, using a PAR vibrating sample 
magnetometer, as described by Engelfriet’* and 
calibrated with CoHg(SCN),. ESR spectra were 
recorded on a Varian E3 instrument at X-band 
frequencies. 

X-ray data collection and refinement 

A crystal of Co,(Cl,C,O,),(C,H,,N,),H,O, I, 
used for data collection had dimensions of 
0.2 x 0.3 x 0.4 mm3. Crystal data and relevant infor- 
mation about the data collection and refinement 
have been summarized in Table 1. The data were 
corrected for Lorentz and polarization effects. 
A mixed-metal crystal of CoNi(C1H2C20& 
(C6HsN&H20, II, used for data collection had 
dimensions 0.28 x 0.35 x 0.30 mm3. Crystal data 
and relevant information about the data collec- 
tion and refinement have been summarized in 

Table 1. Crystal and diffraction data of CO~(C~&O~)~ 
(GH,&)&O 

M, 
Space group 
0, A 
b, A 
c, .A 

“;% 
Z’ 
D ,,,ca~d, Mg m-’ 
D-, Mg m-3 

W’f’O) 
20, range, deg 
Measd reflens 
Significant reflens [I > 2+)] 
p, cm- ’ 
Final R value (I: ]]F,] - lFJ/lF,l) 
Final R, value 

D~~a~~-Ele;;J)2/~ Wol?l”*) 

Monochromator 
Radiation 
Scanning type 
Scan speed “/mm 

1017.8 
P2,lc 
23.610(7) 
10.439(2) 
17.920(4) 
110.43(4) 
4139 
4 (dimers) 
1.63 
1.63 
2048 
4-45 
5196 
2189 
16.5 
0.089 

0.115 
Syntex P2, 
Graphite 
MoKa 
w-scan 
2.5-30 

Table 2. Crystal and diffraction data of CoNi 

M, 
Space group 
a, A 
b, 8, 
c, A 

742.1 

P2,lc 
16.034(7) 
13.114(7) 
15.344(7) 

“;z 
Z’ 

91.20(4) 
3226 
4 (dimers) 

D mcaad, Mg m- 3 
D ca~tiy Mg m- 3 
F(OOW 
20, range, deg 
Measd reflens 
Significant reflens [Z > 2a(Z)] 
fi, cm- ’ 
Final R value (I: IlFJ - 1FC’,11/lF03,1) 
Final R, value 

1.52 
1.53 
1540 
5-46 
4701 
2986 
15.0 
0.043 

0.038 
Nicolet P3 

Monochromator Graphite 
Radiation MoKa 
Scanning type w-scan 
Scan speed “/mm 2.5-30 

Table 2. The absorption effect was checked 
by empirical &scan methods, but was so insig- 
nificant that correction was excluded. The struc- 
ture of I was solved by direct and Fourier 
methods using the XRAY 76 program system” on 
a UNIVAC 1100 computer. The chlorine atoms of 
two trichloroacetate groups appeared to be 
disordered and two positions were given each of 
these atoms. The quality of data did not allow 
the determination of the hydrogen atom posi- 
tions. Least squares refinement with anisotropic 
temperature factors of Co and Cl atoms and iso- 
tropic temperature factors of the other atoms 
yielded final R = 0.087 and R, = 0.115, with 
w = l/(40 + IF,1 + 0.01 IF,1 ‘). The structure deter- 
mination of II was simplified by the observation 
that it is isomorphous withcorresponding nickel(I1) 
compound. The atomic parameters were taken 
directly from the refinement of the nickel(I1) com- 
pound, and refinement with anisotropic tem- 
perature factors for non-H atoms and isotropic 
temperature factor for the H atoms of the water 
molecule gave R = 0.042 and R, = 0.038, with 
w = l/a’(F). The other H atoms with U = 0.08 
were included at idealized positions (C-H = 1 .O A) 
and held fixed. During the refinement the metal ion 
with the shortest M-O and M-N distances was 
assigned as nickel. Scattering factors, including 
anomalous dispersion, were taken from the litera- 
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ture.20 Atomic coordinates, listings of F0 and F, 
values 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. 

RESULTS AND DISCUSSION 

Description of the structure of Co2(OH2)(02CC1& 
(tmcn) 2 

A projection of the molecular structure is 
depicted in Fig. 2. A pseudo-twofold rotation axis 
goes through 09 and the Co-Co vector. Relevant 
bond distances and angles are listed in Table 3. 
Hydrogen-bonded intramolecular contacts are indi- 
cated by dashed lines in Fig. 2. Although the hydro- 
gen atoms could not be located in this structure 
determination, the close resemblance with other, 
earlier reported structures,“17 and with the other 
structure described below, leads to the conclusion 
that a coordinated water molecule is present. The 
0.. . 0 contacts of 2562.60 A indicate very strong 
hydrogen bonding. This hydrogen bonding is con- 
firmed by the infrared spectra (see below). The 
co . . . Co distance of 3.696 A is the longest contact 
so far observed in compounds of this type. The Co- 
N and Co-O distances are about the same as those 
found in related compounds. ’ 4- ’ 7 

Description of the structure of CoNi(OH,) 
(02CCH2Cl),(tmen)2 

A projection of the molecular unit of II is given 
in Fig. 3. The structure is very similar to the struc- 

Fig. 2. Drawing of the structure and labeling of atoms of 
Co,(OH,)(CCI,CO,),(tmen),. Distances and angles are 

given in Table 3. 

Fig. 3. ORTEP drawing and labeling of the structure of 
CoNi(OH2)(CCl,HC0,),(tmen),. Geometric informa- 

tion is given in Table 4. 

ture of I and earlier reported ones, ‘&I7 as is also 
seen from the geometric information given in Table 
4. In this structure the hydrogen atoms of the water 
molecule could be located. The 0. . . 0 contacts of 
2.54 and 2.55 8, are again indicative for a very short 
hydrogen bond contact, also evident from the IR 
spectra. The Co-O, Co-N, Ni-0 and Ni-N dis- 
tances are in the range normally observed. lkl 7 

Cqmparison of structures 

Comparing the present structures with the Fe:’ 
(OH) and the Fe:“0 dimers reported earlier,8-‘o*‘2 
shows that the metal-metal interactions are much 
shorter in the iron compounds, i.e. 3.32 8, for Fe(I1) 
and about 3.15 A for Fe(HI). This seems to be 
related to the shorter Fe-O distances in Fe,OH and 
Fe20 units, compared to bridging OH2. This also 
seems to influence the magnitude of the magnetic 
exchange (vide infra). Table 5 compares structural 
information available up to now for a variety of 
M2(0H,)(02CR)2 dimers. 

Spectroscopic measurements 

The infrared spectra of all compounds show 
bands typical for coordinated tmen, monodentate 
carboxylates and bidentate bridging carboxylates. 2 ’ 
In addition, however, a band for coordinated water 
is observed. It appears that this band, the asym- 
metric O-H stretch, is lowered significantly com- 
pared to normal water ligands. Depending upon the 
particular carboxylato ligand and metal ion, two 
broad bands, often accompanied by a shoulder, 



Dinuclear unit p-aqua-bis(pcarboxylato)dimetal 

Table 3. Selected interatomic distances (A) and angles (“) with estimated stan- 
dard deviations of Co~(H*O)(CCI~C~)~(~en)*~ 
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Wlh--w) 
Co(lW(3) 
CoU k-w51 
Cow--w9) 
CoW-N(l) 
Co(lk-W2) 
Co(2h--w2) 
Co(2k--w41 
Cot2k-w7f 
Co(2h--w9) 
Co(2h-w3) 
Co(2h--w41 
W)---C~9) 
W>--C(ll) 
Nl>--C(l2) 
N(2k--C(lO) 
~2k--w3) 
~(21---w4) 
C(9I--C( 10) 
N3)--_C(l5) 
N(3h--C(l7) 
N(3)-C(l8) 
N(4k-C06) 
Nt4F-W9) 
~(4)-_~(20) 
CW---C(l6) 
C(lwXl) 
C(lI---w2) 
CUF--C(2) 
C(2I---wl~ 
C(2h-C1(2) 
C(2w1(3) 
C(3>--0(3) 
C(3h--Q(4) 
C(3t-c(4) 
C(4t-c1(4) 
C(4)-_CK5) 
C(4)-_CW) 
C(5)-_0(5t 
C(5>-0(6) 
C(5)-c(6) 
C(6)--cK7) 
C(6I---CK8) 
C(6FX9f 
C(7>-0(7) 
C(7)---O(8) 
C(7)--C(8) 
C(8)--Cl{ 10) 

C(8k-W 1) 
C(8I--W2J 
O(6). . . O(9) 
O(8). . . O(9) 
Co( 1) . . . Co(2) 

2*09(l) 
2.07( 1) 
2.06fl) 
2.18(l) 
2.18(2) 
2.20(2) 
2.06(l) 
2.08(l) 
2.10(2) 
2.18(l) 
2.21(2) 
2.19(2) 
l-59(3) 
1.52(3) 
1.49(3) 
1.47(3) 
1.51(3) 
1.48(4) 
1.41(5) 
1.48(2) 
1.48(3) 
1.48(4) 
1.4914) 
1.51(4) 
1.48(3) 
1.42(S) 
1.24(2) 
1.22(2) 
1.61(3) 
1.68(2) 
1.73(2) 
1.77(2) 
1.21(2) 
1.22(2) 
1.58(3) 
1.73(3) 
1.74(3) 
1.72(2) 
1.24(2) 
1.25(3) 
1.51(2) 
1.71(2) 
1.77(2) 
1.77(2) 
1.19(2) 
1.21(2) 
1.59(3) 
1.71(3) 
1.76(2) 
1.82(3) 
2.56(2) 
2.60(2) 
3.696(3) 

90.8(4) 
88.2(5) 
91*3(S) 
88.5(6) 
89.8(5) 
91.8(6) 
91.4(5) 
88.0(5) 
90.4(6) 
89.9(5) 
96.1(6) 
84.1(7) 
92.9(5) 
90.0(5) 
91.6(7) 
92.2(6) 
87.7(6) 
89.5(4) 
89.2(6) 
87.4(5) 
88.2(7) 
90.4(6) 
97.8(5) 
83.2(7) 

116.1(6) 
109(2) 
1 lO(2) 
106(2) 
108(2) 
ill(2) 
108(2) 
1 lO(2) 
115(2) 

109(21 
113(2) 
105(2) 
116(3) 
1 lO(2) 
114(2) 

106(2) 
118(2) 
130(2) 
112(2) 
118(l) 
131(2) 
1 lS(2) 
114(l) 
128(2) 
115(2) 
117(2) 
130(2) 
117(2) 
113(2) 
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Table 4. Interatomic distances (A) and angles (“) of II 

Ni-4( 1) 2.127(4) 
N&O(3) 2.039(4) 
Ni-O(6) 2.037(4) 
N&O(9) 2.106(4) 
Ni-N(3) 2.171(5) 
Ni-N(4) 2.201(5) 

Co-w7) 2.117(4) 

Go--o(5) 2.052(4) 

Go--o(4) 2.054(4) 

Co-w9) 2.123(4) 
Co-N(2) 2.175(5) 
Co-N( 1) 2.216(5) 
Co-Ni 3.596( 1) 
O(2). . . O(9) 2.551(5) 
O(8). . . O(9) 2.543(5) 

O(l)-N&O(6) 
0( I)--N&O(9) 
O(l)-Ni-N(3) 
0( 1 )--Ni-N(4) 
O(3)-N&O(6) 
0(3)-N&O(9) 
O(3)-Ni-N(3) 
0(3 jNi-N(4) 
0(6 j-N&O(9) 
O(6)-Ni-N(3) 
O(9)-Ni-N(4) 
N(3 jNi-N(4) 

0(7)-Q-o(4) 
0(7wJJ-w9) 
0(7)--to-N(2) 
O(7)-Co-N( 1) 

0(5)--to--o(4) 
0(5)-Co-(Y9) 
O(%-Co-N(2) 
0~5)--co-N(1) 
0(4FCo--o(9) 

87.2( 1) 
87.8(l) 
91.9(2) 
89.0(2) 
93.2(l) 
90.1(l) 
90.3(2) 
91.0(2) 
93.2( 1) 
86.6(2) 
96.4(2) 
83.7(2) 
87.6(l) 
87.0(l) 
91.3(2) 
88.8(2) 
93.5(l) 
91.2(l) 
90.5(2) 
90.3(2) 
90.7(l) 

WJ-W 
w)--cG9 
C(lFw) 
www 
Cl(2)--c(4) 
C(3)-C(4) 
C(3H(3) 
C(3t--o(4) 
Cl(3)--c(6) 
C(5)-C(6) 
C(5)--0(5) 
C(5)--o(6) 
Cl(4)--C(8) 
C(7)--c(8) 
C(7>-0(7) 
C(7MX8) 

0(4)-X0-N(2) 

0(9)-Go-N(l) 
N( 1 )-G-N(2) 
Ni-O(l)-C(l) 
N&0(3)--C(3) 
Ni-O(6)-C(5) 

Co--o(7)_C(7) 
Co--o(5)-C(5) 
Co--o(4)--c(3) 
h--O(9)-Ni 

Cl(l)-C(2)-c(l) 
C(2)-C(l)--o(l) 
C(2)-w)--w2) 
O(l)-C(lFO(2) 
Clt2)-C(4)--c(3) 
C(4)-C(3>--0(3) 
C(4)-C(3)--0(4) 
0(3)--c(3)--0(4) 
Cl(3)-C(6>-c(5) 
C(6)_C(5W(5) 
C(6)-C(5W(6) 

1.743(7) 
1.516(9) 
1.236(7) 
1.239(7) 
1.745(6) 
1.522(8) 
1.260(7) 
1.232(7) 
1.757(6) 
1.522(7) 
1.263(7) 
1.223(7) 
1.737(6) 
1.502(8) 
1.256(7) 
1.230(7) 

88.6(2) 
97.6(2) 
83.0(2) 

127.4(4) 
130.5(4) 
136.6(3) 
128.9(3) 
130.7(4) 
136.5(3) 
116.5(l) 
115.4(5) 
121.3(5) 
110.9(5) 
127.8(5) 
116.0(4) 
112.5(5) 
118.6(5) 
128.9(5) 
114.6(4) 
111.4(5) 
120.1(5) 

W)--CW’) 
N(lFC(l3) 
N(lHXl4) 
N(2)-C(9) 
N(2)--Wl) 
N(2)--C(l2) 
C(9HxlO) 
N(3)--m6) 
N(3>-C(l7) 
N(3HYl8) 
N(4k--‘Jl5) 
N(4)--C(19) 
N(4)-cx20) 
C(l5)--C(l6) 
0(9)---H(l) 
0(9)-H(2) 

0(5)-C(5)--0(6) 
Cl(4>--c(8)-C(7) 
C(8)-C(7>--0(7) 
C(8wA7>-0(8) 
0(7)--c(7)-W8) 
C(lO)-N(l)--c(l3) 
C(lO)_N(lW(l4) 
C(l3>-N(lW(l4) 
C(9)_N(2>--c( 11) 
W-W)--c( 12) 
(71 ~)_WWW 
N(~)--c(~W-W 
W9--W>--C( 10) 
W6)_-NW-W7) 
C(16)--N(3)-C(18) 

C(l7)_N(3)-C(l8) 
C(l5)-N(4)-W9) 
C(l5)-N(4)--C(20) 
C( 19tN(4WJ(20) 
N(3)--C(l6W(l5) 
N(4)-W5)--C(l6) 

1.474(8) 
1.469(7) 
.489(7) 

1 .459(8) 
.485(8) 
.471(8) 
.477(8) 
.480(8) 
.476(8) 

1.495(8) 
1.456(g) 
1.468(8) 
1.497(7) 
1.464(11) 
0.81(5) 
1.11(5) 

111.4(5) 
116.4(5) 
118.4(5) 
115.2(5) 
126.4(5) 
111.8(5) 
108.1(4) 
107.7(4) 
108.8(5) 
111.2(5) 
106.7(4) 
112.3(5) 
112.5(5) 
111.6(5) 
109.4(5) 
107.9(4) 
110.6(5) 
109.7(5) 
106.8(4) 
112.4(5) 
113.1(6) 

are observed in the region 2000-2400 cm-‘. This 
enormous lowering compared to free water is 
ascribed to the very strong hydrogen-bond for- 
mation with the monodentate coordinating car- 
boxylato grou 
about 2.5-2.7 1 

, resulting in 0.. . 0 contacts of 
. The fact that more than one such 

0. . . 0 contact occurs (see Tables 3 and 4 and refs 
14-17), nicely agrees with the observation of 2 or 3 
IR bands. 

Application of the now classical formula of 
Bellamy and Owen,22 an 0. . . 0 contact of 2.60 A 
would predict a decrease in the O-H stretch of 
about 1100 cm- ‘, just as observed. The other parts 
of the IR spectrum just show ligand and anion 
bands. The M-O stretching frequencies, observed 
in the far-IR are too much overlapping to allow 

assignments without isotopic labelling, and there- 
fore are not discussed in this paper. The assignment 
as M-L bands, however, can be easily deduced from 
the fact that the isomorphous Co and Ni com- 
pounds have comparable bands, but with many Ni 
compounds having the bands some 5-15 cm- ’ at 
higher wave numbers. 

The ligand field spectra of all compounds are 
typica123,24 for (distorted) octahedral geometry. The 
band maxima nicely agree with a MN204 chro- 
mophore, and are not discussed in detail. Band 
maxima for the Ni compounds occur at 9 loo,15450 
and 25900 cm-‘, and those for the Co compounds 
at 8300 and 19500 cm-‘. The CeNi mixed-metal 
compound has a spectrum which is the sum of both 
spectra. 
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Table 5. Structural comparison for some compounds with the M20(02CR)z unit 

Compound 

(a) Ni(tmen) compounds 
Bridge : acetato 

chioroacetato 
dichloroacetato 
trifluoroacetato 

(b) Co(tmen) 
Bridge : acetato 

chioroacetato 
dichloroacetato 
trichloroacetato 

(c) Ni/Co(tmen) 
Chloroacetato 

(d) Iron-nane species 
Bridge : acetate/OH 
same with acetate/O 

(e) Iron-Bpz, species 
Bridge : ace&no/O 

M-M (A) MUM (“) M-OH, (A) Ref. No. 

3.563 117.2 2.088 26 
3.567 117.4 2.088 14 
3.657 118.1 2.133 15 
3.676 117.2 2.155 16 

3.597 115.1 2.132 17 
3.621 113.5 2.165 17 
3.675 116.4 2.162 2.5 
3.696 116.1 2.18 this work 

3.596 116.5 2.114 this work 

3.32 113 1,990 12 
? 119.7 1.800 12 

3.146 123.6 1.784 9 

Magnetic properties 

The most interesting properties of the com- 

24 

pounds are, apart from the fascinating H-bridge IE 
system that co-stabilizes the dimeric units, the mag- 
netic properties. Therefore magnetic susceptibilities 
of a number of Co and Ni compounds have been 102 x 12 

studied, down to 2 K. The results are su~a~zed 
in Table 6, together with some geometrical data. A 
representative curve of the susceptibility in the 2- 6 

80 K region with a clear maximum is redrawn in 
Fig. 4. As is seen from the resuhs, the Co com- 
pounds generally have maxima at higher tem- 0 
perature than the Ni compounds, indicative for a _. . __ 

I 1 I I I 
IO 20 30 40 50 

T 

stronger exchange coupling and originating from rrg. 4. Plot of the magnetic susceptibility of 

the fact that Co(II) has a spin of 3/2. The trend Co;(OH,)(CCl,CO,),(tmen), as a function of tem- 

however, appears to be that when the exchange is perature. 

weak in the case of the cobalt compound, also the that no maximum in the susceptibility is observed 
nickel compound has a weak exchange. In some above 2 K. Apparently the fine details of the ex- 
cases the Ni compounds are so weakly interacting, change interaction are determined by the details 

Table 6. Magnetic susceptibility results of some selected Co(H) and Ni(II) compounds with 
the M2(02CR) unit 

Compound xmsX (K) 0 (20-80 K) p (80 K) PM MUM (“) 

Co,(H,O)(O,CCI,),(tmen), 4.3 x 16 4.8 116.1 
Co,(H,O)(O&CH,Cl),(tmen), 4.8 X 14 4.8 113.5 
Coz(H,O)(O,CCH,),(tmen), 3.0 8.5 4.7 115.1 
Ni20r,O)(D,CCH,),(tmen), <2 1.0 3.0 117.2 
Ni*(H~O)(O*CCH~Cl)~(~en)~ 3.0 6.0 3.3 117.4 
Ni~(H*O)(O~CHCl~)~(tmea)* 4.0 5.0 3.1 118.1 
NiCo(H,0)(02CCH,Cl),(tmen)i <2 6.0 4.0 116.5 
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I I I I I 

1200 2200 3200 4200 5200 

H 

Fig. 5. ESR spectrum at 13 k for the compound 
CoNi(OH,)(CH,ClCO&(tmen),. 

of the bridging geometry. Therefore, some geo- 
metric parameters, as far as available, have been 
included in Table 6. 

In attempts to isolate compounds with two 
different metal ions, we have prepared several prod- 
ucts that contain a 1: 1 mixture of Co and Ni in the 
starting solution. Because of the slight asymmetry 
in the dimeric units, one could expect a possible 
preference of one site for Co and of the other site 
for Ni, and in fact the structure described above 
seems to illustrate this. Magnetic susceptibilities of 
the compound (see Table 6) indicate that clearly not 
a physical mixture of the Co, and the NiZ dimers is 
present, because in that case a maximum between 
3.0 and 4.8 K would be expected. In fact there is no 
maximum at all above 2 K. Also the ESR-spectrum 
of the compound, recorded at 13 K and redrawn in 
Fig. 5, clearly shows that a new species is formed. 
Further work is planned to do on single-crystal 
magnetic measurements. 
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Abstract-Praseodymium(II1) macrocyclic complexes of types [Pr(L)(H,O)&l,, 
[Pr(mac,)]Cl, and [Pr(mac,)(H,O),]Cl, (L = ligands derived by the condensation of 
diacetyl or benzil with semicarbazide or thiosemicarbazide ; mat, = macrocyclic ligands 
derived by the condensation of diacetyl or benzil with carbohydrazide ; mac2 = macro- 
cyclic ligands derived by the condensation of diacetyl or benzil with semicarbazide, thio- 
semicarbazide or thiocarbohydrazide) have been prepared and characterized by conduc- 
tance, magnetic moment, spectral data, thermal and elemental analyses. 

The coordination chemistry of polyaza macrocyclic 
ligands towards lanthanides has been little 
studied.‘-’ Recently, a number of papers have 
appeared on crown ether and cryptand complexes 
of lanthanide ions since they can be used for lan- 
thanide separations, for stabilizing lower oxidation 
states and for studying high coordinated complexes 
of lanthanides(II1). ‘IS” In recent years, the bioinor- 
ganic chemistry of the lanthanides has been a 
research subject. In view of the similarity between 
the ionic radius of calcium and the trivalent rare 
earths and the remarkable multitude of spectro- 
scopic and magnetic properties of lanthanides, 
they are considered to be useful for probing metal 
ion binding sites of macromolecules of biological 
interest including amino acids, carbohydrates, 
nucleotides, sugar-phosphates, porphyrins, phos- 
pholipids and membranes. ’ 3*‘4 

In this paper we report the synthesis and char- 
acterization of praseodymium(III) macrocyclic com- 
plexes derived from the condensation of diacetyl 
or benzil with semicarbazide, thiosemicarbazide, 
carbohydrazide or thiocarbohydrazide. 

EXPERIMENTAL 

Praseodymium(II1) chloride was procured from 
British Drug House Ltd. Praseodymium was esti- 
mated gravimetrically as its oxide, sulphur as 
BaS04 and nitrogen by Kjeldahl’s method. Esti- 

*Author to whom correspondence should be. addressed. 

mation of carbon and hydrogen was done by CDRI 
Lucknow. The details of physical measurements are 
the same as those described earlier.15 

(i) Preparation of ligands L,, R402 [14] tetraene 

N41N41 

A solution of diacetyl or benzil (0.04 mol) in 
ethanol (25 cm3) was added to a refluxing solution 
of carbohydrazide (prepared by the method of 
Miihr et a1.,16 0.04 mol) in aqueous ethanol (30 
cm’) followed by addition of 1 cm3 concentrated 
hydrochloric acid. The reaction mixture was 
refluxed for 4-6 h. After refluxing, the solution was 
kept overnight. Yellow mass was separated out 
which was filtered and dried. The product was 
recrystallized in ethanol. 

(ii) Preparation of ligands LZ, R4S2 [14] tetraene 

N4[N41 

Ligands of this type were prepared by con- 
densation of diacetyl or benzil with thiocarbo- 
hydrazide. The procedure is exactly the same as dis- 
cussed for L,. Thiocarbohydrazide was prepared 
by the method of Biirns.17 

(iii) Preparation of ligands L3 and L4 

Ligands of type L3 were prepared by con- 
densation of diacetyl or benzil with semicarbazide 
(molar ratio 1: 2) and of type L4 were prepared by 

1611 
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condensation of diacetyl or benzil with thiosemi- methane to remove the impurities of ligands and 
carbazide (molar ratio 1: 2) using the same pro- dried in vucuo. Yield N 50-S%. 
cedure as discussed for L , 

The analytical data of ligands Li, Lz, L3 and L4 (v) Preparation of complexes with L3 and L4 
are given in Table 1. Praseodymium(II1) chloride (0.02 mol) dissolved 

(iv) Preparation of complexes with L, and Lz 

Praseodymium(II1) chloride (0.02 mol) in water 
(20 cm’) was added to the refluxing solution of the 
appropriate ligand (0.02 mol) in ethanol (30 cm3). 
The reaction mixture was refluxed for 8-10 h, when 
the colour of the solution turned yellowish brown. 
The solvent was removed in uacuo and brown or 
yellowish brown coloured product was obtained. 
The product was thoroughly washed with dichloro- 

in water was added to the appropriate ligand (0.02 
mol) dissolved in a mixture of benzene and ethanol 
(1: 1, 30 cm3). For the preparation of complexes 
with Lq, small amount of alkali solution (30%, 
5 cm3) was also added. The above solution was 
refluxed for 10-14 h. The solvent was removed in 
uacuo and the light brown coloured product was 
obtained. The complex was isolated by crystallizing 
the product from tetrahydrofuran. Yield N 60- 
62%. 

Table 1. Analytical data of ligands 

Reactants taken 
(molar ratio) 

Analysis 
Product, found (talc.) % 

yield (%) and 
colour C H N 

Diacetyl +carbohydrazide 
(1 : 1) 

Benzil + carbohydrazide 
(1: 1) 

Diacetyl+ thiocarbohydrazide 
.(l : 1) 

Beuzil + thiocarbohydrazide 
(1 : 1) 

Diacetyl + semicarbazide 
(1:2) 

Benzil + sernicarbazide 
(1:2) 

Diacetyl + thiosemicarbazide 
(1:2) 

Benzil + thiosemicarbazide 
(1:2) 

L’,L’ 
80 

light brown 

L’T’ 
88 

yellow 

L’:’ 
66 

yellowish brown 

L’,2’ 
82 

yellow 

LI” 
76 

light yellow 

LY’ 
80 

yellow 

L’a’ 
68 

yellow 

L(42) 
72 

yellow 

42.7 
(42.8) 

69.4 
(69.5) 

38.4 
(38.5) 

g::, 

36.0 
(36.3) 

59.3 
(59.4) 

31.0 
(31.2) 

53.9 
(54.0) 

39.5 
(40.0) 

21.5 
(21.6) 

35.8 
(35.9) 

19.9 
(20.0) 

42.0 
(42.2) 

25.9 
(26.1) 

36.2 
(36.3) 

23.6 
(24.0) 

where 
L(,‘) = 6,7,13,14 Me, 3,lO O2 [14] 5,7,12,14 tetraene 1,5,8,12 N, [2,4,9,11 N,]. 
L~~~=6,7,13,14Ph,3,1002[14]5,7,12,14tetraene1,5,8,12N,[2,4,9,11N,]. 
L\” = 6,7,13,14 Me, 3,lO S2 [14] 5,7,12,14 tetraene 1,5,8,12 N, [2,4,9,11 N4]. 
L\‘) = 6,7,13,14 Ph4 3,lO S2 [14] 5,7,12,14 tetraene 1,5,8,12 N4 [2,4,9,11 N.,]. 
L$” = diacetyl bis(semicarbazone). 
L$‘) = benzil bis(semicarbazone). 
Ly) = diacetyl bis(thiosemicarbazone). 
L(4’) = benzil bis(thiosemicarbazone). 
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(vi) Preparation of complexes with L5 and L6 

Diacetyl or benzil(O.01 mol) in ethanol (15 cm3) 
was added to the complex of praseodymium with 
L3 and L4 dissolved in a mixture of benzene and 
ethanol (1: 1, 30 cm3). Glacial acetic acid (5 cm3) 
was added to the above mixture and a clear solution 
(pH N 3) was obtained which was refluxed for 7- 
8 h, when dark brown coloured precipitate was 
obtained. The precipitate was filtered, thoroughly 
washed with benzene and ethanol and dried in 
vacua. Yield N 48-56%. 

RESULTS AND DISCUSSION 

The condensation reactions of diacetyl or benzil 
with carbohydrazide, thiocarbohydrazide in etha- 
nol in the presence of small amount of concentrated 
hydrochloric acid give rise to cyclic products (Table 
1): 

R\ P 
HCCC\\ 
0 0 

ethanol H+ 1 
“\ P 

H_,-N~c-c~~_-N_H 
I I 
6=x x=6 

H-8_,,-8-H 

R' 'R 

6,7,13,14 R4 3,lO X2 [14] 5,7,12,14 
tetraene 1,5,8,12 N4 [2,4,9,11 N4] 

R X 

CH, 0 L’,” 
C~HS 0 L(F) 
CH, S L$” 
CsH, S L$*’ 

These ligands react with praseodymium(II1) 
chloride in ethanol and the following two types of 
products have been isolated : 

PrC13 + L2 et”‘01 - l?r&MWW13 

The elemental analyses of these complexes reveal 
1 : 1 metal to ligand stoichiometry (Table 2). The 
purity of these complexes was checked by TLC. 
The complexes are found to be soluble in ethanol, 
dimethylformamide, dimethylsulphoxide and spar- 
ingly soluble in chloroform. The electrical con- 
ductance in dimethylformamide indicates 1 : 3 elec- 
trolytic nature. The presence of coordinated water 

molecules in the second type of complex was 
inferred from thermogravimetric analysis which 
indicated the loss of two water molecules at 14& 
180°C. 

However, diacetyl or benzil reacted with semi- 
carbazide or thiosemicarbazide in 1 : 2 molar ratio, 
respectively, and formed open chain ligands 
(Table 1). 

R\ 
R 

OH 
C-c<o 

dUIl01 
+ 2H2N-NH-C-NH1 ------. 

II 
X 

R X 

CHS 0 
CsH, 0 
CH3 S 
CsH, S 

R\C_Cp 
II II 

HNiN N\H 

diacetyl bis(semicarbazone) * L$‘) 
benzil bis(semicarbazone) ; b$) 
cliacetyl bis(thiosemicarbazone) ; L$‘) 
henzil bis(thiosemicarbazone) ; L(42) 

These ligands reacted with praseodymium(II1) chlor- 
ide in 1: 1 molar ratio and formed open chain com- 
plexes. 

PrC13+L3 - P~(L3W2WC13 

PrCl, + L4 - PG)WDMJ3 

It appears that in the above complexes the two 
terminal amino groups remain uncoordinated and 
can take part in condensation reactions with a- 
diketones and, therefore, the reactions of the above 
complexes with diacetyl or benzil were carried out 
resulting in the formation of complexes with macro- 
cyclic ligands (L, and L6). 

5,6,11,12 R4 3,8 X2 [12] 4,6,10,12 
tetraene 1,4,7,10 N4 [2,9 NJ 

R X 

CH, 0 L’:’ 
CsHs 0 L’s” 
CH3 S Lb” 
C,H, S L(62) 
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Table 2. Reactions of PrCl, with ring-open and macrocyclic ligands 

Reactants taken Refluxing 
(molar ratio) time (h) 

Product, 
yield (%) and 

colour 

Analysis found (talc.) % 

C H N S Pr Cl 

PrCl 3 + L(,‘) 
(1: 1) 

PrCl 3 + L(f) 
(1 : 1) 

PrCl 3 + L$‘) 
(1 : 1) 

PrCl 3 + L$*) 
(1: 1) 

PrCl 3 + L$‘) 
(1 : I) 

PrCl3 + LJ2) 
(1: 1) 

PrCl 3 + L\‘) 
(1 : 1) 

PrC13 + L’4’ 
(1 : 1) 

~r(L’:‘)(H20)&I, +DA 
(1: 1) 

Pr(L$*))(H20)$&+BZ 
(1: 1) 

Fr(L6”)(H20)&l, + DA 
(1; 1) 

Pr(L’42’)(H20)2]C1,+BZ 
(1: 1) 

8 

9 

9 

10 

10 

9 

14 

14 

7 

7 

8 

8 

F$AW~ 3 

52 
brown 

[Pr(L(:))]Cl, 
56 

yellowish brown 

[Pr(L\‘?(H2WC& 
55 

brown 

[Pr(L(2*?(H2WC13 
58 

brown 

[Pr(L\‘3(H2WClj 
60 

brown 

Fr(LJ*‘)(H 20)21C1 3 
61 

brown 

l?@?W@MCl3 
60 

brown 

Fr(L’,Z’)(H *O) 21Cl 3 
60 

brown 

Fr(L(:?(H2WC13 
46 

dark brown 

Fr(L\*‘W *O) &l 3 
51 

brown 

Fr(Lk’%H *O) Xl 3 
56 

dark brown 

Fr(Lb2%H20)21C13 
57 

dark brown 

22.7 3.0 
(22:8) (3.1) 

46.9 3.1 
(47.1) (3.2) 

20.1 3.3 
(20.2) (3.4) 

42.6 3.3 
(42.7) (3.3) 

14.7 3.3 
(14.9) (3.3) 

31.3 3.3 
(31.6) (3.3) 

14.0 3.1 
(14.0) (3.1) 

30.0 3.1 
(30.0) (3.2) 

22.5 3.3 
(22.5) (3.4) 

46.0 3.3 
(46.1) (3.4) 

21.2 3.1 
(21.2) (3.2) 

(2) (E) 

21.2 - 26.7 20.1 
(21.2) (26.7) (20.2) 

14.5 - 17.4 13.8 
(14.6) (17.4) (13.9) 

18.8 10.6 23.6 17.8 
(18.8) (10.8) (23.7) (17.9) 

13.3 7.6 16.7 12.4 
(13.3) (7.6) (16.7) (12.6) 

17.4 - 29.1 22.1 
(17.4) (29.2) (22.0) 

13.8 - 23.2 17.5 
(13.8) (23.2) (17.5) 

16.2 12.4 27.3 20.6 
(16.3) (12.4) (27.3) (20.6) 

13.2 10.0 22.1 16.6 
(13.1) (10.0) (22.0) (16.6) 

15.7 - 26.4 19.9 
(15.8) (26.4) (19.9) 

10.7 - 18.0 13.6 
(10.8) (18.0) (13.6) 

14.8 11.3 24.9 18.8 
(14.9) (11.3) (24.9) (18.8) 

10.3 17.8 17.3 12.9 
(10.3) (17.8) (17.3) (13.1) 

where L(,‘), L(t), L\‘), L$*), L$‘), L$*). L$‘) and L(4*) are as given in Table 1. 
L’:) = 5,6,11,12 Me., 3,8 O2 [12] 4,6,10,12 tetraene 1,4,7,10 N4 [2,9 N,]. 
L’,z) = 5,6,11,12 Ph., 3,8 O2 [12] 4,6,10,12 tetraene 1,4,7,10 N4 [2,9 NJ. 
L\‘) = 5,6,11,12 Me., 3,8 S2 [12] 4,6,10,12 tetraene 1,4,7,10 N., [2,9 N2]. 
Lk*) = 5,6,11,12 Ph4 3,8 S2 [12] 4,6,10,12 tetraene 1,4,7,10 N, [2,9 N,]. 
DA = diacetyl. 
BZ = benzil. 

The metal to ligand stoichiometry of these macro- have high melting points and are soluble 

cyclic products have been established on the basis in dimethylformamide and dimethylsulphoxide. 

of elemental analyses (Table 2). The presence of The complexes behave as 1 : 3 electrolytes in 
coordinated water molecules was inferred by ther- dimethylformamide. Since these cyclic products 
mogravimetric study (weight loss at 160-185°C cor- derived from semicarbazide and thiosemicarbazide 
responds to two water molecules). These complexes could not be isolated in the absence of metal ion, 
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praseodymium(II1) appears to act as a kinetic 
“template”. 

Magnetic moments and electronic spectra 

As expected the magnetic moments of these com- 
plexes (3.50-3.62 BM) show little deviation from 
the Van Vleck values” and those of hydrated sul- 
phate. ” 

The electronic absorption bands of Pr(II1) appear 
due to the transitions from the ground levels 3H4 
to the excited J levels of the 4f co~gu~tion.20 
Praseodymium(II1) complexes show bands around 
1700,20800,22000 and 23000 cm- ’ corresponding 
to the transitions from 3H4 to 4D2, ‘PO, 3Pl and 3P2 
energy levels, respectively. It has been observed that 
on complexation the electronic spectral bands shift 
to lower energy side (nephela~atic effect). The 
slight shift in the bands have been attributed by 
Jorgensen to the effects of crystal fields upon the 
interelectronic repulsions between the 4f electrons, 
i.e. to lowering of the interelectron repulsion par- 
ameter in the complexes2’ Further, a marked 
enhancement in the intensity of the bands, upon 
complexation, is also observed. Values of 
nephelauxatic ratio (B) which is defined as v,.v, 
where v, and v, are energies (in crx- ‘) of the tran- 
sitions in complex and free ion, respectively, for the 
present derivatives lie in the range 0.98~.9900. 
From the mean /I values, the covalency parameter 
(6) (0.880&1.354) and bonding parameter (b’12) 
(0.063&0.0800) were determined using standard pro- 
cedures.” The values of #I, which are less than unity, 
and positive values of 6 and b1i2 support partial 
covalent nature of bonding between metal and 
ligand. 

Infrared spectra 

(a) Complexes with ~~g~~ L’ and LZ. The infra- 
red spectra of macrocyclic ligands (L,) derived by 
the condensation of carbohydrazide with diacetyl 
or benzil show bands at ca 1675, 1500, 1260 and 
660 cm-’ which may be assigned15~23~24 to amide 
I (vc=O), amide II (Vc-N+6N-II), amide III 
(6N-H) and amide IV (#c==O) ~brations, 
respectively. In praseod~~(II1) complexes all 
these bands except amide I show upward shift 
(N 6G-40 cm- ‘), whereas amide I shows downward 
shift (N 30 cm- ‘). These changes in amide group 
vibrations indicate” that the amide oxygens 
(ketonic) take part in coordination to metal atom. 
This has been further confhmed by the appearance 
of a band at ca 510-470 cm-’ in the complexes, 
assigned to v(Pr-0). The infrared spectra of 
macrocyclic ligands (L,) derived by the con- 

densation of thiocarbohydrazide with diacetyl or 
benzil show bands at ca 1560, 1210, 1080 and 765 
cm’ , which are assigned 25*26 to thioamide I, II, III 
and IV vibrations, respectively. The ligands con- 
taining the HN--C=S group can undergo thione- 
+ thiol tautomerism. However, the appearance of 
four thioamide bands in the spectra of ligands indi- 
cates25 the existence of ligands in the thione 
form. The thioamide IV band has been found to 
have maximum vC=S contribution. However, in 
praseody~um(II1) complexes all these bands per- 
sist at the same position indicating the non- 
coordination of thiocarbonyl group to the metal 
atom. 

In addition both the ligands of type L’ and L2 
show a weak band at ca 1640 cxr- ’ which can be 
assigned to the v(C=N) vibration of azomethine 
linkage. The appearance of a weak v(C==N) band 
is in accordance with the observations of several 
other workers.27g2B In praseodymium(II1) com- 
plexes the band appears at ca 1620-1610 cm-’ sug- 
gesting15 the coordination of azomethine nitrogens 
to the metal atom. The @r-N) vibration band 
appears at ca 420-380 cm- ‘, in the complexes. 

The infrared spectra of praseodymium(II1) com- 
plexes with ligands L2 show broad bands at ca 
3480-3420 IX-’ which are assigned to v(O-H) 
vibrations of the coordinated water molecule. 

A number of other bands also arise due to phenyl 
groups and methyl groups but definite assignments 
of these bands are not possible due to the com- 
plexity of the spectra. 

(b) Complexes with Iigands L3 and L4. The ligands 
of type L3 show bands mainly due to the amide 
groups, amino group and azomethine groups. The 
infrared spectra of ligands show bands at ca 1650, 
1500, 1250 and 650 cn- ’ which may be assigned” 
to amide I, amide II, amide III and amide IV 
vibrations, respectively, as with ligands L,. In the 
praseod~ium(II1) complexes amide I band shows 
downward shift (- 40-20 cm-‘). These changes 
indicate” that amide oxygen (ketonic) takes part 
in coordination to the praseodymium atom. The 
(Pr-0) vibration band appears at ca 500-480 
cm- ‘. The ligands also show a weak band at ca 
1630-1625 em- ’ assi~able27,2s to v(C=N) of the 
azomethine linkage. In the complexes this band 
shifts to lower frequency (ca 30-20 cm-‘) sug- 
gesting that the nitrogen atoms of azomethines are 
coordinated to praseodymium atom. This is further 
supported by the appearance of weak band at ca 
400-380 cm- ’ assignable to @r-N). The ligands 
of type L3 also show a broad band at 3280 ax- ’ 
along with two shoulders at 3300 and 3260 cm-‘, 
which may be due to vSum(N-H) and v,,&N-H) 
vibrations.2g In the complexes all these bands per- 
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sist indicating the non-coordination of the terminal 
amino group to the metal. 

The ligands of type L$ show bands mainly due 
to thioamide groups, amino groups and the azo- 
methine groups. The four thioamide bands appear 
at ca 1570-1550, 1210, 1080-1070 and 760 cm-*. 
The thioamide IV band having maximum con- 
tribution of v~, undergo shifts to lower fre- 
quency (N 35-20 cm-‘) in the complexes, indi- 
cating 2s30 the coordination of sulphur atom to the 
praseodymium(II1). The new band appearing in the 
complexes at ca 360-325 cm-’ may be assigned to 
vfpr-S). A weak band in the spectra of L4 appears 
at ca 1630 cm-’ assignable’5z25 to v(C=N). In the 
complexes this band also shifts to lower frequency 
(N 25 cm-‘) indicating the coordiilation of azo- 
methine nitrogens to the praseodymium atom. The 
amino group vibrations appear at 3280, 3250 
(shoulder) and 3220 cn- ’ (shoulder). In the praseo- 
dymium complexes these bands appear exactly at 
the same position indicating the non-coor~nation 
of the terminal amino groups to the metal atom. 
All the complexes with L3 and L4 ligands show 
broad bands at ca 3440 cm- ’ in the infrared spectra 
suggesting the presence of coordinated water mol- 
ecules. 

(c) Complexes with iigandr L, and Lg. The 
praseodymium(II1) complexes with ligands L3 and 
L4 contain terminal amino groups (as evident from 
above spectral discussion), which may participate 
in nucleophilic condensation reactions with a-dike- 
tones. Therefore the reactions of complexes of L, 
and L4 with diacetyl or benzil have been carried out 
in the presence of glacial acetic acid, which causes 
the ring closure and formation of cyclic product 
with macrocyclic ligands L5 and L,. The infrared 
spectra of cyclic product show the same pattern of 
bands for the amide group (L,) and thioamide 
group (Lb) and the azomethine group. This indi- 
cates that in the macrocyclic complexes with Lg, the 
ligand is bonded to the metal atom through two 
azomethine nitrogen atoms and two ketonic oxygen 
atoms. Similarly in the complexes with ligands L6 
the ligands are coordinated to the metal through 
two thioamide ‘sulphur atoms and two azo- 
methinenitrogen atoms. However, in both types of 
complexes, the (vNH,) band disappears. Only one 
band is observed in the vN-H region at 3200 cm- ’ 
which may be due to a secondary amino group, 
establishing the condensation of primary amino 
groups with the carbonyl groups of cl-diketones. 
This is further supported by the appearance of a 
weak band at ca 1650-1635 cm- ‘, due to the for- 
mation of azomethine linkages.*’ The complexes 
with ligands L5 and L6 also contain coordinated 
water molecules, as is evident by the presence of a 

broad band at ca 3480 cm-’ in the infrared 
spectra. 

Proton magnetic resonance spectra 

The ‘H NMR spectra (90 MHz) of the complexes 
with ligands L1, L2, Ls and Lg, obtained in deu- 
terated chloroform or in DMSO-d6 solution with 
TMS as internal standard show the methyl protons 
at ca 6 2.2-2.8 ppm and phenyl protons at ca 6 6.8- 
7.2 ppm. These signals appear downfield compared 
to the corresponding signals of the ligands indi- 
cating coordination of the ligands to the praseo- 
dymium ion. 

~c~o~~e~e~~~-One of the authors (U.K.P.) is 
thankful to the Council of Scientific and Industrial 
Research, New Delhi for the award of a Fellowship. 
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I 
Abstract-Pyotonolysis of ortho-palladated asymmetric metallacycles [Pd(o-C6H4CH2&) 
(~-C~H&HZZB)] (3: ZA = NMe,, Z, = PPh2; 4: Z, = NMe,, ZB = AsPh,; 5: Z, = AsPh,, 
ZB = PPh,) by acetic acid leads to the departure of PhCHzNMez (in the case of 3 and 4) 
and PhCH,AsPh, (for 5) and formation of corresponding dimeric acetato bridged com- 
plexes 6 and 7, respectively. The relative stability of the palladocycles is determined 
by the nature of the donor atom and decreases in the order : P > As > N. 

Mechanism of electrophilic cleavage of transition- 
metal-carbon bonds are still under intensive inves- 
tigation. ’ Cyclometallated complexes of the type 1, 
possessing a rather stable palladium-carbon bond, 
appear to be useful objects for such studies. We 
have previously studied the mechanism of pro- 
tonolysis of complex 1.’ The reaction involves the 
formation of intermediate 2 indicating an important 
role of a donor group in the course of the pal- 
ladocycle cleavage. To continue our study of the 
role of the donor centre, we investigated the pro- 
tonolysis of complexes 3-5 which contain N-, P- 
and As-donor palladocycles, by acetic acid with a 
goal to compare a relative stability of those towards 
protonolysis. 

RESULTS AND DISCUSSION 

Addition of D,CCOOD to a suspension of com- 
plexes 3-5 in CDC13 at room temperature leads to 
complete dissolution of the starting compounds. 
The reaction occurs instantaneously in the case of 
3, but it takes 5 and 120 min in the case of 4 and 5, 

* Author to whom correspondence should be addressed. 

respectively. The reactivity decreases in the order : 
3 > 4 > 5. The ‘H-NMR analysis of the products 
formed as well as their isolation as solids in the case 
of 4 and 5 indicates that mixed ligand palladocycles 
%5 lose one cyclopalladated ligand affording ace- 
tato bridged dimers 6, 7 and 6; respectively. The 
leaving ligand is PhCH,NMe, in the case of 3 and 
4, but PhCH2AsPh2 in the case of 5. The relative 
lability of palladocycles is thus strongly dependent 
on the nature of donor atom decreases in the order : 
N > As > P. Note that this sequence does not cor- 
respond to that expected on the basis of relative 
basicity of the elements (N > P > As). A remark- 
able stability of phosphorus palladocycles is prob- 
ably due to favourable combination of o-donor and 
z-acceptor properties of this donor centre. 

It should be pointed out that utilization of rather 
weak acetic acid allows to perform a selective cleav- 
age of complexes 3-5, whereas much stronger HCl 
cleaves both palladocycles. 3 It is also interesting to 
note that the pathway of decomposition of 3 could 
be predicted on the basis of recent results on the 
exchange of cyclopalladated ligands.4 In the reac- 
tion between chloro-bridged N,N-dimethylbenzyl- 
amine derivative ~-C1Prl(o-C6H4CH2NMe*)]* and 
PhCH,PPh, in the presence of acetic acid we 

1619 
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PPhj 

3 4 5 

6 E=P 

7 E = As 

observed the Pd(I1) transfer to give [,u-ClPd& 
C6H&H2PPh& Both experiments show the ther- 
modynamic preference of Pd(I1) for the P-ligand. 

In conclusion, a resistance of palladocycles 
towards protonolysis is determined by the nature 
of donor atom increasing in the order : N < As < P. 

EXPERIMENTAL 

Mixed ligand palladocycles 3-5 were prepared as 
previously described. 3 ‘H-NMR spectra were run 
on Tesla BS 467 and Bruker CXP 100 instruments. 
Chemical shifts are given in ppm with respect to 
TMS. 

Protonolysis of complexes 35 in acetic acid (exem- 
pkjied by 3) 

{ [o-(Dimethylaminomethyl)phenyl - C ‘, - Nj - [o- 
(diphenylphosphinomethyl)phenyl - C’, - P]} - pal- 
ladium(I1) (3) (30 mg) was suspended in 0.5 cm3 
CDC13. Addition of 0.25 cm3 D,CCOOD resulted 
in rapid dissolution. Hexamethyldisiloxane (0.06 
cm3) was added to the reaction mixture and its 
‘H-NMR spectrum recorded. The latter contained 
signals of NCH;! and NCH3 protons of free 
PhCHzNMez at 6 = 4.18 and 2.70, respectively, as 
well as a broad doublet from cyclopalladated 

PhCH2PPh2 at 6 = 3.06 (J = 13 Hz). On addition 
of pyridine-d,, which converts dimeric complexes 
into monomers of the type 1, a signal from PCH2 
protons is seen as a sharp doublet at 6 = 4.02. These 
spectral data are in agreement with those reported 
in the literature for ortho-palladated PhCH2PPh2 
derivatives.4v5 Similar spectral analyses were per- 
formed in the case of 4 and 5. Compounds 6 and 7 
were isolated as solids as described elsewhere.4 RFA 
analyses confirmed the absence of As and the pres- 
ence of P in the complex obtained from 5. ‘H-NMR 
data of 7, G(CDC1,; py-d5): 6.77-7.9 m (Ar), 
3.79 s (AsCH,), 1.85 s (OOCCH3). 

1. 

2. 
3. 

4. 

5. 
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Abstract-Approximate Angular Overlap Model e, parameters have been obtained for a 
number of ligands L by comparison of the tZg(Ru) + n*(bpy) transition energies in 
[Ru(bpy),L2] complexes. The filled tzp subshell of Ru(I1) limits the effects of otherwise 
strongly n-donating ligands. 

The Angular Overlap Model (AOM) is an additive 
ligand field theory that factors the ligand potential 
into Q and rr contributions. 1,2 One of the difficulties 
in applying the AOM is that it is hard to obtain 
usable experimental values of the parameters e, and 
e, for particular ligands. Once in hand, however, 
these parameters should be relatively constant from 
one complex to another with the same metal ion, 
although large changes in the electron donating and 
withdrawing properties of the other ligands can 
alter this3 The e, and e, values may also be trans- 
ferable, with a multiplicative factor,4*s to other 
metal ions with the same d electron configuration. 
AOM parameter values may, however, be quite 
different for metal ions with different con- 
figurations. 

charge transfer (MLCT) bands in cis-[Ru(bpy),Ld 
complexes (bpy = 2,2’-bipyridine). The lowest- 
energy MLCT band can be represented as a tran- 
sition from the highest Ru t2,-remnant orbital, 
which is degenerate, or nearly so, to the lowest 
bipyridine K* orbital. We assume the energy of this 
x* orbital to be constant over the entire series of 
complexes examined, while the energy of the 
ruthenium orbital can be expressed, assuming all 
ligands coordinate linearly (which is not true, but 
is a useful approximation) as 

1621 

The most common method of determining AOM 
parameter values is by resolving the splittings of 
spin-allowed ti bands in MASB or MA4B2 com- 
plexes. There are considerable experimental diffi- 
culties here, as often these splittings can only be 
measured using polarized absorption spectroscopy 
on single crystals,6 or by performing a Gaussian 
curve resolution on bands that may have little or 
no asymmetry to the eye.7 

= C - 2e,,. (1) 

We will also assume that other components of the 
transition energy, including interelectronic repul- 
sion and spin-orbit coupling, can be included in the 
constant C. If, as is usual in AOM problems, we 
take a saturated amine as a reference ligand with 
exL = 0, C can be calculated and enL determined for 
the remaining ligands in the series. 

We present here results from a simpler exper- 
imental technique to evaluate e, for a series of 
ligands through comparison of the metal-to-ligand 

* Author to whom correspondence should be addressed. 

The position of the first absorption band of 
[Ru(bpy)2XJ for each ligand used is listed in Table 
1. From the 531 nm value for [Ru(bpy),(en)], the 
constant C in eqn (1) is 18,830 cm-‘. The e, values 
for each ligand, as calculated from eqn (l), are also 
listed. Still assuming linear coordination, e, may 
be estimated from A = 3e, -4e,, if A (= 10Dq) is 

E(t2J = 2enbpy + 2e,r. 

The orbital transition energy is then 

AE = E(n*) - E(t,.J = E(n*) - 2enbpy - 2e,, 



1622 P. E. HOGGARD 

Table 1. Values for angular overlap parameters derived 
from absorption spectra of [Ru(bpy),LJ complexes 

and P. P. CLANET 

Table 2. Spectrochemical e, values for Cr(II1) and Ru(I1) 
complexes, in err- ’ 

L” 
1, 

nmb 
e, 

cm --Lc 
A e, 

cm- ’ cm- ’ 

F- 565k 10 570 
HCO; 56Ok6 490 
$(acac-) 560 490 
Cl- 559 470 
CH$O; 555+10 410 
:(C,G:-> 553f3 370 
BrO; 553 370 
Br- 551 340 
I- 549.5 320 
#zo:-) 540+5 160 
en 531+7 Ku 
N; 530 -20 
so:- 525 -110 
IO; 525 - 11.0 
HCO; 520 - 200 
NCS- 513 -330 
NCSe- 505 - 490 
CN- 498 - 620 
NO; 473 -1160 
bpy 454 - 1600 

(1 7,600)d 6600 

(16,8OO>e 6200 

(20,900)’ 7500 

(15,500>’ 5600 

28,800g 9600 
(16,800)” 5600 

(26,900)’ 8500 

34,80@ 10800 
(24,700)d 6700 

“Abbreviations : bpy = 2,2’-bipyridine, en = 1,2- 
diaminoethane, Hacac = 2,4-pentanedione. 

b + 2 nm except as noted. 
‘Values in parentheses from Rh(II1) spectra ; 

ARu = 0.788AR,,. 
d Ref. 8. 
e Ref. 9. 
fRef. 10. 
BRef. 11. 
“Ref. 12. 
‘Ref. 13, from [Rh(NH,),NCS]*+. 
‘Ref. 14. 

known for that ligand. Only a few octahedral Ru(I1) 
complexes are known for which A can be deter- 
mined from the absorption spectrum. Table 1 lists 
these, but also estimates values for others taken 
from the corresponding Rh(II1) complexes, using 
0.788 as the ratio of ARu/ARh, which is the ratio in 
the hexaamine complexes8*’ ’ 

It is instructive to compare the err values from this 
series of complexes to those for Cr(III), a d3 ion. 
Table 2 lists values for some representative ligands. 
These should not be regarded as fixed, but as chang- 
ing with the molecular environment. The relative 
values, however, should remain approximately as 
shown. ” Examination of Table 2 leads to the con- 
clusion that rc-donation is less important with 
Ru(I1) than n-withdrawal. This is not unexpected 
for low-spin d6 complexes. The value of e, depends 
on a balance between donation by ligand rr orbitals 

L Ru(I1) Cr(II1) Ref” 

F- 570 1690 7 
Cl- 470 870 7 
Br- 340 630 7 
NCS- -330 380 16 
CN- - 620 -290 17 

a For Cr(II1) data. 

and withdrawal into ligand rc* orbitals, when 
accessible. The contrast is quite evident for N-bond- 
ing thiocyanate. In Cr(II1) complexes the donor 
effects dominate, while in the bis(bipyri- 
dine)ruthenium(II) complexes donor effects are 
subdued and e, is negative. Similar behavior is exhi- 
bited by many of the ligands from Table 1 with rc 
bonds. Formate is perhaps the most unexpected 
case, showing net x-withdrawing characteristics, 
even though acetate is a relatively strong rr-donor. 

The list of [Ru(bpy),X1] complexes known is 
extensive. Thus many more ligands may be evalu- 
ated and their n-bonding characteristics compared 
with those studied here. In such comparisons, how- 
ever, it should be remembered that [Ru(bpy),X,] 
absorption spectra can be quite sensitive to the sol- 
vent. 

EXPERIMENTAL 

Dimethylformamide was used as the solvent 
because of the relatively high solubilities of salts 
generally, and [Ru(bpy)3]2’ salts in particular. If a 
salt was found that could be dissolved in DMF to 
yield a 2 M concentration of the desired anion, 
then [Ru(bpy),]Clz was added to that solution to a 
concentration of 0.02 M, and 3 cm3 photolyzed with 
a 500-W Hg lamp until a substantial color change 
had taken place, usually about one hour. The pho- 
tolysate was then chromatographed on Sephadex 
LH-20, eluting with DMF. The first band, purple, 
or sometimes reddish-brown, in color, was in all 
cases ascribed to the desired cis-[Ru(bpy),X1] com- 
plex. There were generally two trailing bands, which 
were cis-[Ru(bpy),(DMF)X]+ (usually red) and the 

DW’m9~1*+ starting material (yellow). ‘*,” When 
a 2 M concentration of anion could not be achieved, 
the [Ru(bpy),]X, salt was made by preparing a 
Dowex l-X8 anion exchange column in the X- 
form, passing an aqueous solution of [Ru(bpy),]Cl, 
through it, and evaporating the eluant. All the 
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PWvyMX~ salts prepared in this way were 8. 
sufficiently soluble in DMF to carry through with 
the photolysis as above, but with no additional salt 9. 
present. To prepare [Ru(bpy)2(en)]2+, the perchlo- 
rate salt was used and a hm&e&old excess of 
E&&x&km&x ,z&r&.d. &b-S&q%& qYxWz4 & <+E lo* 
[Ru(bpy),X,] species were recorded on a Cary 14 
~pectru@2ufumefer. 

l1 

5. 

6. 
7. 
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Abstract-Interaction of (COD)Ir(p-form)21r(OCOCF3)2(H20) (COD = 1,5cycloocta- 
diene ; form = N,N’-di-p-tolylformamidinate ion) with two equivalents of Hform in toluene 
affords Ir2(form)4, the first inorganic Ir(I1) dimer to be crystallographically characterized. 
The reaction involves a formal electron redistribution from a dative Ir(1) + Ir(II1) to a 
covalent Ir(II)-Ir(I1) bond. The compound crystallizes in the cubic space group P&r with 
a = 21.300(9) A. The metal-metal separation, 2.524(3) A, is the shortest ever reported for 
a bonding interaction between iridium atoms. 

Rh(I1) dinuclear compounds containing four 
monoanionic bridging ligands and a single metal- 
metal bond of a2n4828*2rr*4 electronic con- 
figuration are well known. ’ The first one, 
Rh2(02CH)4(H20)2, was reported in 1960,2” 
although not initially recognized as such.2b Other 
dirhodium(II,II) tetracarboxylato compounds have 
been obtained, mainly by interaction of hydrated 
RhC13 with alkali metal carboxylates in alcoholic 
media.3 Known compounds with other bridging 
ligands include Rh2(xhp), (xhp = 6-X-substitut- 
ed hydroxypyridinato ion, X = CH3,4*5 Cl’), 
Rh,(OC(R)NR’), (R = CF3, R’ = H ;6 R = Me, 
R’ = Ph;7 R = Ph, R’ = H*), Rh2(3,5-Me2pz)4 
(pz = pyrazolate ion),’ Rh2(PhNpy),,” Rh2 
(N2PhCPh)411 and Rh,(form), (form = N,N’-di-p- 
tolylformamidinate ion), l2 some of which contain 
axially coordinated neutral ligands. A number of 
Rh!+ complexes with mixed bridging ligands also 
exist.13 On the other hand, Ir(I1) complexes having 
a similar structure have never been reported, in spite 
of the existence of a large number of structurally 
different Ir(I1) dinuclear complexes, these being 
generally of the type represented in II4 or II. I5 

* Author to whom correspondence should be addressed. 

Only five diiridium(II,II) compounds that have 
the two metals in a square planar configuration with 
the two square planes parallel to each other (with 
or without additional axial ligands) seem to have 
been reported in the literature. These are 

[Ir2(TMWJd2+ (TMB = 2,5-dimethyl-2,5-diiso- 
cyanohexane) ’ 6 of structure III, Ir,(Tcbiim), 
(CO)2(MeCN)2(P(OEt)3)2 (Tcbiim = dianion of 
tetracyanobiimidazole)17” of structure IV, [IrClX 

W)@wm)l2 [dppm = bis(diphenylphosphino) 
methane, X = Cl, CH302CC=CHC02CH3]‘7b 
of structure V, and Ir2(0EP)2 (OEP = 
dianion of octaethylporphirine)‘8 of structure 
VI. The first four have been structurally char- 
acterized and exhibit Ir-Ir distances of 2.803i6 and 
2.826(2),17= 2.786(l) and 3.016(l) (average) A.‘7b 
Unfortunately Ir2(0EP)2, which is to be regarded 
as the only known truly inorganic Ir(I1) dimer (this 

1625 
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meaning that the coordination sphere around the 
metal is filled with non-carbon atoms), has not been 
structurally characterized. 

We wish to report here for the first time the syn- 
thesis and X-ray crystal structure of an inorganic 
iridium(I1) dimer having a structure of the type VII, 
i.e. of the same type as the Rh$+ compounds men- 
tioned above. The mixed-valence Ir(I~Ir(II1) 
compound, (COD)Ir~-form),Ir(OCOCF3)z(H20) 
(COD = 1,5-cycle-octadiene),” reacts smoothly in 
warm toluene with two equivalents of Hform to 

Irvlr-0 

& 

/ \ \‘y + 2HFoFu4 7 
- 0 OH, 

)C=i$i$ZO 

77-T 
i; i\ 

x x ,x x 

VII 

produce an emerald-green solution from which 
dark-green crystals of Ir,(forn& were obtained in 
small yields by evaporation to dryness and recry- 
stallization from MeCN. 

Such a reaction involves a proton transfer from 
the weaker acid, Hform, to the stronger one, 
CF,COOH. The formation of two new formamidi- 
nato bridges between the two iridium centers is pre- 
sumably the driving force of the reaction. A formal 
electron redistribution also takes place, from the 
compound with a dative Ir(1) + Ir(II1) bond to 

+ tdp + (MD + 2cF3cUmi (1) 

“F3 “r3 
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Fig. 1. An ORTEP view of the Ir,(form), molecule. The 
p-tolyl carbon atoms are drawn with arbitrary radii for 
clarity. Distances : Ir-Ir’, 2.524(3) ; Ir-N, 2.04(2) ; NCl, 
1.34(2) ; NClO, 1.45(4) A. Angles : Ir’-Ir-N, 85.4(6) ; N- 
Ir-N”, 170.9(9), N-Ir-N*, 89.6(7) ; Ir-N-Cl. 124( 1) ; Ir- 
NClO, 123(2); Cl-N-ClO, 113(2); NCl-N’, 116(2)“. 

the covalently bonded Ir(IIkIr(I1) product. Both 
CF,COOH and COD that are obtained along with 
the iridium product were identified by their ‘H- 
NMR peaks at 13.0 (broad) and 5.55 6, respectively. 

Quite surprisingly, attempts to obtain the same 
product directly by oxidising [Ir(form)(COD)], with 
Ag(form) failed. No reaction took place under ther- 
mal or photochemical conditions or a combination 
thereof. 

The structure of the Irz(forn& molecule is shown 
in Fig. 1 .* The molecule has D4 imposed symmetry, 
the fourfold axis passing through the two iridium 
atoms and the twofold axes passing through and 
between pairs of trans-methylidyne groups. The 
compound is isostructural with Rh,(form),. l2 Each 
iridium atom is bonded to four nitrogen atoms in 
a square planar arrangement. The iridium atom is 
displaced by 0.16(2) A from the N4 plane in the 
outward direction. The two square planes are twisted 
away from the eclipsed conf&uration by 15.6(5)” (see 
Fig. 2). The metal-metal distance is 2.524(3) 8, and 
is the shortest Ir-Ir bond length ever reported. It is 

* Crystal data : cubic, space group P&, a = 21.300(9) 
A, I’= 966.4(12) A’, 2 = 6, d&= = 1.317 g cm3, 
R = 0.0595 (R, = 0.0770) for 402 reflections having 
F,’ > 3o(F,2). 

Fig. 2. View of the Ir,(form), molecule along the Ir-Ir’ 
direction. 

even shorter than the separation in [Ir(CO) 
(PPh&PPh&, 2.554 A, for which a bond order 
of two has been proposed” and it is, expectedly, 
longer than the Rh-Rh separation (2.4336(4) A) 
in the analogous compound Rh,(form),.‘* The 
nearest neighbour separation in metallic iridium is 
2.714 Bi.*l 

Electrochemical, spectroscopic and theoretical 
studies on Ir,(form), are in progress. The assign- 
ment of an electron rich single bond of a2rr46*6* 2rr*4 
configuration to the metal-metal interaction, 
however, is strongly suggested by previous work 
done on similar rhodium compounds. ** 
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NEWSLETTER 1987: IUPAC COMMISSION ON 
NOMENCLATURE OF INORGANIC CHEMISTRY 

The objective of this Newsletter is to inform all interested 
parties about the ongoing activities of the Commission 
on Nomenclature of Inorganic Chemistry (CNIC), and 
to draw attention to nomenclature documents that it has 
published recently. Readers are invited to write to the 
CNIC chairman about problems involving the nomencla- 
ture of inorganic chemistry : Professor Daryle H. Busch, 
Department of Chemistry, The Ohio State University, 
120 West 18th Avenue, Columbus, OH 43210, U.S.A., 
or to any of its members.* 

The first CNIC Newsletter appeared in the following 
journals : Transition Metal Chemistry 1986,11, 35 ; Poly- 
hedron 1986, 5, 925 ; and Chemistry International 1986, 

8, 10. 
The favourable response of the chemical community 

has led the Commission to continue biannual publication 
of Newsletters. 

RECENTLY PUBLISHED DOCUMENTS 

The most recent IUPAC-CNIC manual on the 
nomenclature of inorganic chemistry’ was published in 
1970 and the Commission has published a number of 
documents about topics that have evolved since that time. 
Documents appearing in print in 1982 or later deal with 
isotopically labeled and isotopically substituted com- 
pounds, 2 inorganic and coordination polymers3 (joint 
with the Nomenclature Commission of the Macro- 
molecular Division of IUPAC), and nitrogen hydrides.4 
Short summaries of these recommendations have 
been given in Newsletter 1985. A document on het- 
eropolyanions5 is in press and its synopsis is given below. 

NOMENCLATURE OF POLYANIONS 

The chemistry of polyanions is a rapidly growing field 
due particularly to the novelty and significance of some 
of these compounds. Some species are very large (up to 48 
tungsten atoms) and extremely complicated in structure. 
Many examples of substituted species have been found to 
exist as isomers. Today the basic compounds are com- 
monly identified among specialists by trivial names and 
the old rules for naming polyanions (1970 Red Book) are 
not adequate to treat many of the new species. New rules 
have been developed. The basic idea is to assign a number 
to each central atom, the environment of which is then 
described by letters associated with that number. The 

* Present titular members of the Commission are : D. 
H. Busch (chairman), E. Fluck (vice-chairman), P. 
Fodor-Csanyi, R. Laitinen, J. F. Nixon, J. Reedijk, E. 
Samuel (secretary) and T. E. Sloan. 

document describes various types of polyanions having 
what is called the Lindqvist structure, the Anderson 
structure, the Keggin structure, the Dawson structure, 
and some others derived from them. It is hoped that the 
examples given in the document will provide a procedure 
that can be applied to the naming of any new compound 
of this kind. Since these compounds are very complicated 
it is not surprising that their names are correspond- 
ingly intricate. Shortened names may always be used, for 
example to describe the composition alone ; however, 
such names invariably will give less information about 
the details of the actual structure. 

ONGOING ACTIVITIES 

Because of the development of many new fields and 
the discovery of many new types of compounds since 
the publication of the 1970 Red Book, the Commission 
decided to undertake a complete revision of the rules for 
the nomenclature of inorganic chemistry. CNIC expects 
the new basic manual to be published in 1987 ; the project 
is described in detail below (1987 Red Book, Part I). 

In addition to that basic manual, the Commission 
intends to publish a Part II that will be made up of 
chapters dealing with more advanced and detailed 
recommendations covering more specialized fields, such 
as those mentioned above2-’ and organometallic 
compounds, clusters, inorganic rings, chains and ligand 
abbreviations (all in preparation). 

All interested persons are encouraged to communicate 
their ideas or suggestions about these topics or to suggest 
other appropriate subjects to the Commission. Please feel 
free to share your feelings on topics that are or should 
be considered by CNIC. 

OTHER DOCUMENTS OF RELEVANCE TO 
INORGANIC CHEMISTRY 

The Commission also wants to call attention to 
nomenclature documents prepared under the supervision 
of other IUPAC commissions. Of particular note at this 
time are documents on zeolites,6 graphite intercalation 
compounds,’ use of numerical terms’ and the application 
of the I-convection to treat variable valence in organic 
nomenclature. 9 

PERIODIC TABLE 

The Commission has recommended that the columns 
of the long form of the Periodic Table be labeled con- 
secutively from left to right with the arabic numerals l- 
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18. The environment and nature of this recommendation nance of the 18-column form throughout most of the 
are reviewed here. world. 

CNIC attempts to be respectful of, and sensitive to, 
common usage of such basic conventions as those involv- 
ing the Periodic Table. In the homelands of Mendeleev 
and J. Lothar Meyer, the classic eight-column short form 
of the table is understandably still widely used. However, 
most of the countries in Europe, both East and West, use 
an 1%column table exclusively, as do Japan and the 
United States. CNIC expects that, in some countries, use 
will always be made of the eight-column table. Those 
users should respect the recommendations of the 1970 
Red Book. It remains true, however, the common prac- 
tice throughout most of the world overwhelmingly sup- 
ports the l%column format. Therefore, recommendation 
of that format cannot be an issue. The labeling of the 
columns is the only issue. 

In 1970 CNIC and IUPAC endorsed a system for 
column labeling that followed an early precedent for the 
use of the capital letters A and B to distinguish between 
the left- and right-side families of elements. While this 
practice is in common use in Great Britain and much of 
Europe, it has found acceptance only slowly, if at all, 
elsewhere. Japan has just accepted this practice while the 
United States has adhered rigidly to the converse use of 
the A and B labels. Thus, an unacceptable conflict in 
column labeling exists. 

Otherwise, the main concern rests on perceived losses 
in correlations between column labels and such quantities 
as positive oxidation numbers and numbers of valence 
electrons for main-group elements. As has been pointed 
out by a number of correspondents, no problem of this 
kind actually exists. One need only show the student that 
for the “teen columns” the second digit of the column 
number corresponds to the number of valence electrons 
and to the maximum positive oxidation number. One 
should also recognize that the CNIC-recommended num- 
bering scheme also displays relationships involving the 
numbers of electrons for the transition elements. Further, 
the proposed scheme eliminates the irrational (for the 
long form) lumping together of three families of elements 
under a single number (old VIII, new 8-10). In summary, 
one can teach all that was taught before, plus significantly 
more, using the proposed labels. 

Exhaustive discussions have been held by CNIC on 

various formats and labeling schemes for the Periodic 
Table and representatives of CNIC have promoted public 
discussions on the subject through national professional 
organizations. At the meeting of CNIC in 1982, it was 
concluded that the use of the 18-column table should be 
encouraged and that that table would be used in the new 
Red Book, Part I. Further, a majority of the members of 
CNIC favored the labeling of the columns consecutively, 
from left to right, with the arabic numbers 1-18. The 
latter suggestion was offered as a solution to the con- 
flicting use, on opposite sides of the Atlantic Ocean, 
of the column labels A and B. These conclusions were 
confirmed by Votes at CNIC meetings in 1983, 1984 
and 1985. Now, in 1986, CNIC has reconfirmed these 
conclusions at its meeting in Heidelberg. While it is 
neither the purpose nor the intent of CNIC to arbitrarily 
set the format of the Periodic Table to be used in all parts 
of the world, it is a reasonable mission for CNIC to offer 
broadly useful solutions when direct conflicts in usage 
occur. 

Several correspondents have referred to the use of the 
roman numerals of the familiar 18-column table in the 
common parlance of solid-state science ; e.g. III/V 
semiconductors. The behaviors of these materials derive 
from their electronic (and crystal) structures and not 
from the labels on the columns of the Periodic Table. It 
is almost universally agreed that one should not try to 
reproduce electronic structure precisely in the column 
headings. Again, the second digit of the column heading 
relates to the electronic structure for p-block elements 
and the notation III/V remains perfectly rational. 

A number of correspondents complained of poor or 
ineffective communication with regard to the proposed 
relabeling scheme. CNIC is deeply concerned with this 
matter. It has been decided that, over whatever length of 
time is required by appropriate and effective process, 
ultimate recommendations on the format and labeling 
of the Periodic Table must be responsive to the user 
constituency. That constituency ranges from school chil- 
dren to senior scientists and covers such disciplines, in 
addition to chemistry, as biology, metallurgy, ceramics, 
solid-state physics, and materials science. Each subgroup 
of this large population should have the opportunity to 
seek and present its local consensus. The principal goal of 
CNIC-IUPAC would be to offer the minimum guidance 
necessary to eliminate conflicting usages. 

At the Heidelberg meeting an attempt was made to 
evaluate the correspondence on the Periodic Table that 
was available to CNIC. Least change was most often 
favored, with no change being most popular of all. Many 
would like to retain the equivalent of an A-B system. 
However, this was not found to be acceptable either 
because of problems with translation or because of the 
conviction that disguising the problem fails to solve it. 

CONTENTS OF THE RED BOOK, PART I 

Critics claim that the new labeling system interfers with 
teaching. Those from users of the eight-column table 
could not be answered since CNIC expects use of that 
format to continue in some places. However, it is not 
appropriate to give credit to CNIC for the evolved domi- 

In Newsletter 1985 we have only listed the chapter 
titles. Subsequently, the Commission has approved the 
contents of the several chapters and the documents are 
now subject to international public review, as required by 
IUPAC regulations. Accordingly, synopses of the several 
chapters have either already appeared or will appear 
in the coming year, in several journals, about the 
world. Copies of the chapters can be obtained from 
the corresponding regional distribution centers. Sum- 
maries of the 11 chapters are presented here so that inter- 
ested readers can consider their contents and see the 
relationships between the chapters. 
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Chapter I- 1, general aims of elements, such as halogens and transition elements, 
are listed. 

The opening chapter begins with a brief history of the 
nomenclature of inorganic chemistry from its birth to the 
present day. The general aims and functions of nomencla- Chapter I-4, formulae 

ture are then described and the terms “trivial”, “semi- 
systematic” and “systematic” are explained. It is then 

This chapter is intended to serve as a guide to the users 

shown how and why it became necessary to establish 
of the nomenclature of inorganic chemistry in writing 

rules. This is followed by an explanation of the meth- 
formulae correctly according to the rules recommended 

odology of name construction. 
by IUPAC. The chapter contains the definitions of types 

Various systems of inorganic nomenclature are pre- 
of formulae, and shows how to indicate proportions, 

sented, with examples. The discussion covers binary, 
oxidation states, and ionic charges of constituents, and 
how to use structural modifiers. 

additive and replacement nomenclature, and also systems 
used in organic chemistry and pertinent systems, such as 

The sequence of citation in formulae is based on the 

substitutive, subtractive and index nomenclature. 
alphabetical order of the symbols of the electropositive 

The final section contains information about inter- 
and electronegative constituents, respectively. A guide to 

national collaboration on nomenclature matters, on the 
writing the formulae of isotopically modified compounds 
is included with cross-reference to the detailed IUPAC 

formation of working groups on nomenclature, and on 
the role which IUPAC has assumed in this endeavor. 

recommendations. Numerous examples are given to illus- 

This information is not generally known to the chemical 
trate the rules. Finally, a table summarizes the method for 

community. A survey of the accomplishments of IUPAC 
assignment of the formulae of compounds. 

commissions since 1921 is presented, together with bib- 
The rules of formulae construction are in full agree- 

liographical reference to all of the inorganic nomencla- 
ment with the previously published rules of Nomenclature 

ture documents published by this Commission. 
oflnorganic chemistry (1970) (1970 Red Book), but Chap. 
I-4 gathers together all of the basic information on for- 
mulae which was discussed in different chapters of the 

Chapter I-2, grammar old Red Book. In addition, some rules, such as that 

The purpose of this chapter is to guide the users of 
concerning alphabetical ordering, are extended and 

nomenclature in building the name or formula of an 
others explicitly expressed so that it is not necessary to 

inorganic compound, and to help them verify that the 
infer them from the examples. This latter method of 

derived name or formula fully obeys the accepted prin- 
presentation was used in the 1970 Red Book and has 

ciples. Chemical nomenclature is a very special language 
been widely criticized. The number and types of examples 
have now been increased. 

with its own vocabulary, syntax and grammar. This chap- 
ter contains a general survey of the “grammatical” rules 
governing the correct use of the various devices used in Chapter I-5, names based on stoichiometry 

the construction of a name or a formula. Sections l-14 
deal with idiomatic symbols (brackets, dots, commas, 

This chapter serves as a guide in writing stoichiometric 

hyphens, dashes etc.), greek letters and numerals and 
names correctly, including the derivation of names, their 

provide many examples. The various priorities are then 
assembly into the correct sequence and the indication 

discussed in Section 15. The last part, Section 16, deals 
of proportions. Rules for the names of monoatomic, 

with suffixes commonly used in inorganic nomenclature. 
polyatomic and heteropolyatomic electropositive and 

This chapter is an innovation in the presentation of the 
electronegative constituents, as well as of addition com- 

nomenclature of inorganic chemistry. 
pounds, are included. 

The order of citation in names is based on the alpha- 
betical order of the names of the electropositive and 

Chapter I-3, elements, atoms, and groups of atoms electronegative constituents, respectively. The propor- 

This chapter defines the basic material for inorganic 
tions of the constituents can be indicated either by 

nomenclature, the atomic symbols and names. It also 
multiplicative prefixes (numerical prefixes and multi- 

contains definitions of fundamental concepts such as 
plicative numerals) or by indications of the oxidation 

element, atomic charge, and nuclide. The basic methods 
numbers or the charges on the ions. 

for indicating ionic charge, atomic number, and mass 
There are no changes in substance between this chapter 

number are described, as well as a system for naming 
and the 1970 Red Book ; however, the discussion is more 

allotropes of the elements which should be of general if 
extensive and many points are explained more precisely. 

not universal utility. 
The chapter contains numerous examples. 

The final section deals with the indication of groups in 
the Periodic Table. For the l&column periodic table, it Chapter I-6, solids 

is recommended that the old A-B system for sub-groups 
be abandoned because of its inconsistent application in 

Chapter I-6 of the new Red Book, Part I, deals with 

different parts of the world, and that a system with group 
the names of solid phases, chemical composition, point 

numbers l-18 (the last being the inert gases) be adopted I 
defect notation, phase nomenclature, non-stoichiometric 

generally. Some approved names for particular groups 
phases, polymorphism, amorphous systems and glasses. 
The chapter is essentially a new one, differing in principle 
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and detail from corresponding material in 1970 Red similarities AlLaO, is often represented as LaAlO, @er- 
Book. ovskite-type). 

The point defect notation is based on the Kroger-Vink 
system. It allows the indication of site occupation by using 
the element symbols as subscripts. Vacant positions are 
indicated with V and interstitials with the subscript i. 
Charges are expressed by superscripts; both real and 
effective charges can be indicated. 

Chapter I-9, inorganic oxoacids 

Phase nomenclature is derived from the Pearson 
notation. In the section on non-stoichiometric phases, 
descriptions are given of modulated structures, cry- 
stallographic shear structures, chemical twinning, infi- 
nitely adaptive structures and intercalates. 

This chapter provides a treatment of the nomenclature 
of oxoacids which is intended to be comprehensive and 
useful. The long history of the subject and the importance 
and widespread use of oxoacid nomenclatures in teaching 
and industry warrant this extensive coverage. The 
approach followed involves systematization, whenever 
possible, based on the principles of coordination 
nomenclature. 

For the distinction between polymorphs, indication of 
the crystal system in combination with the name or for- 
mula is recommended. Some abbreviations are used to 
designate amorphous systems and glasses. 

Chapter 1-7, neutral molecular compounds 

This chapter describes the essential characteristics of 
the nomenclature of realtively simple neutral 
compounds, providing guidance for name-construction : 
(a) for molecules regarded as substitution derivatives of 
parent hydrides, and (b) for coordination entities. 

The introductory sections deal with historical con- 
siderations. A definition of an oxoacid is given. Then the 
principles of hydrogen nomenclature and their extension 
to all oxoacids and their functional derivatives (hal- 
ogenides, anhydrides, esters and amides) are given, with 
many examples. This represents a considerable expansion 
of the 1970 Red Book, but this systematic use was 
recommended, at that time, only for acids containing 
ligands other than oxygen and sulfur. 

The principles of substituitive nomenclature are 
explained and the nomenclature of a chosen set of parent 
hydrides is described. These principles are extended to 
cover the nomenclature of oligonuclear hydrides, to vari- 
ous categories of chains of atoms, including branched, 
and to simple cyclic systems, The case of varying bonding 
numbers for the central atom, including unsaturation, is 
treated. 

Acid nomenclature is then presented; it has the feature 
that the number of acidic hydrogens is not explicitly 
stated. Polynuclear acids are dealt with next. Except for 
special cases, this nomenclature is based exclusively on 
that of coordination compounds. 

Chapter i-10, coordination compounds 

The principles of coordination nomenclature are 
described and extended from mononuclear coordination 
entities to dinuclear compounds, and to simple oli- 
gonuclear entities. Illustrative examples are provided 
throughout. 

Chapter T-8, names.for ions, radicals and satts 

Cations, anions, radicals and salts are deftned, and the 
two kinds of radicals are distinguished : those consisting 
of an atom (or groups of atoms) having one or more 
unpaired electrons and those consisting of a group of 
atoms for which the name is used as a prefix in sub- 
stitutive nomenclature. Charged radicals are treated. 

The sections on cations and anions deal with species 
obtained from organic and inorganic molecules after loss 
or addition of electrons, or hydrogen ions, or of hydride 
ions. Coordination nomenclature is used when a central 
atom of metal character is present, whereas substitutive 
nomenclature is used in other cases. Certain special 
names are retained (e.g. nitrosyl for NO+ and kalide 
for K). 

Formulae and names of salts are easily constructed 
by combination of the names of cations and anions. In 
double salts the cation and anion names are ordered 
alphabetically unless other requirements mandate an 
alternative arrangement. Thus, to emphasize structural 

The nomenclature of coordination compounds con- 
stitutes a major system of addition nomenclature that 
is based on structural relationships associated with the 
compounds of the metallic elements. Basic concepts and 
definitions are presented, and the discussion proceeds on 
to formulas and names for the simplest coordination 
compounds. The nomenclature of mononuclear coor- 
dination compounds with monodentate ligands is exten- 
sively developed with listings of names and abbreviations 
for many common ligands. Stereochemical descriptors 
are then presented that designate the geometric arrange- 
ments of ligands. Formulas and names for chelate 
mononuclear complexes follow with special attention 
being given to the kappa convention for identif~ng the 
ligating atoms of ambidentate and polyfunctional 
ligands, and to stereochemical descriptors for chelated 
compounds. Chirality symbols are introduced for various 
polyhedra structures and the skew-line helical reference 
is presented along with an alternative technique based on 
the Cahn, Ingold, Prelog priority sequence of ligands. A 
limited treatment is provided for the nomenclature of 
more intricate species including polynuclear complexes 
and clusters, with emphasis given to central atom num- 
bering and bonding notation. A summary of the 
nomenclature for single-strand coordination polymers is 
given, and the fmal section is a brief introduction to the 
nomenclature of organometallic complexes. 

Chapter I-l 1, boron hydrides and related compounds 

Just as their structures provided novelty and a chal- 
lenge to chemistry, the nomenclature of the boron 
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hydrides must treat distinctive relationships. The bases 
of boron-hydride nomenclature are discussed, and the 
polyhedral clusters of boron are presented and classified 
and the class names are given. Stoichiometric names are 
presented and the general aspects of structural names 
are discussed. Numbering schemes, steric descriptors and 
structural isomers are discussed. The “debor” method is 
given. The treatment of replacement and substitution in 
boron clusters is considered, including hydrogen sub- 
stitution, skeletal subrogation and such species as car- 
baboranes and metalloboranes. 

CORRESPONDENCE, SMALL MATTERS 
THAT MATTER ETC. 

CNIC is a unit of an international public service organ- 
ization, IUPAC, and we are volunteer chemists from 
around the world. Since nomenclature is our responsi- 
bility, we invite your inquiries and suggestions. We can 
serve you best if we know your needs and opinions. At 
worst, we should know someone who can name your 
clusterar your ligand! Of course, some people already 
bring us their questions. 

CNIC was formed to eliminate the Tower of Chemical 
Babel and almost every chemist has both appreciated and 
despised the tedium of the systematic and proper 
chemical nomenclature that CNIC is obliged to generate. 
In this second era of the computer evolution, names, 
formulae and the like are constrained by the inevitable 
superliteral reaction of the computer. With sympathy, 
but because precision and uniformity are increasingly 
important, we will point out a few conventions that 
deserve to be observed. 

In Newsletter 1985 attention was directed to the use of 
aqua and the elision of vowels. Other items are: 
previously, bridging ligands were set out with hyphens 
as follows : tetrakis-&-acetate-)bis(pyridine)dicopper for 
Cu,(OAc),(py),. Now, following the ongoing practices 
of certain journals, we have adopted the simpler con- 
vention : tetrakisb-acetato)bis(pyridine)dicopper. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
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Abstract-The interaction of N,N’-ethylenebis(salicylideneimine), H2salen, with ammo- 
nium molybdate yielded the molybdenum(VI) complex Mo02(salen) with the cis-dioxo 
structure as inferred from IR spectral studies. The ‘H NMR chemical shifts of azo- 
methine protons in the free ligand and the complex are 8.14 and 8.39 6, respectively, 
suggesting the bonding of the azomethine nitrogen to Moo2 group. The thermal decompo- 
sition behaviour of the complex is discussed. 

Several complexes of salen with iron(III)‘, 
cobah(I lanthanoids(III)3 and urany14 have 
been reported. Salen may act as a univalent-biden- 
tate or a bivalent-tetradentate ligand. SchilI’s base 
complexes of molybdenum have been reported by 
Yamanouchi and Yamada5*6, Dilworth et aL7 and 
Goh and Lim*. We now describe the ‘H NMR 
spectra, thermal decomposition and X-ray powder 
diffraction data on the oxomolybdemun(V1) com- 
plex with salen. 

EXPERIMENTAL 

3.6, 7.1 and 24.3%, respectively for Mo02(salen). 
The “dhkl)’ values for H2salen and the complex are 
2.76(w), 2.92(w) 3.00(m), 3.24(m), 3.86(m), 
440(w), 4.62(m), 4.87(s), 5.02(m), 5.60(w), 
5.91(vs), 6.91(vs), 7.31(s), 11.86(s) and 3.18(s); 
4.84(w), 5.13(w), 5.88(s), 6.88(s), 7.21(w), 8.73(m), 
10.21 (s), 11.73(s), 15.36(w), respectively. 

Elemental analyses of the complex were carried 
out using a Hewlett-Packard CHN analyzer. The 
IR, far-IR, W-visible and ‘H NMR spectra were 
recorded on Shimadzu IR-435, Polytech IR 12, 
Pye-Unicam SP8- 100 and Hitachi-R24B~ 6OMHz 
spectrometers. Thermal analyses was carried out in 

Ammonium paramolybdate, salicylaldehyde, air on a Shimadzu DTA-30 thermal analyzer using 
ethylenediamine and the solvents used were of lab- a platinum crucible with a heating rate of 10°C 
oratory grade. The ligand, H2salen, was prepared min- ‘. X-ray powder photographs were taken 
by the condensation of salicylaldehyde with ethyl- on a Philipps X-ray diffractometer using CoK, 
enediamine by following the reported procedure. radiation. 

Preparation of cis-dioxo N,N’-ethyl-enebis(salicyl- RESULTS AND DISCUSSION 
ideneiminato) molybdenum(VI), Mo02(sufen) 

Ammonium paramolybdate (0.50 g) was dis- 
solved in water (15 cm’). H,salen (2.0 g) in ethanol 
(50 cm’) was added and the solution was refluxed 
for 1 h. The yellow product formed was filtered 
when the solution was hot. The compound was 
recrystallized thrice from ethanol to obtain the pure 
complex. 

Yield: 50%. The C, H, N and MO analyses of 
the complex was found to be 48.8, 3.6, 7.1, 24.1% 
which corresponds to the calculated values 48.7, 

*Author to whom correspondence should be addressed. 

The complex is yellow and has poor solubility in 
methanol and ethanol. W-visible spectra of the 
complex in CH2C12 has I,, at 410 nm (s 2870 1 
mol-’ cm-‘) which is attributed to a O(p,) +Mo 
(d,) charge-transfer transition. The IR absorption 
at 1630 cn- ’ is attributed7 to v(eN), which is 
characteristic of the azomethine group. The bands 
at 925 and 900 cm- ’ due to v(Mo=O) are charac- 
teristic of the cis-dioxo structure. The peaks 
observed at 500 and 305 cn- ’ are assigned to 
v(Mo-0) and v(Mo-N), respectively. 

The ‘H NMR is useful in determining the mol- 
ecular structure of the compound. The spectra of 

1635 
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Table 1. ‘H NMR spectral data (6) in ppm with reference to TMS 

Compound -CHI--- -CH=N- Aromatic 

H&en 

H zsalen 
D *O exchange 

MOO *(salen) 

3.72, 3.29 
J = 0.5 Hz 

3.82 

4.01 

8.15, 8.19 6.72, 6.75, 
J = 0.3 Hz 6.85, 6.88, 

7.05, 7.16 

8.21 6.62, 6.70, 
6.79, 6.88, 
6.91, 7.09, 
7.20 

8.39 6.78, 6.90, 
6.91,7.06, 
7.22,7.32, 
7.35, 7.48, 
7.50 

the ligand and the complex are recorded in CDC13. 
The values along with the assignments are given in 
Table 1. The azomethine (CH=N) and methylene 
(-CH,-) protons in the H,salen appear as a 
doublet at 8.19, 8.15 and 3.79, 3.72 6, respectively. 
The hydrogen bonding to the azomethine N atom 
splits the signals of CH=N and CH2 protons. The 
spectrum of Hzsalen treated with DzO exhibited 
resonances for CH=N and CH2 at 8.21 and 3.82 6 
as a singlet respectively. The phenolic hydrogen is 
involved in exchange with DzO and no hydrogen 
bonding persists with the azomethine N and so no 
splitting is observed. The increase in 6 values in 
deuterated H,salen may be due to the anti form of 
the imine predominating. When hydrogen bonding 
exists H&en may be in the syn form. 

In the spectra of the complex, MoOz(salen), 
the CH=N and CH2 signals are observed as a 
singlet at 8.39 and 4.01 6, respectively, which sug- 
gests that the azomethine N is involved in coor- 

dination to molybdenum. The spectrum of the com- 
plex has more complex multiplet signals for the 
aromatic protons when compared to free ligand. 
The inference is that the aromatic protons are 
experiencing different chemical environments, 
which is possible for a cis-dioxo structure. Thus a 
truns-dioxo symmetrical structure I for the complex 
is ruled out. In structure II, the CH=N and 
CH2 protons are not identical and the splitting 
due to coupling is expected. Thus the present ‘H 
NMR spectral studies suggest that the more appro- 
priate structure is III. 

I II III 

Table 2. TG and DTA data 

TG 
Weight loss (%) 

Compound Thermal reaction found (talc.) 

H +alen - - 
- - 

Formation of 
cyclopentadienone 70.1 (70.0) 

93.0 (-) 
MoOz(salen) Loss of C2H4+2HCN 20.4 (20.8) 

Formation of MO metal 75.9 (76.0) 

Temperature 
range (“C) 

DTA 

Peak Reaction 

110 Endothermic Glass transition 
130 Endothermic Melting 

320-350 Exothermic Decomposition 
450-560 Exotbermic Combustion 
235-300 Exothermic Decomposition 
480-550 Exothermic Decomposition 
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The thermal decomposition of H,salen and the 
complex are given in Table 2. The complex under- 
goes decomposition at a much lower temperature 
than the ligand. The hydrogen bonded structure 
with a pseudo-six-membered ring along with two 
double bonds may be thermodynamically more 
stable than a pseudo-heterocyclic ring with molyb- 
denum atom. Further the geometry of the ligand 
restricts the formation of stronger bonds between 
molybdenum and donor atoms when compared to 
a 0, N donor ligand such as 8-quinolinol. The end 
residue is gray and is recognized to be molybdenum 
metal as evidenced by the percentage weight loss, 
which was further confirmed by X-ray diffraction 
studies. The “dhk;’ values for the residue are 2.21(s), 
1.59(m), 1.27(m), 1.09(w), 0.98(w), which cor- 
responds to molybdenum metal. 

due to Science Foundation, RC No. 24 RP(SF) SY 1984 
85, for the financial support. 

The present studies suggests that H+alen acts as 
a bivalent tetradentate ligand completing the six 
coordination around cis-dioxomolybdenum as in 
III. 
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Abstract-Dimethyltin(IV) complexes with formulae Me,Sn(IMDA) * H20, Me,Sn(ODA) - 
Hz0 and [Me,Sn(OH)],(TDA) [IMDA’- = iminodiacetate2- (NOO); ODA’- = 
oxydiacetate*- (000) ; and TDA2- = thiodiacetate*- (SO0 donor atoms)] have 
been obtained and their solid state coordination investigated. Infrared and Mijssbauer 
spectroscopic evidence would suggest tridentate behaviour of the ligands in polymeric 
trans-dimethyl structures for Me,Sn(IMDA) - H20 and Me$n(ODA) - Hz0 with bridging 
carboxylate groups ; polymeric tetrahedral environments around the two tin(IV) atoms 
could be inferred with TDA acting as bidentate dianionic ligand through ester type car- 
boxylate groups in [Me,Sn(OH)],(TDA), without involvement of the sulfur atom in coor- 
dination. 

Organotin(IV) derivatives show biological activity 
which has been the subject, in recent years, of par- 
ticular attention by several authors. l-3 Structure 
activity correlation has been the aim of a research 
project for which complexes with biomolecules have 
been synthesized and, in some case, involved in in 
vitro or in vivo investigations.“7 

In particular, at concentrations of dior- 
ganotin(IV) complexes ranging between 0.5 and 5 
nmols/mg of protein, Bu$nL (L = ribose and 
adenosine) inhibited the ATP-ase activity in rat liver 
mitochondria. Miissbauer measurements carried 
out at 10 K on rat liver mitochondria pellets, pre- 
liminary incubated with the diorganotin(IV) com- 
plexes, suggested interaction of the diorganotin(IV) 
moieties with the thiol groups of the membrane 
proteins. 6 

Inhibition of development of Ciona intestinalis, 
Ascidiella aspersa and Ascidia malaca eggs has been 
shown by R,SnL complexes (R = Me, Bu, Ott; 
L = sorbitol, D( +)glucose, D( -)ribose, levulose, 

* Author to whom correspondence should be addressed. 

D( +)galactose, L( +)galactose and D( +)gly- 
ceraldehyde) at concentration of 1 x lop4 M.7 

The interaction of diorganotin(IV) and other 
biofunctional ligands such as adenosine and 5’-tri- 
phosphate has been studied in aqueous solution. 
From the comparison of the stability constants 
obtained and those of complexes with oxygen and 
nitrogen donor atom ligands, the coordination of 
the nucleotide to dimethyltin(lV) through the phos- 
phate oxygen atoms has been suggested. * 

In order to clarify the above mentioned hypo- 
thesis it seemed opportune to investigate the 
nature of the interaction between the dior- 
ganotin(IV) moieties and ligands bearing 0, N, S 
donor atoms, in the solid and in solution phase. 

In this paper we report the results obtained in the 
solid state by infrared and Mijssbauer spectroscopy. 

EXPERIMENTAL 

The complexes Me,Sn(IMDA) - HI0 and 
Me,Sn(ODA). H20 were obtained as white 
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solids by mixing methanolic solutions of Me$nCl, 
(gift from Schering AG, Bergkamen) (2 mmols of 
Me,SnCl, in 50 cm3 of CH,OH) with solutions of 
the disodium salts of the iminodiacetic and oxy- 
diacetic acids, respectively (2 mmols of NaJMDA 
or Na,ODA in 50 cm3 of 1: 1 HZ0 : CH30H sol- 
ution). 

Attempts to obtain, under the same experimental 
conditions, the complex Me,Sn(TDA) were 
unsuccessful and led to the precipitation of white 
microcrystalline compounds which analyzed as 
[Me,Sn(OH)],(TDA). The same complex was 
obtained in 1: 1 HzO: CH30H solution using 
a ratio [(CH3),SnClz]/[NazTDA] = 2. 

The solids were recovered by filtration, recry- 
stallized and analyzed for C, H and Sn contents. 

C and H analyses were performed at the Labor- 
atorio di Chimica Organica (Milano). Tin content 
was determined as SnOz in our laboratory as 
described in the literature.’ 

Analytical data are reported in Table 1. 
The thermal decomposition of the complexes was 

carried out under Nz atmosphere in a Mettler 
mod.TA 3000 System. 

The samples, contained in small Pyrex dishes, 
were heated from 25 to 600°C. 

Infrared spectra were recorded as Nujol and hex- 
achlorobutadiene mulls in the region 4000-200 
cm-’ using a Perkin Elmer mod. 983 G infrared 
spectrometer and CsI windows. 

’ ’ 9Sn Mossbauer spectra were measured, with a 
constant acceleration and a triangular waveform, 
using a Laben mod.8001 multichannel analyzer, a 
Miissbauer closed refrigerator system mod.21 SC 
Cryodine Cryocooler CTI-Cryogenics (U.S.A.) and 
a digital temperature controller mod.DRC-80C 
Lake Shore Cryotronics (U.S.A.). 

Suitable computer programs were used to fit the 
experimental line to Lorentzian line shapes, in the 
calculation of AE according to the point charge 

model formalism and in the estimation of the lattice 
dynamics parameters. 

RESULTS AND DISCUSSION 

Thermal decomposition 

The TG/DT analysis showed a two step process 
for all of the complexes. The first stage occurred at 
125.7, 112.3 and 269°C for Me,Sn(IMDA) - HzO, 
Me$n(ODA) *HZ0 and [Me,Sn(OH)],(TDA) 
respectively, which could be ascribed to the loss of 
one water molecule (exp. 6.36, 6.79 and 4.04, 
theor. 6.05,6.03 and 3.79%). 

At 275.0, 319.0 and 306.3”C the complexes com- 
pletely decomposed leaving residues which 
were analyzed as SnO for Me,Sn(IMDA) *Hz0 
(exp. 43.81, theor. 45.22%) and Sn for both 
Me2Sn(ODA) *HZ0 and [Me,Sn(OH)],(TDA) 
(exp. 39.88 and 39.66, theor. 39.71 and 39.49%, 
respectively). 

Infrared spectra 

The interpretation of the coordination modes of 
the ligands towards the dimethyltin(IV) Lewis acid 
can be simplified by taking into account the crystal 
structure of the free acids and of some of their 
copper(I1) mixed complexes. ’ &’ 6 

The iminodiacetic acid, HJMDA, possesses a 
three dimensional network of lo- and 1Cmembered 
rings of hydrogen bonded halves of the molecule, 
with three independent hydrogen bonds, two of the 
type N-H---G and one of the type O-H----O,” 
while both oxydiacetic, H,ODA, and thiodiacetic 
acids, H,TDA, are formed by infinite chains. of 
hydrogen bonding in pairs of carboxylic groups 
around the symmetry centre.“*‘2 

The more relevant IR bands in the free ligands 
(Table 2), reflected the above situations, which are 

Table 1. Analytical data, found(calc) and experimental Mijssbauer parameters 

Compound C% H% Sn% 6” AEeXrh rWc 

Me,Sn(IMDA)-H,O 23.6 4.2 40.0 1.348 4.05 1.02 
(24.3) (4.4) (39.8) 

Me,Sn(ODA) - Hz0 25.6 3.7 39.4 1.403 3.95 0.98 
(24.1) (4.0) (39.7) 

[MezSn(OH)Iz(TDA) 21.3 0.934 2.07 1.06 
(20.0) 

a Isomer shift (6 + 0.002 mm s- ‘), with respect to the centroid of a room temperature 
CaSnO, spectrum. 

“Nuclear quadrupole splitting (AEkO.O1 mm SK’) : average values in the tem- 
perature range examined. 

‘Full width at half height of the reasonant peaks, average. 
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varied on coordination to the Me,Sn(IV) moiety. 
In Me,Sn(IMDA) - HZ0 the band present at 3 106 

m cm-‘, slightly shifted with respect to the cor- 
responding band in the free acid (3099 m cm-‘), 
could be attributed to coordinated NH, which did 
not vary appreciably its electronic surroundings on 
coordination by substituting one HN--H with 
HN+Sn bond. 

More significant were the shifts which occurred 
in the 300&2600 cm- ’ and 1750-1200 cm-’ 
regions. In fact in the 3000-2600 cm-’ region, in 
the free ligand there were several strong broad 
bands due to contributions of both OH of hydrogen 
bonded carboxylic groups and CH stretching. Upon 
coordination a strong absorption occurred at 2929 
s cm- ’ due to CH stretching. 

Only two pairs of bands at 1642 s, 1410 s cm-’ 
(Av = 283 cm-‘) and at 1598 m cm-‘, 1495 s cn- * 
(Av = 103 cm- ‘) were present in the complexes, 
attributable respectively to v,,,(COO) and 
v,,,(COO) of an unidentate carboxylate, the first 
couple, and to a bridging carboxylate, the second 
pair. ’ 7 In comparison with the bands at 1709 s&d, 
1454 m and 1242 m cn- ’ attributable to v&LO), 
CH2 scissoring+ OH bending and to &OH) of 
unionized carboxylic acid in a polymeric structure l8 
and with the bands present at 1582 s and 1394 s,bd 
cm- ’ (Av = 188 cm- ‘), characteristic of ionised 
carboxylate. l7 

Absorptions occurring at 610 s, 553 w and 520 w 
cn- ’ might be tentatively assigned to v(SnN), I9 
v,,,(SnCJ and v,ym(SnC2),20 with the last two 
bands a consequence of a distorted CSnC skeleton, 
while the band at 490 w cm- ’ could be assigned to 
a v(Sn0). 1g,20 

Differences in the free and coordinated oxy- 
diacetic acid spectra, were in the region 300&2600 
cm- ‘, where, according to the hydrogen bonded 
polymeric structure of H,ODA, I1 OH and CH 
stretching absorption occurred. lg Further vari- 
ations occurred in the 1750-1200 cm- ’ range where 
the two strong bands at 1726 and 1246 s cn- ’ 
attributable to v(C=O) and &OH) of unionised 
hydrogen bonded COOH group were substi- 
tuted with bands at 1745 s and 1413 m cm- ’ 
(Av = 332 cm-‘, characteristic of unidentate ester 
type carboxylate) and at 1638 m and 1461 s cm- ’ 
(Av = 177 cn- ‘, value for bridging carboxylate’7) ; 
between 600 and 200 cn- ’ bands were present due 
to v,,&SnC2) at 551 s cm-‘, to v,,(SnC2) at 520 
m cm-’ and to (SnO) at 441 s cm-1.20*2’ 

In [Me2Sn(OH)12(TDA) the new band at 3419 
m,bd cnr ’ could be due to OH groups of 
Me,Sn(IV) moieties.22-24 

Analogously to the first two complexes described, 
in the region 3000-2600 cm-’ the strong broad 

bands of the carboxylic hydrogen bonded OH and 
of CH are substituted by a couple of bands at 2919 
s and 2900 s cm-’ (v_,,(CH) and v,,,(CH)). 

The Av value (= 226 cm- ‘) between the pair of 
bands which occurred at 1639 s [v_,(COO)] and 
1413 s [v,,(COO)] cm- ’ would suggest the occur- 
rence of an unidentate ester type carboxylate in 
the complex’7 [in addition the 1693 sand 1230 s cm- ’ 
absorptions in the free ligand could be assigned to 
v(W) and @OH) respectively”]. Coordination 
of the ethereal sulfur atom could be excluded on 
the basis of invariance of the 788 s and 658 s cm- ’ 
bands, present both in the free and the coordinated 
ligand, which could be assigned to v,,,,(CSC) and 
v,,,(CSC) vibrations. 25 Asymmetric and symmetric 
CSnC stretchings could be attributed to the bands 
at 563 m and 529 s cm- ’ while at 510 vs cm- ’ a 
v(Sn0) could be evidenced. 20*21 

Miissbauer data 

The isomer shift, (6), (Table l), fell within the 
range of the values for most diorganotin(IV) com- 
pounds,26 but the lower value for [Me2Sn(OH)], 
(TDA) would reflect a higher percentage s-character 
of the SnC bonds.27 

All of the complexes gave a two line quadru- 
pole split spectra, which in the case of the 
[Me,Sn(OH)],(TDA) showed the equivalence of 
the two tin atoms. 

The experimental Nuclear Quadrupole Split- 
tings, (AE’), (Table 1) for Me,Sn(IMDA) - H20 and 
Me,Sn(ODA) * H20 were characteristic of trans- 
R2Sn octahedral complexes ;26 in principle the 
experimental AE for [Me,Sn(OH)],(TDA) did not 
allow us a choice between octahedral cis-Me2Sn and 
tetrahedral configurations, which are both 

A& %2mms-‘. 
The rationalization of experimental AE, accord- 

ing to the point charge model formalism,26~28-30 
was applied to the idealized structures of Fig. 1, 
octahedral polymeric trans-Me,Sn for Me*Sn 
(IMDA) * H20 (Fig. la) and Me,Sn(ODA) * Hz0 
(Fig. lb). 

In these configurations, in agreement with the IR 
data, 6-coordination would be reached by bonding 
three oxygen atoms, one from the unidentate car- 
boxylate and two from bridging carboxylates and 
a sixth donor atom, the imino nitrogen atom for 
IMDA2- complex and the ethereal oxygen atom in 
0DA2- derivative. 

The calculations were carried out by using the 
partial quadrupole splittings (p.q.s., mm SK’) as 
extracted or calculated from literature 
reports. 26,29,3',32 

Octahedral &-Me2 and tetrahedral were then 
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t 
t 
OH 

I 

OH 

(cl (d) 

Fig. 1. The idealized structures assumed for point charge calculations of nuclear quadrupole splittings, 
E, and asymmetry parameter. X, Y, Z are the directions of the principal components of the electric 

field gradient ([Vzzj > IVyyl 2 IVxxl). 

proposed in order to calculate AE for [Me& 
(OH)],(TDA) (Fig. lc,d). 

The six-coordination, in the c&Me2 octahedral 
configuration could be obtained by polymerization 
through three coordinated OH groups. 

Table 3 shows that AEeXP and AE,,,, differed less 
than the tolerance limit f 0.4 mm s- ’ which could 
justify the proposed structures,23 so that it clearly 
appeared that for TDA’- complex both the struc- 
tures of Fig. 1 (c,d) were equally probable also if 
there are few cases in which Me2Sn(IV) derivatives 
assume a c&Me2 configuration. 33*34 

Variable temperature Miissbauer studies have 
been carried out in order to get information on the 
polymeric or monomeric nature of the investigated 
complexes. 

The more relevant lattice dynamics parameters 
are summarized in Table 4 together with data refer- 
ring to the polymer [-Sn(n-C4H9)2-OCH(CC13) 
O-]36 and to the monomer Me4Sn3’ for comparison 
purpose. The treatment of the data and the relative 
calculation of the functions were performed as 
described in detail in the literature38*3g in the tem- 
perature range in which the natural logarithm of 
the areas under resonant peaks, In AT, was a linear 
function of the temperature. The values of the 
slopes d In AT/d Tobtained (Table 4) were consistent 
with the existence of polydimensional networks 
characterized by extensive crosslinking of mo- 
lecular chains. 3g 

These results would be confirmed by the other 
calculated lattice dynamics parameters (Table 4) ; 
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Table 3. Point charge parameters 

Compound AK, Structure AEm,=“ ttcalc 
h 

Me,Sn(IMDA)*H,O 4.05 A f3.85 0.08 
Me,Sn(ODA) - H 2O 3.95 B f3.71 0.03 
DMWW1 Dada> 2.07 C - 2.40 0.81 

D -1.84 0.00 

“Point charge values of the nuclear quadrupole splitting and “of the 
asymmetry parameter (Vxx-Vyy)/Vzz. P.q.s., mm s- I, values used are : 

{(Alk)-(Hal)}a = - 1.03; {(COO)-(Hal)}$d = -0.11. 

{(COO)-(Hal)}i$,h, = -0.075; {(N)-(Hal)}“’ = -0.01 ; 

((O)-(Hal)}“’ = -0.144 

{(Alk)-(Hal)}‘“’ = - 1.37; {(OH)-(Hal)}teL = -0.55 

{(COG)-(Hal)}$d = -0.15; {(OH)-(Hal)E,,,, = -0.20) 

Table 4. Lattice dynamics parameters” 

I II 
Compound@ 

III IV V 

Sample thickness 

(mg ’ ’ 9Sn/cm2) 2.161 1.135 1.816 Ref. 31 Ref. 32 
Temperature range 30.4-151.4 30.2-142.4 19.6-91.1 77.3-149.5 Ref. 32 
No. of point 11 10 7 13 Ref. 32 
dlnA,/dT(degg’x IO*) -1.011 - 1.219 - 1.543 - 1.367 - 2.758 
Correlation coefficient 0.996 0.994 0.995 0.994 Ref. 32 
f I;“’ at 77.3” 0.444 0.431 0.290 0.348 0.065 
(X*)(T) (A x lo- ‘) 0.51-1.62 0.54-1.45 0.53-1.43 0.72-l .40 Ref. 32 
60 (R) 71.4 83.5 57.4 62.7 65.7 
V, (cm- ‘) 59.0 58.0 39.8 43.6 45.7 
Mei (u.m.a. x deg* x 10 ‘) 1.49 1.96 1.38 1.56 0.77 

a A, is the total Lorentzian area under resonant peaks ; f,“’ the relative recoil free fraction ; (X2) the mean 
square displacement ; 6JD the Debye Miissbauer temperature ; ti, the cutoff frequency and Mei the parameter 
of intermolecular force constant. 

“I : Me,Sn(IMDA)*H,O; II : Me,Sn(ODA)* H,O; III : [Me,SnOH],(TDA); IV: [-Sn(n-C,H,),- 
OCH(CCl,)O-I,(3 1) ; V : Me,Sn(32). 

in particular by the mean square displacements 
(X’)(T) and by the relative recoil free fraction, 

f:‘(T), for all the complexes (Table 4) were fully 
consistent with that reported for two and three 
dimensional polymers. 37*40 

Also if the results obtained studying the above 
systems in solution are not definitive,4’ it is possible 
to al?irrn that care must be made in hypothesizing 
the active species in biological systems and in sug- 
gesting structure-activity correlations. 
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Abstract-The anodic and cathodic behaviour of the rhenium(V) complexes 
nBu,N[ReOCl,(HOPhSal)], nBu,N[ReOCl,(OPhSal)], [ReOCl(OPhSal)(MeOH)] and 
[ReOCl(OPhSal)(PMe,Ph)] in acetonitrile was studied using platinum and mercury elec- 
trodes. Cyclic voltammetry and controlled potential coulometry were the main electro- 
analytical techniques employed. The nature of the electrolysis products as well as the 
mechanisms of the electrode oxidation and reduction processes were investigated. In 

‘particular a complex of rhenium(V1) containing the group Re04+ and complexes of 
rhenium(IV) with ReO’+ core were electrochemically synthesized. They were character- 
ized by elemental analysis, IR spectroscopy, magnetic susceptibility and conductivity 
measurements. 

A wide variety of oxidation states can be assumed 
by rhenium in different coordination compounds, 
depending on the nature of the ligands. Our first 
series of electrochemical studies has dealt with com- 
plexes with the metal in low oxidation states,le3 the 
ligands being typically carbon monoxide, chloride 
ions and different phosphines. The attention which 
has been recently devoted to rhenium complexes 
with Schiff base ligands, together with the inter- 
esting properties exhibited by the Re03+ core,“7 
has suggested the opportunity of studying the 
electrochemical properties of these compounds, in 
order to define their oxidation and reduction poten- 
tials, to identify species with the rhenium centre in 

*Authors to whom correspondence should be addressed. 

+ 4 or + 6 oxidation states, and possibly to define 
the nature of the electrode mechanisms. 

It is worth noting that studies on the rhenium 
complexes, in addition to the importance they have 
for themselves, have often allowed us interesting 
comparisons with the analogous complexes of tech- 
netium.‘-3*8-‘0 This last aspect is of particular 
importance taking into account the significance that 
99mTc has assumed in the field of nuclear medicine. 

We have reported elsewhere on the elec- 
trochemical behaviour of rhenium complexes with 
the Re03+ core, with bidentate-bidentate and bi- 
dentate&dentate Schiff base ligands. ” The com- 
plexes studied in the present paper contain a single 
Schiff base ligand, co-ordinated to the metal centre 
through two or three sites. Their formulas are 
reported here below. 

1647 
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0 0 

N-i---0 

/ ‘Re’ 

N-ii--O 

OH 1 ‘MeOH 

/ ‘Re’ 
ON I \PMe,Ph 

[ReOCl, WOPhSal)]- [ReOCI, (OPhSal)]- 

EXPERIMENTAL 

Acetonitrile (MeCN) (Fluka-Burdick & Jackson, 
distilled in glass) has been used without further 
purification ; it was stored in nitrogen atmosphere 
over 0.3 nm molecular sieves (Union Carbide). 
Tetraethylammonium tetrafluoroborate (Alpha 

Recovery and isolation of the electrolysis prod- 
ucts involved some problems, mostly with respect 

Ventron) was used in most voltammetric and coul- 

to the separation of the supporting electrolyte. Satu- 
rated solutions of tetraethylammonium tetra- 
phenylborate were used during exhaustive elec- 

ometric experiments. It was dried for 48 h at 50°C 

trolyses performed with the aim of recovering the 

in a vacuum oven before use. 

reduction products. This salt was prepared by 
addition of a methanol solution of sodium tetra- 
phenylborate to a methanol solution of tetra- 
ethylammonium chloride. The white precipitate 
was washed repeatedly with water and then recry- 
stallized from hot acetonitrile. The white crystals so 
obtained were dried for 48 h at 50°C in a vacuum 
oven before use. 

liquid junction potentials at the aqueous-organic 
solvent interface. ” 

An AMEL Model 552 potentiostat with an 
associated AMEL Model 558 integrator were used 
in the controlled potential electrolyses, which were 
carried out in an H-shaped cell with anodic and 
cathodic compartments separated by a sintered 
glass disc. The working electrode was a platinum 
gauze, the auxiliary electrode was a mercury pool 
and the reference electrode still was a S.C.E. 

The synthesis of the complexes studied has been 
described elsewhere. 6 

In order to isolate the electrolysis products 
different procedures were followed for anodic oxi- 
dation and cathodic reduction. The oxidation prod- 
ucts resulted scarcely soluble and could be pre- 
cipitated from the electrolysis solutions, while the 
reduction products were soluble, so that in this case 
the solvent was removed under reduced pressure. 
The resulting solids were washed with CH&12 to 
separate the supporting electrolyte. The solutions 
recovered by filtration were dried and the dark oils 
obtained were crystallized by washing with Et,O. 
The solids were recrystallized from CH&l,/Et,O. 
The resulting products were characterized by 
elemental analysis, IR spectroscopy, magnetic sus- 
ceptibility and conductivity measurements. 

The solutions studied were deoxygenated by 
bubbling 99.99% pure nitrogen through. 

A PAR 170 Electrochemistry System was used in 
the voltammetric tests, and the resulting vol- 
tammograms were recorded either with a Linseis 
LY 1800 pen recorder or with a Hewlett-Packard 
1223A storage oscilloscope. An electrochemical cell 
with proper geometry was employed. The working 
microelectrode was either a platinum disc or a gold 
sphere freshly covered with mercury ; the working 
electrode was surrounded by a platinum spiral 
counter electrode, and the reference electrode (satu- 
rated calomel electrode-S.C.E.) compartment was 
connected through a salt bridge ending in a Luggin 
capillary. 

IR spectra were recorded on a Perkin-Elmer 
Model 580B spectrometer. Magnetic moment 
measurements were performed with an Oxford 
Instrument at room temperature. Conductivity 
measurements were carried out at 25 f 0.1 “C using 
a Metrohm conductometer, Model E 518. 

RESULTS AND DISCUSSION 

nBu,N[ReOCl,(HOPhSal)] 

Figure 1 reports anodic and cathodic behaviour 
of an acetonitrile solution of nBu4N[ReOCl, 
(HOPhSal)], containing 0.1 M tetraethylam- 
monium tetrafluoroborate as supporting electrolyte, 
at a platinum electrode. 

At the end of these tests bis-cyclopentadienyl As regards the anodic behaviour, coulometric 
iron(I1) was added to the solution, in order to refer tests at peak A in Fig. l(a) revealed that 2 
the evaluated E;,2, taken as experimental approxi- mol of electrons are involved in the overall elec- 
mation of the standard potential, to the cor- trode process. The results of cyclic voltammetric 
responding electrochemical parameter of this tests at potential scan rates from 0.05 to 50 V s- ’ 
iron(III)/iron(II) redox couple; in this way the were in agreement with an e.c.e. mechanism (one 
measured quantity results are untie&d by variable electron charge transfer-irreversible chemical reac- 

61 61 

ReOCl (OPhSal) (&OH) ReOCl (OPhSal) (PMe,Ph) 
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100 - 

a 

Fig. 1. Cyclic voltarmnetric curves recorded with a platinum working electrode on a 4.8 x 10e3 M 
nBu,N [ReOCl,(HOPhSal)], 0.1 M tetraethylammoniurn tetrafluoroborate, MeCN solution. Poten- 

tial scan rate 0.2 V s- ‘. a, Starting potential ; (a) anodic direct scan ; (b) cathodic direct scan. 

tion-one electron charge transfer). The chemical 
reaction is too slow to be investigated with vol- 
tammetric techniques, since the cathodic-anodic 
voltammetric response appeared like that of an 
uncomplicated one electron reversible charge trans- 
fer at potential scan rates greater than 0.2 V s-l. 

On the basis of the voltammetric responses it was 
possible to calculate, for the couple [ReOC13 
(HOPhSal)]/[ReOCl,(HOPhSal)]- an Er,,* value of 
0.56 vs E:,2 of the couple ferricinium ion-ferrocene. 

The solutions resulting from exhaustive oxi- 
dation showed a voltammetric picture as that 
reported in Fig. 2. Two most significant peaks can 
be noted on a cathodic scan starting at the elec- 
trolysis potential. Reducing the oxidized solution in 
correspondence to peak C the complex [ReOCl* 

Fig. 2. Cyclic voltammetric curve recorded on the same 
solution of Fig. 1, after exhaustive electrolysis at + 1 .O V 
vs S.C.E. a, Starting potential for cathodic direct scan. 

(OPhSal)]- is apparently formed (see below) 
through a consumption of 1 mol of electrons per 
mol of starting compound ; peak D could be 
attributed to the reduction of free hydrogen ions. 

The recovery of the oxidation product has 
allowed us to identify the compound as [ReOCl, 
(OPhSal)]. The elemental analysis data are as 
follows (Found: C, 32.5; H, 1.9; N, 3.0; Cl, 14.8. 
Calc. for C, ,H,NO&l,Re : C, 32.2 ; H, 1.9 ; N, 
2.9 ; Cl, 14.6%). IR spectra show that a v(Re=O) 
absorption is still present at 955 cn- ‘, close to that 
noted for the starting complex [v(Re=O) = 968 
cm-‘]. The v(Re-Cl) absorptions are now at 324 
and 283 cm- ‘, while for the starting complex they 
fall at 315 and 285 cm-‘. Magnetic susceptibility 
measurements on solid samples lead to peff = 
1.50 B.M., in agreement with a d’ configuration 
in a distorted octahedral environment. The com- 
pound exhibits a non-conducting behaviour, con- 
firming its non-ionic character. It is soluble in 
CH&&, CHC13, DMF and acetone, insoluble in 
Et*O, CH,CN, alcohols and hydrocarbons. 

The following stoichiometry of the overall oxi- 
dation process could account for the results found : 

[Re(V)OCl,(HOPhSal)]--2e- 

+ [Re(VI)OClz(OPhSal)] + H+ + jCIZ. 

However, some results can be explained with 
some difficulty : in addition to the fact that chloride 
ions can hardly be oxidized at the working poten- 
tial, as it will be reported below, 2 mol of elec- 
trons per mol of starting compound are also spent 
in the electrode oxidation of [ReOCl,(OPhSal)]- 
and the same Re(V1) neutral complex is recovered 
from these solutions ; in the following it will be also 
shown that the species [Re(VI)OCl,(OPhSal)] is 
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reduced at potentials much more anodic than 
those of peak C in Fig. 2. It seems hence more con- 
vincing that unidentified products resulting from 
oxidation of [ReOCl,(HOPhSal)]- and of [ReOCl, 
(OPhSal)]- lead to the same, stable rhenium 
complex, [Re(VI)OCl,(OPhSal)], as a consequence 
of reactions occurring during the recovery 
procedures. 

As Fig. l(b) reports, nBu,N[ReOCl,(HOPhSal)] 
undergoes electrode reduction [peak A’ of Fig. 
l(b)]. No directly associated anodic peak can be 
recorded, at a potential scan rate as high as 50 
V s- ‘. In controlled potential coulometries 2 mol 
of electrons per mol of starting complex were 
spent, and since the voltammetric response is con- 
sistent with an e.c. mechanism (one electron revers- 
ible charge transfer followed by a fast irreversible 
chemical reaction), one must suppose the occurrence 
of a rather complicated overall reduction process, 
where a further slow chemical reaction must pre- 
teed the second, one electron reduction. Any 
attempt to recover stable rhenium complexes from 
the electrolysis solution failed, preventing the 
suggestion of any reliable reduction mechanism. 

In order to set the potential range in which the 
species studied is stable, we report that the cathodic 
peak potential value at a scan rate of 0.2 V s-l 
resulted equal to - 1.63 V vs Er,,2 of the ferricinium 
ion-ferrocene couple. Completely similar results 
were obtained with platinum as well as with mer- 
cury working electrodes, indicating an outer sphere 
charge transfer is operative. ’ 3 

nBu,N[ReOCl,(OPhSal)] 

The electrochemical studies of this compound led 
to results comparable with those obtained with the 
complex reported previously. The voltammograms 
recorded on solutions of this compound resulted 
qualitatively similar to those reported in Fig. l(a) 
and (b). 

Also in this case the anodic oxidation implies 
the consumption of 2 mol of electrons per mol of 
starting compound and consists in two subsequent 
one electron charge transfers with an interposed 
irreversible chemical reaction. After exhaustive 
electrolysis a voltammogram similar to that 
reported in Fig. 2 could be recorded, the only sig- 
nificant difference being the absence of the peak we 
had attributed to the reduction of free hydrogen 
ions. Reducing the oxidized solution in cor- 
respondence to peak C of Fig. 2 the starting com- 
pound was obtained through the consumption of 1 
mol of electrons per mol of starting complex. 

As previously mentioned, the product recovered 
from the oxidized solution could be identified as 

[Re(VI)OCl,(OPhSal)], suggesting the solid prod- 
uct separated should be different from that present 
in the electrolysed solution. In fact its formulation 
does not account for the consumption of 2 mol of 
electrons in the oxidation process ; moreover, this 
compound must be reduced in correspondence to 
the cathodic peak directly associated to the anodic 
one [see, qualitatively, peak B in Fig. l(a)], rather 
than in correspondence to peak C of Fig. 2. The 
potential difference between the location of these 
peaks amounts to about 0.45 V. 

At high enough potential scan rate we could 
estimate an E\,* value equal to +0.57 V vs E;,* 
of the redox couple ferricinium ion-ferrocene, for 
the redox couple [ReOCl,(OPhSal)]/[ReOCl, 
(OPhSal)]-. 

As regards the cathodic reduction, the peak 
potential value at a potential sweep rate of 0.2 V 
s- ’ resulted equal to - 1.65 V vs the same reference 
redox couple. 

It is noteworthy that very similar potential values 
are obtained for oxidation as well as for reduction 
of both these first compounds studied. 

[ReOCl(OPhSal)(MeOH)] 

Anodic oxidation of this compound takes place 
via two subsequent one electron charge transfers 
with an irreversible interposed chemical reaction ; 
this can be affirmed on the basis of the cyclic vol- 
tammetric responses recorded at different potential 
scan rates and of the results of coulometric tests (2 
mol of electrons are spent per mol of electrolysed 
compound). Although the species primarily formed 
at the electrode is involved in a chemical reaction 
faster than that of the complexes studied previously, 
at fast enough potential scan rate (higher than 10 
V s- ‘) it is possible to prevent the occurrence of the 
chemical reaction and hence to calculate an E;,* 
value of +0.66 V vs ferricinium ion-ferrocene for 
the couple [ReOCl(OPhSal)(MeOH)]+/[ReOCl 
(OPhSal)(MeOH)]. 

Voltammetric responses recorded on the elec- 
trolysed solution only showed ill defined peaks. 
Anyhow, the recovered oxidation product once 
more resulted to be [Re(VI)OCl,(OPhSal)], and the 
formulation of a reasonable electrode mechanism 
is not easy. 

The starting complex undergoes two subsequent 
reductions (E,, = - 1.22 V and - 1.61 V vs fer- 
ricinium ion-ferrocene couple, at a potential scan 
rate of 0.2 V SK’). Both peaks do not exhibit any 
directly associated anodic peak, even at the highest 
explored scan rates. Coulometric tests at potentials 
of the less cathodic peak led to the consumption of 
1 mol of electrons per mol of starting compound, 
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and the more cathodic peak is undetectable 
on the exhaustively reduced solution. This behav- 
iour is consistent with several different electrode 
mechanisms. However, the analysis of the shape 
of the responses, together with the fact that after 
electrolysis at the first peak the second one has 
disappeared, suggest that chemical reactions must 
follow the first electrode charge transfer. 

The reduction product was recovered and iden- 
tified as Et4N [Re(IV)OCl(OPhSal)]. Hence, it can 
be suggested that the chemical reactions involve the 
fast release of the MeOH ligand with a subsequent 
rearrangement to a five-coordinate geometry. 

The elemental analysis data are as follows 
(Found: C, 44.5; H, 5.2; N, 4.6; Cl, 6.3. Calc. for 
C,2H29N203C1Re: C, 43.5; H, 5.0; N, 4.8; Cl, 
6.1%). 

IR spectra of the recovered reduction product 
show a significant lowering in the wavenumber of 
the v(Re=O) absorption, up to 9 12 cm- ’ (976 cn- ’ 
in the starting compound). This weakening of the 
Re===O bond could be explained by the increased 
negative charge of the rhenium atom. v(Re-Cl) 
was observed at 320 cm- ‘. 

Magnetic susceptibility measurements on solid 
samples lead to peff = 1.40 B.M., in agreement with 
d3 configuration in a square pyramidal environ- 
ment.14 ’ 

i& = 1.41 W ’ cm2 mol- ’ in acetonitrile is in 
agreement with a 1 : 1 electrolyte. 

The product was soluble in CH2C12, CHCl,, 

DMF and MeCN ; insoluble in Et,O, hydro- 
carbons, alcohols and acetone. 

[ReOCl(OPhSal)(PMe,Ph)] 

On the basis of the results of cyclic voltammetric 
tests at different potential scan rates and of coul- 
ometric experiments (2 mol of electrons per mol 
of starting complex) it can be concluded that the 
oxidation of this compound also takes place 
through an electrode mechanism in which an irre- 
versible chemical reaction is interposed between 
two subsequent one electron charge transfers. At 
high enough potential scan rate the cyclic vol- 
tammogram allowed the evaluation of the Er1,2 
value of the couple [ReOCl(OPhSal)(PMe,Ph)]+/ 
[ReOCl(OPhSal)(PMe,Ph)], which resulted equal 
to +0.77 v vs Er*,2 of the ferricinium ion-fer- 
rocene couple. Unfortunately, any attempt to 
recover stable electrolysis products failed. 

The electrode reduction of [ReOCl(OPhSal) 
(PMe,Ph)] occurs through a single cathodic peak 
involving, as proved by coulometric tests, a one 
electron charge transfer. At high enough scan 
rate the response appeared as that of an uncom- 
plicated reversible charge transfer, allowing us to 
estimate, for the couple [ReOCl(OPhSal) 
(PMe,Ph)]/[ReOCl(OPhSal)(PMe,Ph)]-, an E\,2 
value of - 1.24 V vs ferricinium ion-ferrocene 
couple. 

For the reduction of this complex, as well as for 

Table 1. Potentials referred to E;,2 of the couple ferrocinium-ion/ferrocene 

Redox system E;,, 

[ReOC1(OPhSal)(PMe,Ph)]+/[ReOC1(OPhSal)(PMe,Ph)] 
[ReOCl(PhSal),]+/[ReOCl(PhSal)J 
[ReOCl(MeSal),]+/[ReOCl(MeSal)~ 
[ReOCl(OPhSal)(MeOH)]+/[ReOC1(OPhSal)(MeOH)] 
[ReO(OPhSal)(PhSal)]+/[ReO(OPhSal)(PhSal)] 
[ReOCl,(OPhSal)]/[ReOC1,(OPhSal)]- 
[ReOC1(HOPhSal)]/[ReOCl(HOPhSal)]- 
[ReO(OPhSal)(MeSal)]+/[ReO(OPhSal)(MeSal)] 
[ReOC1,(OPhSal)]-/[ReOCl,(OPhSal)]Z- 
[ReOC1,(HOPhSal)]-/[ReOCl~(HOPhSal)]z- 
[ReOCl(OPhSal)(MeOH)]/[ReOC1(OPhSal)(MeOH)]- 
[ReOCl(MeSal)J[ReOCl(MeSal),]- 
[ReOCl(PhSal)J/[ReOCl(PhSal)J 
[ReO(OPhSal)(MeSal)]/[ReO(OPhSal)(MeSal)]- 
[ReO(OPhSal)(PhSal)]/[ReO(OPhSal)(PhSal)]- 
[ReOC1(OPhSal)(PMe,Ph)]/[ReOC1(OPhSal)(PMe,Ph)]- 

+0.77 v 
+ 0.76 V” 
+ 0.67 V” 
+0.66 v 
+0.57 v 
+0.57 v 
f0.56 V 
+ 0.53 V” 
-1.65 V* 
-1.63 V* 
-1.62 V* 
- 1.54 V” 
- 1.43 V” 
- 1.37 V” 
- 1.33 V” 
-1.24V 

* Peak potential value measured at a scan rate of 0.2 V s- ’ ; values without ther- 
modynamic significance. 

a From ref. Il. 



1652 R. SEEBER et al. 

all those previously examined, completely similar 
results were obtained using either platinum or mer- 
cury working electrodes. 

The recovery of the electrolysis product led to the 
isolation and identification of the species 
[ReO(OPhSal)(PMe,Ph)]. Elemental analysis data 
are as follows (Found : C, 46.9 ; H, 3.7 ; N, 2.2. Calc. 
forCi2HZoNP03Re: C,45.7;H, 3.6;N, 2S%).The 
IR spectrum showed a v(Re=O) at 913 cm- ’ (70 
cm- ’ lower than in the starting compound). 

Magnetic susceptibility measurements on solid 
samples gave ,U = 1.60 BM, in agreement with a d3 
configuration in a square pyramidal environment. 
The complex has a non-conducting character con- 
firming a non-ionic compound. 

The compound is soluble in CH2C11, CHC13, 
DMF and MeCN ; slightly soluble in MeOH, EtOH 
and acetone ; insoluble in Et20 and hydrocarbons. 

It is hence evident that the chemical reaction fol- 
lowing the uptake of one electron by the starting 
compound must consist of the release of the chloride 
ion. In the likely hypothesis that this reaction is 
of first order in respect to the rhenium complex 
concentration, the cyclic voltammetric responses’ ’ 
allowed us to estimate a half-life time of about 16 
ms for the electrogenerated species [Re(IV) 
OCl(OPhSal)(PMe,Ph)]-. 

The results of this study confirm our previous 
finding, ’ ’ i.e. Schiff base type ligands exhibit the 
interesting property of allowing the Re=O moiety 
to be retained also with the metal in +4 and + 6 
oxidation states. In fact, through electrochemical 
methods it has been possible to prepare and charac- 
terize a number of these complexes. 

By analysing the E;,* values computed in this 
and in our previous paper, ’ ’ which have been col- 
lected in Table 1, we can see that by varying the 
ligands used the E;,* of the oxidation processes lay 
in quite a narrow range. As to the reduction poten- 
tials, the range of the values with thermodynamic 

significance is also rather narrow. In particular, the 
product containing phosphine ligand shows the 
highest E;,*, and this fact is consistent with the 
capability of phosphine to delocalize the increased 
negative charge of the reduced species. 
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Abstract-Two new quadridentate Schiff base ligands formed from 2,5-hexanedione and 
S-alkyldithiocarbazic acids and their nickel(II), zinc(I1) and cadmium(I1) complexes having 
the general formula [M(SNNS)] (SNNS’- is the dinegatively charged ligands) have been 
synthesized and characterized by elemental analysis and magnetic and spectroscopic 
methods. The Ni(SNNS) complexes are diamagnetic and square-planar. The Zn(SNNS) 
complexes are assigned with polymeric structures with mercapto sulphur-bridging. The 
Cd(SNNS) complexes presumably have polymeric structures. 

During the past 20 years metal complexes of sul- 
phur-nitrogen chelating agents have been studied 
quite extensively. ’ However, the majority of ligands 
studied have either the bidentate NS or tridentate 
NNS donor sequence. Comparatively little work 
has been directed to the synthesis and char- 
acterization of metal complexes of quadridentate 
sulphur-nitrogen ligands. The quadridentate 
SNNS ligand, 3-ethoxy-2-oxobutyraldehyde bis- 
(thiosemicarbazone) and its copper(I1) and zinc(I1) 
chelates have been shown to possess antineoplastic 
activities and their interactions with biological sys- 
tems have been widely investigated.2-7 In view of 
their importance as potential antineoplastic agents 
and as part of our general study of sulphur-nitrogen 
ligands, we report herein the synthesis and char- 
acterization of some new nickel(II), zinc(I1) and 
cadmium(I1) chelates of two quadridentate SNNS 
ligands formed from 2,5-hexanedione and S- 
alkyldithiocarbazic acids. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Physical measurements 

Conductivity measurements were carried out 
using a Philips conductivity bridge model PW 9501 
equipped with a Philips PW 9515/10 conductivity 
cell. The IR spectra were recorded in the range 200- 
4000 cm-’ on a Pye Unicam Model SP3-300 IR 
spectrophotometer using KBr discs. Electronic 
spectra in Nujol mulls were measured with the help 
of a Shimadzu UV-120-02 spectrophotometer, 
PMR spectra in DMSO-d6 were recorded on a 
Varian XL-200 Spectrometer using TMS as an 
internal standard. C, H, N and M analyses were 
performed as before. 8 

Preparation of the ligands and complexes 

S-Methyldithiocarbazate9 and S-benzyldithio- 
carbazate’ O were prepared according to literature 
methods. 

Syntheses of the Schif bases, H2L1 and H2L2. 
Both the ligands were synthesized by the same 
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general method : the appropriate S-alkyl- 
dithiocarbazate (0.03 mol) was dissolved in abs. 
ethylalcohol (60 cm’) and the solution mixed with 
a solution of 2,5_hexanedione (0.015 mol) in the 
same solvent (10 cm’). The mixture was refluxed 
for a period of ca. 1 h and then left standing to cool. 
The product which separated out was filtered off 
and recrystallized from abs. ethylalcohol. H2L1 : 
M.p. 135°C. Found: C, 55.7; H, 5.8; N, 11.7. 
CZ2HZ6N4S4 requires: C, 55.7; H, 5.5 ; N, 11.8%. 
H,L,: M.p. 15&C. Found: 
17.5. C10H18N4S4 requires: 
17.4%. 

Preparation of the complexes 

C, 37.5; H, 5.8; N, 
C, 37.2; H, 5.6; N, 

All the complexes were prepared by the same 
general method described below : a solution of the 
metal(I1) acetate (2 mmol) in methanol (30 cm’) 
was filtered into a boiling solution of the Schiff base 
(2 mmol) in abs. ethanol (50 cm’). The mixture 
was heated on a water-bath for ca. l&15 min and 
then left to stand overnight. The product which 
formed was then filtered off, washed thoroughly 
with ethanol and dried in a vacuum desiccator over 
p,o,o. 

RESULTS AND DISCUSSION 

The reaction of 2 mol of S-alkyldithiocarbazic 
acid with 1 mol of 2,5_hexanedione results in the 
formation of stable crystalline Schiff bases rep- 
resented by the structural formula I (R = -CH,, 
-CH&HJ. 

These compounds have a proton adjacent to the 
thione group and consequently, they are capable of 
existing either as the thioketo form (IA) or as the 

NH-C-SR 

H'C\r=N S 

H3C 
/' 

I II 
NH-C-SR 

(1A) 

N=C-SR 

H3C\C.-? 1, 
/ 

HzC 

N=C-SR 

(IB) 

enethiol form (IB) or as a mixture of both the thio- 
keto and thioenol forms. The IR spectra of the Schiff 
bases do not display the v&H) band at ca. 2570 
cm- ’ but show v(N-H) at 3140-3150 cm- ’ indi- 
cating that in the solid state they remain as the 
thioketo form IA. The ‘H NMR spectra in CDC13 
also do not display any peak attributable to the 
SH proton. It is, therefore, assumed that the SchitT 
bases remain predominantly in the thioketo forms 
in CDC13 solution. However, enethiolization of 
these ligands seems to be markedly enhanced in 
the presence of metal ions with the concomitant 
formation of metal chelates containing the depro- 
tonated ligands. The complexes isolated together 
with their colours, elemental analyses and molar 
conductivities are shown in Table 1. The molar 
conductance data are consistent with the non-elec- 
trolytic nature of the complexes. The ligands , there- 
fore,‘must be acting as dinegatively charged species. 

Comparison of the IR spectra (Table 1) of the 
Schiff bases with those of their metal complexes 
show that the v(N-H) of the free ligands are absent 
in the spectra of the complexes supporting our con- 
tention that the ligands are coordinated in depro- 
tonated forms. 

The most relevant bands in the IR spectra of the 

Table 1. Analytical data, colour, and conductivity of the metal complexes 

Compound 

Found (talc.) AM 
(ohm- ’ cm2 mol- ‘) 

C H N M Colour ca. 1O-3 M at 25°C 

NiL,-O.SH,O 

NiL2*Hz0 

ZnL, -0.5H20 

ZnL,-C2H,0H 

CdL,.Hz0 

CdLz*H20 

48.9 4.8 10.6 11.1 Brown 1.6 
(48.9) (4.7) (10.4) (10.9) 
30.4 4.3 15.1 15.0 Brown 0 

(30.2) (4.6) (14.1) (14.8) 
48.5 4.5 10.2 12.6 Yellowish-white Insoluble 

(48.3) (4.4) (10.2) (11.9) 
33.4 5.2 13.0 16.0 Yellow Insoluble 

(33.4) (5.1) (13.0) (15.1) 
43.9 4.0 Yellow 3.4 

(43.8) (4.3) (E) (K) 
26.4 4.1 12.2 25.8 Yellow 2.8 

(26.6) (4.0) (12.4) (24.9) 



Nickel(II), zinc(II) and cadmium(H) complexes 

Table 2. Selected IR absorption bands of the ligands and metal complexes 
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Compound 

IR data Others 

VP-H) Electronic spectra 

WH) v(C=N) v(C=S) v(N-N) v(M-S) of solvent a,,, (nm) 

HA, 3150 s 1628 s 1050 s 
HA 3140 s 1625 s 1050 s 
NIL, *O.SH,O - 1600 m 970 

NiL,*H,O 

ZnL, .OSH,O 
ZnL,*C,H,OH 

CdL,.H,O 
CdL,.H,O 

1590 s 990 s 

1570 m,br 960 s 
1600 m 950 s 

1590 m 1000 br 
- 1590 m 1000 s,br 

828 m 
822 s 

845 m 

818 m 

840 m 
810 m 

845 m 
840m 

complexes and the free ligands are listed in Table 
2. The strong band at 1618 cm-’ in the IR spectra 

of the ligands is attributed to v(C=N) stretching 
vibration. ’ ’ Upon complexation this band is shifted 
to lower frequencies by about 20 cm- ‘, suggesting 
that the ligands are coordinated to the metal ion 
via the azomethine nitrogen donor atom. A strong 
band at 1050 cm- ’ in the free ligands is tentatively 
assigned to the v(C=S) of the thioketo form. ” This 
band is substantially lowered in the IR spectra of 
the metal complexes suggesting that coordination 
to metal ions occurs through the sulphur atom. This 
is corroborated by the presence of a weak band in 
the far IR region (ca. 330 cm-‘) attributable to 
metal-sulphur stretching frequency. ’ 3 All the fore- 
going evidences support that both the Schiff bases 
behave as quadridentate SNSN ligands. IR spectra 
of all the complexes show bands characteristic of 
lattice watersI suggesting that the solvent mol- 
ecules are not coordinated. 

The nickel(I1) complexes were obtained as brown 
solids and their ready solubilities in non-polar sol- 
vents suggest that presumably they do not have 
polymeric structures. The diamagnetism of these 

- - 

370 w 3400 br 265 sh, 307, 355,445, 
ca. 535 sh 

320 s 3450 br 286,364,432 sh, 484, 
535 

320 w 3420 m,br 255 sh, 270,325 sh 
340w 3420 m,br 267,293 sh, ca. 330 sh 

3250 m,br 
- 3430 br,m 270,304,349,448 

330 w 3400 s,br 277,284,349, ca. 418 sh 

complexes (Table 1) implies that they have four- 
coordinate square-planar configurations. Further 
evidence in support of a square-planar con- 
figuration comes from their electronic spectra 
(Table 2) which show bands at ca. 301, 355, 445 
and 535 nm of which the one at 535 nm may be 
assigned to the d-d transition of square-planar 
nickel(I1) having the NiN2S2 chromophore.‘5 The 
‘H NMR spectral data of the free ligands and their 
complexes are shown in Table 3. The signal at 2.60 
ppm relative to TMS is assigned to the S-CH3 pro- 
tons and those at the 1.93 to the C-CH3 protons.‘6 
The very small shift of the SCH3 proton res- 
onances in the spectra of the complexes is consistent 
with our assumption that the thioether sulphur is 
not involved in coordination. Similarly there is also 
very little change in the position of the peaks due 
to the S-CHr proton resonances in the spectra of 
the complexes compared to those of the ligands. 
However, the CCH3 protons resonate downfield 
compared to those in the free ligands indicating 
deshielding as a result of coordination via the C==N 
nitrogen atom. The above magnetic, electronic and 
NMR spectroscopic data support a four-coordinate 

Table 3. ‘H NMR spectral data of ligands and complexes (6 ppm) relative to TMS 

Compound --SCH3 C-CH3 -CH,- -SCH,-- -CsH,- 

I-Id-1 1.83 2.52 4.36 7.12 
H,L, 2.60 1.93 2.70 
NIL, - 0.5H,O 2.35 3.00 4.20 7.20 
NiL,*H,O 2.46 2.26 2.77 
CdL, *H,O - 2.35 3.15 4.40 7.50 
CdL,.H,O 2.48 2.35 2.70 - 
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square-planar structure for the nickel(I1) com- 
plexes with the ligands acting as quadridentate chel- 
ating agents bonding the metal ion via the two 
azomethine nitrogen atoms and the thiolo sulphur 
atoms as shown in Structure II. 

N=C-SR 

HaC 
\ 1 1 

W 

I’ 

C=N S 

\I 
Ni 

W 
A 

HsC 

>c=i 1 

N=C-SR 

(11) 

Such a square-planar structure has, in fact, been 
confirmed by an X-ray crystal structure deter- 
mination for the analogous nickel(I1) complex of 
hexene-2,5-dione Schiff base of thiosemicarb- 
azide. ’ ’ 

(111) 

The zinc(I1) complexes Zn(SNNS) were obtained 
as yellow powders. In contrast with the nickel(I1) 
complexes these compounds were found to be vir- 
tually insoluble in all common polar and non-polar 
solvents suggesting that they probably have poly- 
meric structures. A sulphur-bridged polymeric 

structure as shown in Structure III will be consistent 
with the insoluble nature of these complexes. 

The cadmium(I1) complexes Cd(SNNS) are 
slightly more soluble than the zinc(I1) chelates, but 
the solubility is not sufficient for molecular weight 
measurements in solution. These compounds also 
presumably have polymeric structures like the 
zinc(I1) complexes. 
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Abstract-WCl, reacts with Me3SiNHCMe3 or Me3CNH2 to give [W(NCMe,)(p-NCMe,) 
C12(NH&!Me3)]2 which contains tram orientated chloro ligands. The reaction does not 
occur with Me,SiNHR or RNH2 (R = Me,CH-, MeCH,-). An interligand proton transfer 
between &s-orientated t-butylamido NH groups gives rise to the imido and amine ligands. 
lW(NCMe3)(p-NCMe3)C12(NH2CMe3)]2 reacts with 4-picoline to give [W(NCMe,)(p- 
NCMe,)Cl,(Cpit)]* and [W(NCMe,),Cl,(Cpic),] while the bidentate ligands bipy and 
tmed give [W(NCMe,),Cl,(bipy)] and [W(NCMe3)2C12(tmed)]. All the complexes retain 
the trans-chloro orientation. With strong sigma donors, L (L = PMe3, PMePh?, Me,CNC), 
lW(NCMe,)(p-NCMe3)C12(NH2CMe3)], reacts to give the complexes [W(NCMe,)(p- 
NCMe,)Cl,(L)], which contain cis-chloro ligands. With t-butylamine [W(NCMe3)2 
(NHCMe,)d is formed but less sterically demanding amines (Me2CHNH2, MeCH2NH2) 
do not react similarly. Reaction of [W(NCMe&-NCMe3)C12(NH2CMe3)12 with EtOH 
and Me&NH2 forms lW(NCMe3)2(0Et)2],. WOC& reacts with Me3SiNHCMe3 or 
Me3CNH2 to give a complex proposed as [WO(NCMe3)C12(NH2CMe3)]x which reacts 
further with bipy to form [W(NCMe3)2C12(bipy)] and various uncharacterized 0x0 com- 
plexes by an oxo-imido exchange. The complexes were characterized by analytical data, 
IR, ‘H and 13C NMR spectroscopy. The position of the t-butyl group quaternary carbon 
in the 13C NMR spectra differentiates between imido, amido and amine ligands. 

his-Organoimido complexes of the group (VI) 
transition metals’ are less well-known than the 
isoelectronic cis 0x0 complexes2 as general pre- 
parative routes have not been established. Recent 
studies have shown that when the mono-organo- 
imido complexes [w(NR)Cl,], (R = Ph, MePh, 
Me,CH, MeCH,, Me) react with the silylamines 
Me,SiNHR’ (R’ = Ph, Me3C, Me,CH, MeCH2) 
the his-organoimido complexes [W(NR)(NR’)Cl, 
(NH,R’)], result3 which then react with ligands 
such as 2,2’-bipyridyl or PMe, to give the mono- 
meric complexes lW(NR)(NR’)Cl,(bipy)] and 
[W(NR)(NR’)C12(PMe3)2].4 his-t-Butylimido com- 
plexes are not available by these methods as the 
reaction of WOC14 with RNCO to give the initial 
mono-organoimido complex, does not occur with 
t-butylisocyanate. 5 Several his-t-butylimido com- 
plexes of tungsten are however known, includ- 
ing [W(NCMe3)(~-NCMe3)Me212,6 [W(NCM& 
(OCMe3)2]7 and [W(NCMe,),(PFP)(NH,CMe,)] 
(PFP = perfluoropinacol)’ which are derived from 

[W(NCMe3)2(NHCMej)2],7 but a general route has 
so far not been reported. 

Previous work in our laboratories has shown’ 
that for the pentachlorides of niobium and tanta- 
lum, substitution of two chlorides by alkylamido 
ligands, NHR, results in formation of an alkylimido 
ligand and coordinated primary amine (eqn 1) by 
an interligand proton-transfer process which is 
independent of steric size. A third alkylamido ligand 
was able to be substituted (eqns 2 and 3) but the 
complex could not be induced to eliminate HCl and 
form a second imido function. 

MC15 + 2Me,SiNHR 

-+ M(NR)Cl,(NH,R) + 2Me,SiCl (1) 

M(NR)Cl ,(NH 2R) + 2RNH2 

+ M(NR)(NHR)Cl,(NH,R)+ RNH3C1 (2) 

MC15+6RNH2 

+ M(NR)(NHR)Cl,(NH,R) + 3RNH3C1. (3) 

1657 
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It was thus of interest to establish whether bis- 
organoimido complexes and, in particular, bis-t- 
butylimido complexes, could be generated from 
WC16 and the silylamines Me,SiNHR or primary 
amines RNH, (R = alkyl group). 

RESULTS AND DISCUSSION 

When two equivalents of Me,SiNHCMe, were 
reacted with WCl, in benzene, a yellow-brown sol- 
ution formed which gave rise to a yellow, non- 
crystalline product analysing as the bis-t-butyl- 
amido complex [W(NHCMe,),Cl,] * &H6 (1). The 
13C NMR spectrum showed a quaternary carbon 
resonance characteristic of a t-butylamido ligand 
(63.0 ppm) but in addition there were quaternary 
resonances at 70 and 55 ppm which are charac- 
teristic of t-butylimido and t-butylamine ligands.’ 
These features thus suggest the product to be a 
mixture containing (1) and the imido complex 
[W(NCMe,)Cl,(NH,CMe,)] (2). A similar reaction 
between Me,SiNHCHMe, and WCl, gave a purple 
precipitate analysing as [W(NHCHMe2)Q,] or 
alternatively [W(NCHMe,)CldNH,CHMe,)] (3) 
but insolubility precluded further characterization 
by 13C NMR spectroscopy. 

Reaction of four equivalents of Me,SiNHCMe, 
with WC16, or, reaction of two equivalents 
of the silylamine with the mixture containing 
lJV(NHCMe3)$l,] (1) and [W(NCMe3)C14 
(NH&Me,)] (2) gave a yellow complex which 
analysed as [W(NCMe,),Cl,(NH,CMe,)],. The 13C 
NMR spectrum showed t-butylimido and t-butyl- 
amine quaternary carbon resonances at 69.1 and 
53.5 ppm respectively and the methyl carbons at 
3 1.3 ppm. In addition the spectrum showed a minor 
component (ca. 20%, resonances at 68.2, 53.2 and 
30.2 ppm) indicating a second species in solution 
and this was also suggested by the ‘H NMR spec- 
trum, there being three methyl proton resonances 
of varying intensity and two broad NH2 proton 
resonances. The IR spectrum exhibited a single 
strong absorption at 3 10 cm- ’ indicative of tram 
chloro ligands. On the basis of these data, the 
dimeric structure, [W(NCMe3)(p-NCMe3)C1, 
(NH,CMe,)], (4), is proposed for which some 
form of dissociation or isomerization in solution 
occurs to give rise to the NMR spectral features. 
Repeated crystallizations of the complex have so 
far given samples with similar spectra. The struc- 
ture expected is similar to that found by X-ray 
crystallography for [W(NCMe,)(p-NPh)Cl, 

PJH&Medl2. lo In this camp lex, however, the 
chloro ligands are orientated cis with character- 
istic tungstenchlorine vibrations observed in the 

IR spectrum at 320 and 290 cm- ‘. ’ ’ 

The results obtained suggest that reactions (l)- 
(4) occur. 

WC1,+2Me3SiNHCMe3 

+ W(NHCMe3),C1,+2Me3SiCl (1) 

W(NHCMe&C& 

+ W(NCMe3)CldNH,CMe3) (2) 

W(NCMe3)C1,(NH2CMe3)+2Me3SiNHCMe3 

+ W(NCMe3)(NHCMe3),C1,(NH,CMe3) 

+ 2Me3SiC1 (3) 

W(NCMe,)(NHCMe,),Cl,(NH,CMe,) 

+ W(NCMe,),Cl,(NH,CMe,) 

+ Me2CNH,. (4) 

A cis arrangement of the his-t-butylamido ligands 
is preferred which can then lead to formation of t- 
butylimido and amine ligands by interligand proton 
transfer similar to that observed previously for 
mono-organoimido complexes of niobium and tan- 
talum.’ The unique feature of the present reaction 
is that the process is repeated if four chloro ligands 
are still available, thereby generating a second 
imido function. A reaction intermediate such 
as [W(NHCMe,),Cl,] is unlikely as the strong 
tram influence of the amido ligand would pre- 
vent trans orientated t-butylamido ligands being 
formed. ’ ‘3 ’ 3 However, a tris-amido intermediate, 
[W(NHCMe,),Cl,] containing mutually cis amido 
ligands cannot be ruled out. 

The silylamine reaction leads to trans orientated 
chloro ligands in (4) and this compares with 
reactions of the mono-organoimido complexes 
w(NR)ClJ, and the silylamines Me3SiNHR’ 
which give rise to cis dichlorides in the resulting 
[W(NR)(NR’)Cl,(NH,R’)] complexes,3 the differ- 
ence apparently arising from steric properties of the 
t-butyl group. Thus, while any steric strain can be 
relieved in a cis amido complex irrespective of R- 
group size (complex a), after proton transfer a facial 
arrangement of imido and amine ligands (complex 
b) is sterically congested if all three ligands contain 
t-butyl groups so that a meridional configuration 
(c) is then preferred. 

The bis-t-butylimido complex (4) may also be 
prepared by reaction of seven equivalents of t-butyl- 
amine with WC16 in benzene. Four tiquivalents of 
t-butylamine hydrochloride are produced but the 
yield of complex is lower using this method, the 
reaction producing a significant amount of pet- 
roleum ether soluble, non-crystalline material for 
which the ’ 'C NMR spectrum shows various t- 
butylimido, amido and amine quaternary carbon 
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resonances. Other primary amines (Me&HNH*, ence in the W-N bond lengths. A similar situation 
EtNH,, etc.) do not give clean reactions with WC16, is thus expected for the his-t-butylimido com- 
producing dark-brown solutions from which char- plexes whereby each imido ligand would have a 
acterizable products have not yet been obtained. bond order of approximately 2.5. 

With t-butylamine, the t-butylimido ligands are 
likely to arise via reactions (5))(7). 

WCl,+2Me3CNH, 

+ W(NHCMe3)Cl,+Me3CNH3Cl (5) 

W(NHCMe3)Cl,+2Me3CNH, 

+ W(NHCMe3)&14+Me3CNH3Cl (6) 

W(NHCMe,),Cl, 

+ W(NCMe3)Cl,(NH,CMe3). (7) 

Proton transfer between amido ligands is not the 
only process possible, however, as base promoted 
deprotonation (eqn 8) could also give rise to an 
imido ligand. 

W(NHCMe,)Cl, + Me&NH* 

+ W(NCMe3)Cl,+Me3CNH3Cl. (8) 

p(NCMe,)(p-NCMe3)CldNH2CMeJ2 (4) is a 
useful source for the preparation of a variety of 
complexes containing the his-t-butylimido function 
(scheme 1). When the complex was stirred with two 
equivalents of 4-picoline, the t-butylamine ligand 
was replaced giving [W(NCMe&-NCMe,)Cl,(4- 
pic)12 (5). Refluxing (4) with four equivalents of 
4-picoline gave [W(NCMe3),Cl,(4-pic)2] (6) while 
similar reactions with two equivalents of 2,2’-bipy- 
ridyl (bipy) or N,N,N’,N’-tetramethylethylene- 
diamine (tmed) gave the complexes w(NCMe,), 
Cl,(bipy)] (7) and [W(NCMe,),Cl,(tmed)] (8). The 
13C NMR spectra (Table 2), show a single t-butyl 
group quaternary carbon for each complex, in the 
vicinity of 71 ppm with associated ‘83W satellites 

(*Jw_c ranging from 14.4 to 15.4 Hz) while the ‘H 
NMR spectra show the correct ratio of t-butyl 
methyl protons to those of the neutral donor 
ligand. In the IR spectra the complexes exhibit a 
single strong absorption near 310 cm-’ indicat- 
ing tram orientated chloro ligands” as in the parent 
dimer, which necessitate the nitrogen atoms of 
the amine ligands to lie tram to the imido groups. 

When [W(NCMe3)(p-NCMe3)C12(NH2CMe3)2] 
(4) is reacted with trimethylphosphine or di- 
phenylmethyl phosphine, products analysing as 
IW(NCMe3)2CMPMe3K and W(NCMe3Mh 
(PMePh,)], are formed. The complexes show two 
bands in the IR spectra near 320 and 280 cm-’ 
characteristic of cis dichlorides. The absorptions 
are analogous to those observed in the IR spectrum 
of [W(NCMe3)(p-NPh)Cl,(NH2CMe3)]2 for which 
the cis-arrangement has been confirmed by X-ray 
crystallography. ’ ’ The ‘H NMR spectra confirm 
two t-butyl groups to one phosphine ligand, the 
phosphine methyl groups appearing as a doublet. 
In the 13C NMR spectra, two resonances of similar 
intensity are observed for both the t-butyl group 
methyl and quaternary carbons. Spectra run at 
higher field show identical coupling constants indi- 
cating the splitting arises from long range coup- 
ling to phosphorus’6 rather than different chemical 
environments for the two t-butyl groups (see Fig. 
1). The quaternaries show coupling to ls3W (Fig. 
1), the coupling constants of 13.7 and 12.8 Hz 
for PMe, and PMePh, complexes, respectively, 
being slightly smaller than the previous amine com- 
plexes. On the basis of the spectral features the 
complexes are proposed as the dimers [W(NCMe,) 

(~-NCMedCLVWl~ (9) and [W(NCMe3)(p- 
NCMe,)Cl,(PMePh,)], (10) [see structure (d)]. 

To maintain an 1 g-electron count in each of these 
complexes the t-butylimido ligands must donate 
a total of six electrons. A low temperature X-ray 
crystal structure determination of [Mo(NPh), 
(S2CNEtz)z]‘4 has shown some differentiation in 
W-N bond lengths [1.789(4) and 1.754(4) A]. 
However, the four and two electron formalism has 
not otherwise been observed, structure determi- 
nations of [W(NPh),Cl,(bipy)]’ and w(NCMe,) 
(NPh)Cl,(bipy)]” for example showing no differ- 

As to why the phosphine complexes should adopt 
a dimeric cis chloro structure is not clear. It is appar- 
ent however, that a strong cr-donor such as a phos- 
phine cannot be tolerated trans to an imido function 
which exerts a strong tram influence, and this fea- 
ture appears to be general for tungsten organoimido 
complexes. For example, while complexes such as 
[W(NPh)Cl, * L] (L = amine, nitrile, t.h.f., etc.) can 
be formed which contain the neutral ligand trans 
to the imido function, phosphines produce gummy 
materials which reduce to [W(NPh)Cl,P,] com- 
plexes.’ For these examples, as with the tungsten 
IV complexes [W(NPh)Cl,P,], X-ray crystal struc- 
ture determinations5,’ ’ show a chloro ligand lying 
trans to the imido function. In the trimeric oxo- 
bridged complex [W(NPh)(p-O)Me2(PMe3)]3’a 
the phosphine lies trans to the bridging 0x0 
group while for the his-phosphine complex, 
[W(NCMe,)(NPh)Cl,(PMe,),l, ‘H, 13C and 3’P 
NMR evidence indicates trans phosphines which 
then positions the chloro ligands trans to the 
imido functions. 4 For the present complex 
[W(NCMe,)@-NCMe,)Cl,(NH,CMe,)], (4) reac- 
tion with diphenylphosphino ethane (dppe) should 
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(e) 

[w(NcM~,)~(oE~LI~ (13) 

Y 

Me3C 

Cd) 

[W(NCM&(NHCM+),] (12) _vii) [~(N~Mc,)(~~-NcM~~)cL,(NH~cM~~)~, (4) iii)_ 

A I VI 

[W(NCMe~)(p-NCMer)CL1(L)l, 

(L = PMCJ (9) 

PMePh, (10) 

Me&NC (11) 

[W(NCMe,)(lL-NCMe,)Cl~(4-pic)]~ (5) 

[W(NCM&CL~ (4 -pic),l (6) 

[W(NCMedKL,(bipy)] (7) 

Scheme 1. (i) 4 equivs Me,SiNHCMe3 or 7 equivs Me,CNH,, (ii) 2 equivs 4-picoline, (iii) 4 equivs 
4-picoline, (iv) 2 equivs 2,2’-bipyridyl, (v) 2 equivs N,N,N’,N’-tetramethylethylenediamine, (vi) 2 

equivs L, (vii) 4 equivs Me&NH,, (viii) 2 equivs each of EtOH and Me,CNH,. 
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72.0 71.0 70.0 69.0 68.0 67.0 

PPm 

(b) 

69.90 69.80 69.70 69.60 69.50 

PPm 

Fig. 1. The t-butylimido quaternary carbon resonance in 
the 13C[‘H] NMR spectrum of [w(NCMe,)&- 
NCMe,)Cl,(PMe,)], showing coupling to 3’P and ‘*‘W. 

(a) 15.04 MHz. (b) 100.61 MHz. 

give rise to [W(NCMeJ2C12(dppe)] in which at least 
one phosphorus must lie truns to an imido func- 
tion but the reaction fails to produce an isolatable 
product. 

In a further investigation of the effect of a strong 
a-donor, [W(NCMe,)@-NCMe3)C12(NHzCMe3)]r 
(4) was reacted with four equivalents of t-butyl- 
isocyanide which gave the complex [W(NCMe& 
Cl,(CNCMe,)], (11). The ‘C NMR spectrum 
showed the methyl group and quaternary carbons 
of the t-butylimido ligands each as single resonances 
while the IR spectrum again indicated cis chlorides. 
A structure similar to (d) (L = Me,CNC) is thus 
preferred for this complex. 

(4) 
does not react further with Me,SiNHCMe, but with 

*This complex was first prepared by Nugent and Hay- 
more by a reaction of WCl, with 12 equivalents of t- 
butylamine in petroleum ether.’ A preliminary X-ray 
crystal structure determination showed a monomeric 
molecule but no further structural details have yet been 
reported. 

eight equivalents of t-butylamine in petroleum 
ether, it rapidly dissolves forming four equivalents 
of Me#ZNH,Cl and the colourless bis-imido-bis- 
amido complex [W(NCMe&(NHCMe,),] (12).* 
The ‘H NMR spectrum shows two equal intensity 
singlets for the t-butyl methyl protons while the 
amido NH protons occur as a broad peak near 5 
ppm.7 In the 13C NMR spectrum the methyl group 
carbons appear as two distinct singlets and the t- 
butylimido and amido quaternaries appear at 65.6 
and 53.0 ppm which are at significantly higher field 
than usually found for these ligands. 

In particular the amido quaternary resonance is 
found in the region of the t-butylamine quaternary 
of [W(NCMe&yNCMe,)2C1,(NH2CMe3)]2 (4). 
These features are apparently a consequence of the 
unusual geometry that must exist in the molecule. 
To obtain an 18-electron count, x-bonding is 
necessary from three nitrogen atoms. As imido and 
amido ligands possess strong tram influencing 
properties, a mutually tram configuration of ligands 
will not be preferred so that a tetrahedral structure 
is likely, for which canonicals such as (e) and (f) 
are needed to maximize the electron count. The 
coordination geometry involved is apparently 
stable only for bulky t-butyl groups as reactions 
of [W(NCMe3)(p-NCMe,)C11(NHzCMe3)]2 (4) or 
WC16 with Me$ZHNH* or EtNHz produce intrac- 
table gums. 

Attempts to force further proton transfer within 
the molecule to give a tris-t-butylimido com- 
plex have so far been unsuccessful. [W(NCMe3)2 
(NHCMe,),] (12) remains unchanged after pro- 
longed refluxing in benzene and ligands such 
as PMe, or 4-picoline have no effect. Addition of 
excess t-butylamine gives a dark-brown solution 
consisting of starting complex and some intractable 
material. 

The chloro ligands of [W(NCMe,)(p-NCMe,) 
C12(NH2CMe3)]r (4) may also be replaced by 
alkoxides. Reaction of the complex with four equi- 
valents of EtOH in the presence of four equivalents 
of t-butylamine” produces Me&NH&l and a col- 
orless oil which was identified as [W(NCMej), 
(OEt),], (13) on the basis of the correct methylene 
to methyl group ratio in the ‘H NMR spectrum 
while the 13C NMR spectrum contained resonances 
characteristic of the t-butylimido group and ethox- 
ide ligands.” In a similar reaction, Me&OH and 
[W(NCMe&(NHCMe&] have been reported7 to 
give. [W(NCMe,),(OCMe,),] as a colourless oil. 

It was also of interest to prepare complexes con- 
taining both 0x0 and t-butylimido ligands in view 
of the identification of these groups by X-ray crys- 
tallography in the trimeric complex [W(NPh) 
WWh(PMe3)1 3. I8 When benzene solutions of 



1664 A. J. NIELSON 

WOC& were reacted with two equivalents of 
Me,SiNHCMe, or four equivalents of Me3CNH2, 
yellow non-crystalline products were obtained 
which have so far not been fully characterized. The 
13C NMR spectra show the presence of both t- 
butylimido and amine quaternary carbons while the 
IR spectra show vibrations in the vicinity of 800 
cm-’ which are characteristic of W-0-W bonds.” 
The combined data suggest the presence of 
[WO(NCMe,)C12(NH2CMe3)]x but reaction of the 
material with bipy under reflux produced 
lW(NCMe3)&12(bipy)] (7) and various as yet 
unidentified 0x0 complexes. Thus, if the 
WO(NCMe3) moiety is formed in the initial 
reaction, oxo-imido exchange must occur under the 
synthetic conditions to give the observed products. 

EXPERIMENTAL 

All preparations and manipulations were carried 
out under dry oxygen-free nitrogen using stan- 
dard bench-top air-sensitive techniques.” N(tri- 
methylsilyl)-t-butylamine was prepared by treating 
chlorotrimethylsilane with two equivalents of t- 
butylamine and distilling the product.23 t-Butyl- 
amine, 4-picoline and N,N,N’,N’-tetramethyl- 
ethylenediamine were dried over and distilled 
from calcium hydride. Absolute ethanol was dis- 
tilled from magnesium ethoxide. Trimethylphos- 
phine was prepared by a literature methodz4 and 
tungsten hexachloride was sublimed prior to use. 
Petroleum ether (B.p. range 40-60”), toluene and 
benzene were distilled from sodium wire. Infra- 
red spectra were recorded on a Perkin-Elmer 597 
spectrometer as Nujol mulls between CsI plates, 
‘H NMR spectra on a Varian T60 model spec- 
trometer and 13C NMR spectra on Jeol FX60 
and Bruker AM400 spectrometers. Analytical data 
were obtained by Prof. A. D. Campbell and Associ- 
ates, University of Otago, New Zealand. Melting 
points were determined in sealed tubes under N2 on 
an electrothermal melting point apparatus and are 
uncorrected. 

bis-t-Butylamidotetrachlorotungsten( VI) (1) and 
t - butylamine - t - butylimidotetrachlorotungsten(VI) 

(2) 

N(trimethylsilyl)-t-butylamine (1.4 cm3, 7.2 
mmol) in benzene (40 cm’) was added to tungsten 
hexachloride (1.4 g, 3.5 mmol) dissolved in benzene 
(70 cm3) and the mixture was stirred for 24 h. The 
yellow solution was filtered and the solvent removed 
to give a flaky yellow material which was washed 
with petroleum ether and ground up until a yellow 
powder was formed. Yield : 1.5 g (88%). 

IR (Nujol) bands at 3350m, 31OOs, 1585m, 1455s, 
1398m, 136Os, 129Om, 125Os, 121Os, 1160m, 105Ow, 
1022w, 960m, 840s 815s, 795s, 750s 72Os, 675s, 
565m, 440m, 320s cn- ‘. 

Tetrachloro - iso - propylamine - iso - propylimido- 
tungsten( VZ) (3) 

N(trimethylsilyl)-iso-propylamine (2.2 cm3, 12.3 
mmol) in benzene (30 cm3) was added to tungsten 
hexachloride (1.2 g, 3.0 mmol) dissolved in benzene 
(100 cm3) and the mixture was stirred for 14 h. The 
solution was filtered and the purple product washed 
with petroleum ether (50 cm’) and dried in vacua. 
Yield : 0.6 g (46%). 

IR (Nujol) bands at 335Os, 314Os, 1562s 1458s, 
1390m, 1345m, 132Ow, 1200s 1155m, 112Ow, 97Os, 
935m, 92Ow, 89Ow, 84Ow, 79Ow, 77Ow, 722m, 6OOw, 
45Ow, 390m, 320m, 295s cm- ‘. 

bis - t - Butylaminebis - t - butylimidobis(p - t - butyl- 
imido)tetrachZoroditungsten( VI) (4) 

(a) N(trimethylsilyl)-t-butylamine (8.9 cm3, 46.0 
mmol) in benzene (100 cm3) was added to tungsten 
hexachloride (4.5 g, 11.4 mmol) dissolved in ben- 
zene (140 cm’) and the mixture was stirred for 2& 
24 h. The pale green solution was filtered and the 
solvent volume reduced (ca. 10 cm3) until a large 
mass of crystalline material formed. The product 
was filtered, washed with chilled benzene (5-10 cm3 
portions) until the filtrate was no longer coloured 
light green, and dried in vacua. The filtrates and 
mother liquor were combined and the solvent vol- 
ume again reduced. On standing for several hours, 
further product crystallized which was washed with 
chilled benzene (5 cm3 portions) as before. Overall 
yield 3.74 g (71%). The complex is sufficiently pure 
for further use but analytically pure material is 
obtained by recrystallization from benzene. 

IR (Nujol) bands at 3275w, 3155m, 3080m, 
269Ow, 258Ow, 249Ow, 205Ow, 16OOw, 1458m, 
1505w, 1390m, 1350s 127Os, 125Os, 1200s 1175s, 
1127m, 1022w, 924w, 890m, 84Ow, 802m, 748m, 
720m, 692w, 602m, 58Ow, 555w, 478w, 45Ow, 42Ow, 
375w, 35Ow, 31Os, 280~ cm- ‘. 

(b) t-Butylamine (4.8 cm3, 45.7 mmol) in benzene 
(50 cm3) was added to tungsten hexachloride (2.6 
g, 6.56 mmol) in benzene (100 cm’) and the mixture 
was stirred for 2 h. The light yellow solution was 
filtered from the precipitate of t-butylamine hydro- 
chloride (approx. 3.2 g) and the solvent volume 
reduced to ca. 5-10 cm3 whereupon the complex 
crystallized as yellow prisms. The product was fil- 
tered, washed with petroleum ether (10 cm3) and 
dried in vacua. Yield : 1.4 g (47%). [Found : C, 30.2 ; 
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H, 6.3; N, 9.1. C24H54C14NsWZ requires C, 30.8; 
H, 5.8 ; N, 9.0.1 The complex had identical m.p., IR, 
‘H and 13C[lH] NMR spectrum to that prepared 
under (a). 

bis - t - Butylimidobis(p - t - butylimido)tetrachloro- 
bis(4 - picoline)ditungsten( VI) (5) 

4-Picoline (0.4 g, 4.2 mmol) in benzene (25 cm’) 
was added to his-t-butylaminebis-t-butylimidobis 
(CL-t-butylimido)tetrachloroditungsten(VI) (0.9 g, 
0.96 mmol) in benzene (50 cm3) and the mixture 
was stirred for 2 h. The solution was filtered, 
the volume reduced and on standing for several 
weeks a single large crystal of the complex formed. 

IR (Nujol) bands at 16OOm, 1508m, 1498m, 
1398m, 136Os, 13OOm, 1270m, 1220s 121Os, 1138w, 
1064m, 1035m, 945m, 88Om, 818s, 72Os, 585m, 552w, 
518w, 498w, 450m, 35Ow, 322m, 299w, 280~ cm-‘. 

bis - t - Butylimidodichlorobis(4 - picoline)tung- 
sten( VZ) (6) 

CPicoline (0.5 g, 5.4 mmol) in benzene (30 cm’) 
was added to his-t-butylaminebis-t-butylimidobis 
(p-t-butylimido)tetrachloroditungsten(VI) (1 .O g, 
1 .l mmol) in benzene (50 cm3) and the mixture 
was refluxed for 2 h. The solution was filtered 
and the solvent removed to give a yellow-green 
solid which was washed with petroleum ether (40 cm’) 
and dried in vacua. Crude yield 1.1 g (89%). The 
complex was dissolved in toluene (30 cm3), the sol- 
ution filtered and the volume reduced to ca. 5 cm3. 
On standing at - 20” the complex formed as yellow 
crystals. The product was always surface con- 
taminated with small amounts of a colourless solid 
and was thus characterized by NMR spectroscopy 
(Table 2). M.p. (pure crystal) 148°C. 

IR (Nujol) bands at 16OOm, 1495m, 1395m, 
135Os, 129Os, 125Os, 1205s, 108Os, 1015s, 950m, 
85Om, 8OOs, 722m, 660m, 59Ow, 492m, 48Om, 445m, 
383m, 242m, 2bOw cm- ‘. 

(2,2-bipyridyl)bis-t-ButylimidodichIorotungsten( VI) 

(7) 

(a) 2,2’-bipyridyl(0.2 g, 1.3 mmol) in benzene (40 
cm’) was added to bis-t-butylaminebis-t-butyl- 
imidobis(p-t-butylimido)tetrachloroditungsten(VI) 
(0.6 g, 0.64 mmol) in benzene (60 cm3) and the 
mixture was refluxed for 30 min. The solution was 
filtered and the solvent removed to give a light- 
yellow solid which was extracted with benzene (40 
cm’). The solution was filtered and the volume 
reduced until the product began to crystallize. The 
solution was heated until all the solid dissolved and 

on standing large yellow prisms of the complex 
formed. Yield : 0.58 g (82%). 

IR (Nujol) bands at 1595s, 156Ow, 149Ow, 135Os, 
1308m, 1272s, 1235s, 121Os, 117Ow, 1155w, 1135w, 
1104w, 1055w, 1042w, 1020m, 97Ow, 902w, 89Ow, 
8OOw, 764s, 73Os, 65Om, 626m, 590m, 564w, 47Ow, 
412w, 355w, 305s cm-‘. 

(b) t-Butylamine (2.15 cm3, 20.5 mmol) in 
benzene (30 cm3) was added to tungstenoxytetra- 
chloride (1.75 g, 5.1 mmol) suspended in benzene 
(80 cm’) and mixture was stirred for 3 h. The 
solution was filtered and the solvent removed to 
give a yellow solid. 

IR (Nujol) bands at 3 150m, 3050m, 2700m, 
2580m, 249Ow, 1604w, 156Ow, 1508w, 1396m, 
134Os, 126Os, 121Os, 114Ow, 1024w, 905w, 835bs, 
790bs, 720bs, 675s, 59Om, 52Om, 45Ow, 378w, 348w, 
295bm cm- I. 

‘H NMR G(CDC13) 1.22-1.65 (several s, CMe,). 
13C NMR G(CDC13) 30.2, 31.3, 32.2, 33.2 (Me3) ; 
52.0,54.0 (NH*C) ; broad resonance centred at 60.7 
(NHC) ; broad resonance centred at 70.1 (NC). 

The yellow solid (0.9 g) was dissolved in benzene 
(30 cm’) and 2,2’-bipyridyl(0.35 g) in benzene (70 
cm’) added. The mixture was refluxed for 2 h, the 
solution filtered and the solvent removed to give a 
light-yellow crystalline solid which was washed with 
warm petroleum ether (50 cm3) to remove excess 
2,2’-bipyridyl. Recrystallization from benzene gave 
the complex as yellow crystals. [Found : C, 39.2 ; H, 
4.7 ; N, 10.2. C,sH&12N4W requires C, 39.1; H, 
4.7 ; N, 10.1.1 The complex had identical m.p., IR 
and NMR spectra to the sample prepared under 

(a). 
(c) N(trimethylsilyl)-t-butylamine (1.4 cm3, 7.2 

mmol) in benzene (30 cm’) was added to a sus- 
pension of tungsten oxytetrachloride (1.2 g, 3.5 
mmol) in benzene (80 cm3) and the mixture was 
stirred for 3 h. The solution was filtered and the 
solvent removed to give a yellow solid. The IR 
spectrum was similar to the product prepared under 
(b). ‘H NMR G(CDC13)’ 1.20-1.60 (several s, 
CMe,) ; 2.80 and 4.22 (b, NH). ’ 3C NMR G(CDC13) 
30.2,,30.9, 31.3 (Me3); 52.7, 53.4, 54.6 (NH&); 
68.1, 69.1, 70.5, 71.5 (NC). 

The product (1.3 g) was dissolved in benzene 
(50 cm3), 2,2’-bipyridyl(0.5 g) in benzene (30 cm3) 
added and the mixture refluxed for 3 h. The solution 
was filtered, the solvent removed in uacuo and the 
resulting light-yellow solid washed with warm pet- 
roleum ether (50 cm3) to remove excess 2,2’-bipy- 
ridyl. The solid was dissolved in hot toluene (20 
cm3), the solution filtered while hot and the volume 
reduced. On standing for several hours yellow crys- 
tals of the complex were formed which were filtered, 
washed with petroleum ether and dried in uacuo. 
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The product had identical m.p., IR and NMR 
spectra to the sample prepared under (a). 

bis - t - Butylimidodichloro(N,N,N’,N’ - tetramethyl- 
ethyZenediamine)tungsten( VZ) (8) 

N,N,N’,N’-tetramethylethylenediamine (0.3 g, 
2.6 mmol) in benzene (40 cm3) was added to bis-t- 
butylaminebis - t - butylimidobis(p - t - butylimido) 
tetrachloroditungsten(V1) (0.9 g, 1.0 mmol) in 
benzene (60 cm3) and mixture was refluxed 
for 2 h. The solution was filtered and the solvent 
removed to give a colourless crystalline solid. 
Crude yield 0.7 g (92%). The product was ex- 
tracted with petroleum ether (40 cm3), the solu- 
tion filtered and volume reduced to ca. 5 cm3. On 
standing at - 20” the complex formed as colourless 
crystals. 

IR (Nujol) bands at 27OOw, 259Ow, 25OOw, 
2075w, 161Ow, 151Om, 14OOm, 1350m, 13OOm, 
1284m, 126Om, 1244s, 1216s, 1118w, 1095w, 1065w, 
104Ow, 1032w, 1019m, 958s, 88Os, 8OOs, 775m, 725s 
680m, 59Ow, 505w, 48Ow, 452s, 422w, 35Os, 310s 
cm’. 

bis - t - Butylimidobis(p - t - butylimido)tetrachloro- 
bis(trimethyZphosphine)ditungsten( VZ) (9) 

Trimethylphosphine (0.4 cm3, 3.6 mmol) was 
added to bis-t-butylaminebis-t-butylimidobis(~-t- 
butylimido)tetrachloroditungsten(VI) (0.8 g, 0.86 
mmol) in benzene (50 cm3) and the mixture was 
stirred for 3 h. The solution was filtered, the solvent 
removed and the colourless crystalline solid washed 
with several portions of petroleum ether (10 cm’) 
and dried in vacua. Yield : 0.8 g (98%). 

IR (Nujol) bands at 3OlOw, 27OOw, 259Ow, 
2495w, 206Ow, 1504w, 141Om, 1395w, 135Os, 
13OOw, 128Om, 127Os, 123Os, 1204s, 1132w, 964s, 
85Ow, 802w, 745m, 72Ow, 58Ow, 464w, 45Ow, 344w, 
3 18m, 280m, 260~ cm- ’ 

bis - t - Butylimidobis(p - t - butylimido)tetrachloro- 
bis(diphenyZmethyZphosphine)ditungsten( VI) (10) 

Diphenylmethyl phosphine (0.4 cm3, 2.2 mmol) 
in benzene (50 cm’) was added to bis-t-butyl- 
aminebis - t - butylimidobis(h - t - butylimido)tetra- 
chloroditungsten(V1) (0.9 g, 0.96 mmol) in ben- 
zene (50 cm’) and the mixture was stirred for 
3 h. The solution was filtered and the solvent 
removed to give the product as a colourless oil 
which solidified on washing with petroleum ether 
and drying in vacua. Crude yield 1.1 g (96%). The 
complex was dissolved in toluene, the solution fil- 
tered and the volume reduced to ca. 5 cm3. On 

standing at -20” large pale green crystals of the 
complex were formed. 

IR (Nujol) bands at 16OOw, 158Ow, 1508w, 
14OOw, 136Os, 13OOw, 1268m, 1230m, 1208m, 
1135w, llOOm, 1065w, 1022w, 995w, 96Ow, 88Om, 
84Ow, 8OOw, 74Os, 720m, 695s, 594w, 505m, 48Ow, 
45Ow, 3 18m, 285m cm- ‘. 

bis - t - Butylimidobis@ - t - butylimido)bis - t - butyl- 
iso-cyanidetetrachZoroditungsten( VI) (11) 

t-Butylisocyanide (0.5 cm3, 4.4 mmol) in benzene 
(30 cm’) was added to bis-t-butylaminebis-t-butyl- 
imidobisb - t - butylimido)tetrachloroditungsten(VI) 
(0.8 g, 0.8 mmol) and the mixture was refluxed 
for 1 h. The solution was filtered, the solvent 
removed and the crystalline residue washed with 
petroleum ether (50 cm3). Crude yield 0.7 g (91%). 
The solid was dissolved in toluene (30 cm3), the 
volume reduced to ca. 5 cm3 and on standing at 
-20” yellow crystals of the complex were formed 
which were filtered, washed with petroleum ether 
(20 cm’) and dried in vacua. 

IR (Nujol) bands at 2248s, 1464s, 1408w, 1364s, 
1282s, 1242s, 122Os, 12OOs, 116Om, 1142m, 1052w, 
1034w, 98Ow, 945w, 89Ow, 852m, 812m, 74Om, 728s, 
604s, 56Ow, 538w, 478w, 46Ow, 4OOw, 385w, 34Os, 
3OOs, 272~ cn- ‘. 

bis - t - Butylamidobis - t - butylimidotungsten( VZ)’ 

(12) 

t-Butylamine (1.3 cm3, 12.4 mmol) in petroleum 
ether (40 cm’) was slowly added to bis-t-butyl- 
aminobis - t - butylimidobis& - t - butylimido)tetra- 
chloroditungsten(V1) (1.4 g, 1.5 mmol) suspended 
in petroleum ether (60 cm’) and the mixture was 
stirred for 3 h. The solution was filtered and the 
solvent removed to give the complex as a colour- 
less solid tinged green with a small amount of 
impurity. Crude yield 1.2 g (85%). The complex 
was dissolved in petroleum ether (25 cm3) and the 
volume reduced to ca. 10 cm3. On standing at 
-76” the complex crystallized as prisms which 
were washed with petroleum ether (10 cm3) cooled 
to - 76” and dried in vacua. 

IR (Nujol) bands at 3150m, 305Om, 27OOm, 
264&n, 25OOm, 16OOw, 1562w, 1525w, 1392m, 1345s, 
1255m, 1205m, 102Om, 93Ow, 835s, 805s, 725s, 595m, 
45Om,275w, 250m cm- ‘. 

bis-t-Butylimidobisethoxytungsten( VI) (13) 

Ethanol (0.15 cm3, 2.6 mmol) and t-butylamine 
(0.26 cm3, 2.6 mmol) in petroleum ether (40 cm’) 
were added slowly to bis-t-butylaminebis-t-butyl- 
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imidobis@-t-butylimido)tetrachoroditungsten(VI) 9. 
(0.6 g, 1.3 mmol) suspended in petroleum ether (80 
cm3) and the mixture was stirred for 4 h. The colour- 
less solution was filtered and the solvent removed to 
give the product as an oil which failed to crystallize. lo. 
Yield : 0.42 g (80%). 

IR (smear) bands at 1435s, 1345s, 1265s, 1208m, 
114Om, 1095s, 105Os, 1025s, 95Om, 905s, 878s, 840m, 

11 
’ 

804m, 72Om, 55Os, 51Os, 445w, 372~ cm-‘. 
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Abstract-Cu(I1) complexes with salicylaldimines derived from the following aminoacids : 
glycine, a-alanine, /I-alanine, serine, tyrosine, tryptophane, arginine, ornithine, histidine 
have been studied by the ESR method. On the basis of room temperature and frozen 
solution ESR spectra the formation of two types of the adducts have been established. The 
influence of additional functional groups of aminoacids on adduct formation has been 
found. 

As follows from the literature presented by Wagner 
and Walker, ’ metal complexes of tridentate Schiff 
base ligands composed of salicylaldehyde and 
aminoacids (Sal-aminoac), the model systems to 
investigate the enzymatic reaction of pyridoxal 
phosphate, have been extensively studied during 
the last few years. 

X-ray analysis of the solids of Cu(sal-aminoac) 
complexes revealed that the compounds tend to 
coordinate via phenolic oxygen, one carboxylic oxy- 
gen and the imino nitrogen with a water molecule 
completing the near square planar coordination of 
Cu(I1) ion. 2,3 The same equatorial position of a 
solvent molecule was postulated for Cu(I1) salicy- 
laldimines derived from glycine, a-alanine, phen- 
ylglycine, .s-acetyl-lysine and histidine on the basis 
of ESR of frozen solutions as well as room tem- 
perature spectroscopic and titration data. ‘s4 

Our own studies of polymeric Cu(I1) complexes 
with tricoordinate Schiff bases’ indicated that the 
fourth coordination position taken in the solids by a 
bridging oxygen atom is replaced in the solutions 
by the solvent molecule L coordinating via an oxygen 
or nitrogen atom at a non-equatorial position. Only 
under specific conditions, when a small amount of 
a ligand L, able to coordinate via nitrogen is added 
to the solutions of the complexes in oxygen coor- 
dinating solvent L, the ligand L, binds at equatorial 
chelate plane. Hence, it is interesting to find out 
whether or not the tricoordinate character of sal- 
aminoac ligand would determine the formation of 
the adducts of Cu(sal-aminoac) in the solutions of 

a symmetry similar to that stated for the polymeric 
Cu(I1) tridentate Schiff base complexes. Fur- 
thermore, the ESR studies presented here show the 
influence of the aminoacid residues of histidine, 
ornithine, tyrosine and tryptophane, their 
additional donor ability or bulky effects on the for- 
mation of the adducts of Cu(sal-aminoac). 

EXPERIMENTAL 

Cu(I1) complexes with ligands derived from 
salicylaldehyde and aminoacids were synthesized 
according to a general method used by Wagner and 
Walker. 1 The following aminoacids were used for 
syntheses : glycine, L-a-alanine, /3-alanine, L-serine, 
L-tyrosine, L-tryptophane, L-arginine, L-ornithine, 
L-histidine. The elemental analysis for copper, 
carbon, nitrogen and hydrogen confirms the for- 
mation of Cu(I1) complexes with tricoordinate 
Schiff bases formulae : Cu(sal-glycine) * 1 :H20, 
Cu(sal-a-alanine) * 2H20, Cu(sal-/I-alanine) - H20, 
Cu(sal-serine) * 2H,O, Cu(sal-tyrosine) * H20, 
Cu(sal-ornithine) - 1 iH,O, Cu(sal-arginine) - 2H20, 
Cu(sal-histidine) - 1 jH20. 

The solvents were purified according to the 
methods described previously.6 The ESR spectra of 
liquid solutions of Cu(sal-histidine) appear to be 
resolved due to copper hyperfine splitting for the 
concentration of water in dioxan not smaller than 
50%. The concentration of pyridine L, added as 
the admixture to oxygen coordinating solvents L is 
about 0.01 M. The ESR spectra were recorded on 
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JEOL JES ME X-band spectrometer using a implies, that only the imine nitrogen atom is 
nuclear magnetometer MJ 1lOR and microwave involved in the superhyperfine interaction with the 
frequency meter JES-SH-30X. unpaired electron of the Cu(I1) in the xy plane. 

Consequently, it becomes evident, that in the 
Cu(sal-aminoac)L adduct (type I), the solvent mol- 

RESULTS AND DISCUSSION 

The complexes presented in Table 1, derived 
from the following aminoacids : glycine, a-alanine, 
j_?-alanine, serine, tyrosine exhibit similar behaviour 
in the solutions. The same, three-line pattern of 
syperhyperflne splitting due to one ’ 4N atom bound 
to copper (of the magnitude between 12-14 G) is 
observed in the room temperature ESR spectra 
when the complexes are dissolved in both oxygen 
or nitrogen coordinating solvents (Fig. 1). This 

ecule L occupying the fourth coordinating position 
is not coplanar with the chelate ring composed of 
carboxylate oxygen, imine nitrogen and phenolic 
oxygen. 

When a small amount (about 0.01 M) of pyridine 
is added to all five complexes in oxygen coordinating 
solvents L, the characteristic change of ESR par- 
ameters (decrease Of giso about 0.01 and increase of 
IAisol about 6 G) is observed (Table 1, Fig. 1). 

According to our studies on tricoordinate Schiff 
base complexes’ the new set of ESR parameters 

Table 1. ESR parameters for Cu(sal-aminoac) complexes in pure solvents (L) and after addition of 
pyridine (L,) to the solution 

Aminoacid 
Solvent 

(0 ho Aiso 811 All 

Pyridine (L ,) added 

&a Aim 911 All 

Glycine 

a-Alanine 

p-Alanine 

Serine 

Tyrosine 

Histidine* 

Arginine 

Omithine 

Tryptophane 

3 : 2 diox-H,O 
NMF 
DMSO 
pyridine 

3 : 2 diox-H 2O 
NMF 
pyridine 

3 : 2 diox-H 2O 
NMF 
pyridine 

3 : 2 diox-H 2O 
NMF 
pyridine 

3 : 2 diox-H 2O 
NMF 
pyridine 

2 : 3 diox-H,O 
pyridine 

3 : 2 diox-H 2O 
NMF 
pyridine 

3 : 2 diox-H *O 
NMF 
pyridine 

3 : 2 diox-H 2O 
NMF 
pyridine 

2.132 
2.133 
2.132 
2.126 

2.129 
2.128 
2.126 

2.132 
2.131 
2.130 

2,127 
2.129 
2.126 

2.128 
2.125 
2.128 

2.128 
2.126 

2.128 
2.122 
2.125 

2.120 
2.114 
2.125 

2.113 
2.116 
2.132 

76 2.266 186 
76 2.270 182 
68 2.269 185 
70 2.253 180 

76 2.267 193 
74 2.272 184 
71 2.252 183 

72 2.277 186 
70 2.285 180 
66 2.262 179 

75 2.264 189 
73 2.272 184 
70 2.248 187 

76 2.265 190 
73 2.270 183 
71 2.253 178 

64 2.263 182 
69 2.249 180 

74 2.26 180 
76 2.269 188 
66 2.258 175 

72 2.26 190 
66 2.269 184 
64 2.25 180 

69 2.260 188 
70 2.254 183 
74 2.256 179 

2.122 80 2.250 184 
2.120 81 2.249 186 
2.127 80 2.255 181 

2.118 81 2.253 182 
2.120 79 2.249 189 

2.128 77 2.264 178 
2.126 75 2.266 180 

2.120 80 2.242 186 
2.119 82 2.249 187 

2.119 81 
2.120 80 

2.127 71 

2.124 80 
2.120 79 

2.119 77 
2.118 73 

2.110 72 
2.113 72 

2.254 178 
2.252 181 

2.251 181 

2.249 183 
2.255 185 

2.25 180 
2.249 186 

2.251 188 
2.251 189 

Parameters A are given in lo- 4 cm- ’ units. Aisa and gisO were measured at 295 K. A,, and g,l were 
measured at 150 K. 

“[pyridine] = 0.01 M. 
*No hyperfine splitting in NMF solution. diox = dioxane, NMF = N-methylformamide. 
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b 

Fig. 1. ESR spectra of Cu(sal-glycine) at 295 K. (a) in 3 : 2 dioxane-H,O (L), (b) after addition of 
L, = pyridine (0.01 M) to the 3 : 2 dioxane-H,O (L) solution, (c) in pyridine (L). 

obtained in this case is characteristic for pen- 
tacoordinate adducts. Hence, ESR results indicate 
the formation of the type II adducts with general 
formula [Cu(sal-aminoac)(L ,)L] ; L , = pyridine 
coordinates probably at the fourth coordination 
position in the equatorial plane, whereas the oxygen 
coordinating solvent L transfers into the axial pos- 
ition. It is noteworthy, that type II adducts are 
formed even in the case of the complexes derived 
from serine and tyrosine. Thus, -OH and -C6H5-4- 
OH groups do not prevent the transition from type 
I to type II adducts. 

Inspection of Table 1 reveals the considerable 
decrease of lAi$o] and ]A,,] and the increase of g,, for 
Cu(sal+alanine)L in comparison with Cu(sal-cr- 
alanine)L. This trend is compatible with an increas- 
ing degree of tetrahedral distortion7 and may be 
due to a greater deviation of the solvent molecule 
L from the chelate ring plane in Cu(sal+alanine)L. 
It is interesting to note other differences between U- 
alanine and B-alanine derivatives : e.g. contrary to 
the complex derived from a-alanine no trans- 
amination reaction was found in the complex 

derived from /I-alanine which was attributed to the 
dissimilarities in the bond distances. * 

The second series of complexes studied consists 
of Cu(I1) salicylaldimines derived from aminoacids 
with additional functional groups : histidine, orni- 
thine, arginine and tryptophane. The ESR prop- 
erties (the superhyperfine splitting due to the ligand 
14N nucleus and ESR parameters) of the complexes 
dissolved in the 0- or N-coordinating solvents are 
comparable with these stated for the former series 
of the compounds (Table 1, Fig. 2). Thus, the 
adducts of type I are formed for all the complexes. 

The result confirms earlier studies’ on the coor- 
dination mode of histidine in Cu(sal-histidine) indi- 
cating that the imidazole group is involved in axial 
interaction while the other three donor atoms are 
placed in the plane. Attempts to achieve the typical 
transition : adduct I + adduct II for these, com- 
plexes results in the smaller effects in comparison 
with complexes of the former series and the 
observed changes of ESR parameters are dimin- 
ished (see Table 1). One possible explanation is 
that the imidazole nitrogen of histidine and amine 

Fig. 2. ESR spectrum of Cu(sal-histidine) in pyridine (L) at 295 K. 



1672 J. JEZIERSKA 

nitrogen of ornithine or arginine coordinating at 2. 
axial position block the lability of the coordination 
sphere of Cu(I1) and hence the transition to type II 3. 
adduct becomes less probable. In the case of Cu(sal- 
tryptophane) the indole nitrogen is not able to act 4. 
as a donor and the observed effect is connected 
rather with steric hindrance of the bulky residue of 

5. 

the aminoacid. 6. 
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Abstract-The synthesis, electronic absorption, infrared and 13C NMR spectra, and elec- 
trochemistry of [Cr(CO),]dpp and w(CO),]dpp (dpp = 2,3-bis(2-pyridyl)pyrazine) are 
reported. Electronic absorption spectra in different solvents show solvatochromic behavior 
and indicate the metal to ligand charge transfer (MLCT) excited state is lower in energy 
than the ligand field (LF) excited state. Electrochemical results show the [Cr(CO),]dpp 
complex undergoes semi-reversible one electron oxidation, while [W(CO),]dpp undergoes 
irreversible one electron oxidation. 13C NMR spectra of both complexes show all carbons 
in the metal-bound dpp ring shift downfield. The amount of downfield shift for the series 
[M(CO),]dpp (M = Cr, MO, W) is interpreted as indicating better M drc + dpp px* back- 
bonding occurs for MO and W than for Cr. 

Our group has been interested in the preparation 
and characterization of transition metal complexes 
bound to nitrogen aromatic ligands, which are 
highly absorbing in the visible region of the spec- 
trum and possess the ability to coordinate to remote 
metal centers and form polymetallic complexes. ls2 
Within these criteria, there have been several recent 
reports of [M(CO),]L [M = Cr(O), MO(O), W(0) 
and L = 2,2’-bipyrimidine (bpym), 2,5-bis(2-pyri- 
dyl)pyrazine (dppz), 3,6-bis(2-pyridyl) 1,2,4,5 tetra- 
zine (dptz) and azo-2,2’-bipyridine (abpy)] type 
complexes. 3-6 Additionally, these metal complexes 
also serve as models in understanding the sol- 
vatochromic behavior of group 6 metal complexes. 6 

The dpp ligand serves as an effective bidentate 
ligand in either mono or bimetallic systems,‘,2,7 and 
the results of previous studies indicate that dpp is 
more effective at electronically communicating two 
bound metal centers than most monodentate 
bridges.7-9 We report the syntheses and char- 
acterization of the highly absorbing [Cr(CO),]dpp 
and [W(CO,)]dpp complexes. Electronic spectral, 
electrochemical and i 3C NMR comparisons within 
the [M(CO),]dpp (M = Cr, MO, W) series and with 
other bridging ligands are presented. 

* Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Materials 

Cr(CO)6, w(co)6, 2,3-bis(2-pyridyl)pyrazine 
(dpp) and deuterated solvent used for 13C NMR 
were obtained from Aldrich Chemicals. Other sol- 
vents were obtained from Fisher, and used without 
redistillation. Elemental analyses were performed 
by Atlantic Microlab, Atlanta, GA. 

Instrumentation 

Electronic absorption spectra were recorded on 
a Beckman Model 5240 Spectrophotometer with 
matching quartz cells. 

Cyclic voltammograms were recorded on a Bio 
Analytic Systems CV- 1 B Cyclic Voltammograph 
with Hewlett Packard 7044A XY recorder. All 
potentials are reported vs. Ag/AgCl, and are uncor- 
rected for junction potentials. 

Proton-decoupled 13C NMR were obtained on a 
Bruker Model WM-250 Fourier Transform NMR 
operating at 62.9 MHz. Samples were run in a 10.0 
mm probe with 30% deuterated dichloromethane 
as an internal lock and reference (6 = 53.8 ppm). 

Infrared spectra were recorded as solid KBr 

1673 
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samples on a Nicolet Model 20DX FTIR with a 
1 cm- ’ resolution. 

Syntheses 

w(CO),]dpp. A mixture of 0.39 g (1.66 mmol) 
dpp and 0.63 g (1.79 mmol) W(CO)6 in 30 cm3 
toluene was heated at reflux for 30 h under Ar 
in the dark. After cooling to room temperature, 
petroleum ether was added and the product refriger- 
ated overnight. The crude red product was collected 
by filtration on a sintered glass filter funnel, washed 
with petroleum ether and air dried. The product 
was then dissolved on the funnel with CH2C12, and 
suction filtered. The liquid was loaded on a 25 x 2 
cm diameter alumina column that had been washed 
with CH&12. Red jJV(CO),]dpp eluted slowly with 
CH2C12. The liquid was collected and rotary evap- 
orated to dryness. The solid was then re-dissolved 
in CH2Clp, and eluted again through a freshly pre- 
pared alumina column. The product was collected 
and dried as described above, and stored under 
vacuum in the dark. Yield 0.67 g (1.27 mm01 ; 76%). 
Found: C, 40.8; H, 1.9; N, 10.5. Calc. for 
ClgH’0N404W: C, 40.8; H, 1.9; N, 10.6%. 

[Cr(CO),]dpp. A mixture of 0.20 g (0.76 mmol) 
dpp and 0.18 g (0.81 mmol) Cr(CO), in 25 cm3 of 
toluene was heated at reflux for 9 h under Ar in 
the dark. The product was precipitated, collected, 
purified and dried as described above. Yield 0.08 g 
(0.20 mmol, 27%). Found: C, 53.7; H, 2.6; N, 
14.0. Calc. for CZ2HLON404Cr: C, 54.3; H, 2.5; N, 
14.1%. 

RESULTS AND DISCUSSION 

The [M(CO),]dpp [M = Cr(O), W(O)] complexes 
are soluble in a variety of organic solvents, and the 
electronic spectral data are reported in Table 1. The 
electronic spectra of both complexes are char- 
acterized by highly absorbing (E > 1000 M- ’ cm- ‘) 
solvent dependent transitions in the visible region 
of the spectrum with less intense, higher energy 
solvent independent transitions. The lower energy 
absorption is similar in position, intensity and 
solvent dependent behavior with previously re- 
ported a-diimine [M(CO),] metal to ligand charge 
transfer (MLCT) transitions, ‘J-~*’ ‘9’ ’ and by ana- 
logy, we assign the lowest energy absorptions of 
[Cr(CO),]dpp and /W(CO),]dpp as being MLCT 
transitions. The higher energy solvent independent 
absorptions of [Cr(CO),]dpp and [W(CO),]dpp 
complexes are similar in position and behavior 
with previously reported [M(CO)d]bpym and 
[M(CO),]bpy ligand field absorptions,‘~6*‘o and we 
therefore assign the higher energy absorptions as 

being ‘A ‘, ‘E 1 t ‘A, ligand field transitions. The 
large molar absorptivity of the ligand field tran- 
sition has previously been attributed as being due 
to some MLCT character in the transition. We 
assign the highest energy transition at 300 nm to a 
dpp rr* + ‘r intraligand transition. Based on the 
comparison of the MLCT energies of the 

PWW&v vs. BWWb-w and [WCWby 
complexes in a common solvent (dichloromethane), 
the dpp rc* LUMO appears to be approximately 
equivalent with the bpym n* LUMO and lower 
than the bpy x* LUMO. 

The electrochemistry of [Cr(CO),]dpp and 
w(CO),]dpp in dichloromethane/O.lO M tetra- 
butylammonium perchlorate is markedly different 
(Table 2). The [Cr(CO),]dpp complex exhibits a 
quasi-reversible (Eanod’c - Eca’hd’c = 160 mV) cyclic 
voltammogram for a one electron oxidation, while 
w(CO),]dpp exhibits a cyclic voltammogram with 
no return cathodic wave after one electron 
oxidation. The electrochemistry of p(CO),]dpp is 
similar to the previously reported electrochemical 
irreversibility for [Mo(CO),]dpp,’ which also ex- 
hibited no return cathodic wave following one 
electron oxidation. The trend of increasing oxi- 
dation potentials ([Cr(CO),]dpp < [W(CO),]dpp < 
[Mo(CO),]dpp) follows the order of the relative 
electronegativities of the metals. ’ * The electro- 
chemistry of the series of [M(CO),]dpp (M = Cr, 
MO, W) parallels the series of [M(CO)JL (M = Cr, 
MO, W, L = 3,3’-bipyrazine) complexes,3 with only 
the [Cr(CO)JL complex showing a return cathodic 
wave. No comparative data are available for the 
[M(CO)d]bpym series. 

The infrared spectra of the [Cr(CO),]dpp and 
w(CO),]dpp complexes were recorded as a solid in 
KBr and reported in Table 2. The spectra in the 
carbonyl region (2100-1800 cm- ‘) reflect the four 
CO stretching frequencies expected for cis di- 
substituted tetracarbonyl complexes. ’ ‘,I3 

13C NMR spectra for dpp, [Cr(CO),]dpp and 
[W(CO),]dpp were recorded in deuterated di- 
chloromethane (Table 3). The assignments of 
dpp ligand signals are based on those for bpy5*6 
and bpym ligands. 5,6, ’ ’ Assignment of C(6), C(5), 
C(6’),(6”) and C(4’),(4”) signals for [M(CO),]dpp 
complexes is direct, based on the dpp ligand. The 
comparative amount of downfield shift of C(6) 
(Cr > MO > W) from the free dpp ligand is 
opposed to the expected values based on inductive 
M-N-C through bond interaction, since Cr is the 
least electronegative metal. I2 The smaller amount 
of downfield shift in the MO and W dpp complexes 
may result from more efficient M drr + dpp prc* 
backbonding from the larger MO and W drc 
orbitals. ’ 4 Assignments for the group of four signals 



Table 1. Electronic absorption data for some [M(CO),]L complexes 

&a, 
Complex Solvent (mn) (M-‘cm~‘x 10-J) Assignment 

1675 

CHCI, 

CH,Cl, 

CH&N 

CHCIS 

CH2C12 

CH,CN 

CHCl, 

CHzClz 

CH,CN 

~W~~Mbym’ CH,Cl, 

WW9&bmm’ CH,Cl, 

PfWWbpymd CHzClz 

570 
385 (sh) 
555 
380 (sh) 
310 
525 
385 (sh) 
305 
550 
380 (sh) 
325 (sh) 
300 
530 
375 (sh) 
300 
495 
380 (sh) 
300 
540 
380 (sh) 
510 
380 (sh) 
300 
480 
380 (sh) 
300 
547 
402 
525 
378 
508 
379 

5.0 
3.8 
4.9 
3.8 

18 
4.0 
3.1 

16 
7.4 
4.4 

17 
20 

7.6 
4.5 

21 
6.4 
3.8 

20 
6.3 
4.2 
6.3 
4.3 

20 
-5.3 
3.9 

21 
2.7 
6.7 
4.2 
7.5 

MLCT 
‘A,, ‘E, + ‘A, 
MLCT 
‘A,, ‘E, + ‘A, 
intraligand 
MLCT 
‘A,, ‘E, + ‘A, 
intraligand 
MLCT 
‘A,, ‘E, + ‘A, 

intraligand 
MLCT 
‘A,, ‘E, t ‘A, 
intraligand 
MLCT 
‘A,, ‘E, + ‘A, 
intraligand 
MLCT 
‘A,, ‘E, + ‘A, 
MLCT 
‘A,, ‘E, t ‘A, 
intraligand 
MLCT 
‘A,, ‘E, t ‘A, 
intraligand 
MLCT 
‘A,, ‘E, t ‘A, 
MLCT 
‘A,, ‘E, + ‘A, 

(1 This work, (sh) shoulder. 
b Reference 1. 
’ Reference 6. 
d Reference 5. 

Table 2. Infrared and electrochemical” data for some [M(CO).,]L 
complexes 

Complex 

[WW41drw 

Infrared frequencies: cm- ’ 
vco E i/2 Ref. 

2008, 1906,1889, 1825 +0.56 = 
[MWWdw 2016, 1914,1882, 
W(C0) Jdpp 2003, 1902, 1872, 
[WWJ-w 2010, 1908,1888, 
PWWdbw 2014, 1911,1882, 
W(CQ Jbpy 2008, 1900, 1880, 
Flo(CWbpym 2014, 1912, 1869, 

819 40.90 = 
824 +0.82 = 
833 11 
830 11 
829 11 
833 5 

“Oxidation potentials were measured by cyclic voltammetry in 
CH2C12, 0.1 M TBAP, at 100 mV/s vs. Ag/AgCl electrode. Potential 
of the oxidation waves are reported for [Mo(CO),]dpp and 

[w(CO) Jdpp. 
‘Infrared samples recorded as solids in KBr. 
‘This work. 
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Table 3. 13C NMR spectra of dpp and [M(CO),]dpp (M = Cr(O), MO(O) and W(0)) 
complexes 

Complex dpp FXCWdw 

C(3’) 124.33 126.44 
C(3”) 124.95 

C(4) 136.71 137.91 
C(4”) 135.53 

C(5’) 123.30 124.95 
C(5”) 124.64 

C(6’) 142.96 145.48 
C(B) 142.52 

C(5) 148.85 149.82 

C(6) 152.97 

127.17 
b 

138.02 
136.05 

6 

124.23 
144.59 
142.68 
149.82 
152.96 

127.48 
125.25 
138.11 
135.92 
125.96 
124.44 
144.24 
143.53 
149.87 
152.55 

“Chemical shift in CH,C& reported vs. TMS. 
b Signals at 125.30 ppm and 125.13 ppm not specifically assigned, Ref. 1. 

between 120-130 ppm for the C(5’),(5”) and 
C(3’),(3”) of the [M(CO),]dpp complexes are less 
certain. If the continued larger downfield shift of 
the bond ring carbons (C’) vs. non-bound ring car- 
bon (C”) remains consistent, then the two most 
downfield signals in the group of four are due to 
C(3’) and C(S), while the two upfield signals in the 
same group must be due to C(3”) and C(5”). The 
previously reported downfield shift of all bridging 
ligand ring carbons in M(C0)4 complexeq5T6 has 
been interpreted as resulting from competitive 
Mdrc + COpn* vs. Mdrr -+ bridging ligand PA* 
backbonding. 

We have recently prepared the [Cr(CO)&dpp 
and [w(CO),],dpp complexes and are currently 
working on the preparation and study of the hetero 
bimetallic complexes. 
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Abstract-The diamagnetic anisotropies of M=M bonds for M2X6 molecules (M = MO, 
W ; X = NMe,, iMeNCH2CH2NMe, OR, ‘,OCMe,CMe,O) calculated by McGlinchey for 
eNMe (hrg. Gem. 1980, 19, 1392) are inadequate to explain the observed chemical 
shifts of protons located over the M=M bond in compounds having essentially eclipsed 
X3M=MX3 skeletons, namely M2(MeNCH2CH2NMe), and M2(OCMe2CMe20)3 mol- 
ecules. Several causes for errors in the original McGlinchey calculational approach for 
xM~M are noted, the most important of which is the total neglect of the diamagnetic 
anisotropy of the M-L x bond. This is important for amides and alkoxides. A qualitative 
correction for this M-L 7~ bonding is introduced and values for x- recalculated. 

Although in 1972 San Filippo’ indicated that com- 
pounds containing metal-metal multiple bonds 
should have a magnetic anisotropy associated with 
them which ought to be manifested in their NMR 
spectra, it was not until recently that efforts to quan- 
tify this effect have occurred. Initially qualitative 
use of this concept was utilized in the interpretation 
of the NMR spectra of the M2(NR&, molecules.’ 
However, McGlinchey3 was the first to propose 
actual values for both the metal-metal triple bond, 
using the M2(NR2)6 molecules as a model, and 
quadruple bond. Cotton4 has re-evaluated the mag- 
netic anisotropy of Mo-Mo quadruple bonds based 
on newer structural and NMR data. 

Calculations of values for magnetic anisotropy 
require three things : (1) quantitative X-ray struc- 
tural data, (2) measured chemical shift difference 
from solution NMR spectra and (3) the general 
equation derived by McConnell,’ eqn (1). 

*ad = “(I-;;s2@ (1) 

7 Author to whom correspondence should be addressed. 
$The more recent literature utilizes SI units, M3/ 

molecule. To convert from older literature units of cm31 
mole one must multiply by 47~ x 10-“/N = 2.086 x 10-29, 
N = Avogadro’s Number. 

R = distance from M-M bond center to signal 
nucleus, 

8 = angle between R and the M-M bond axis, 
fld = chemical shift difference, 
x = anisotropy due to M-M bond (x = xl1 -xl). 

Our interest in this area arises from the observed 
discrepancy (vi& infra) between values of xMm 
calculated for M@IR& and M2(MeNCH2CH2 
NMe), molecules (M = MO, W), respectively. 
Herein we wish to address this discrepancy in 
XM=M and perhaps provide some insight into the 
necessary considerations that should enter into 
obtaining useful values of x for metal-metal 
multiple bonded molecules. 

RESULTS AND DISCUSSION 

M2(NR2),andM2(MeNCH2CH2NMe),; M = MO 
or W 

McGlinchey’s calculated diamagnetic aniso- 
tropies for metal-metal triple bonds of mol- 
ybdenum and tungsten, as determined from the 
Mz(NMe& molecules, have given values of xM& 
of - 156 x 1O-36 M3/molecule and - 142 x 1O-36 
M’/molecule for tungsten and molybdenum. 
respectively.3$ Analogous calculations on the 

1677 
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Table 1. Calculated values of R, 0 and G” for MXMeNCH,CH,NMe), ; M = MO, Wb 

R ‘4 6 0 
MO W MO W 

G(x1030) Gavs ( x 10”) 
MO W MO W 

Hl 3.777 3.826 22.27 22.74 -0.009707 -0.009236 
Hz, H3 4.309 4.337 44.26 44.49 - 0.002245 -0.002152 -0.004732 -0.004513 

H, 3.444 3.391 83.68 83.95 -0.007863 - 0.008264 
- H, 4.132 4.115 73.08 73.32 -0.003524 -0.003601 0.005694 -0.005933 

‘Where G is the geometrical factor ; G = (1 - 3 cos’ 0)/3R 3. 
bH,, Hz, H,-distal; H.,, Hrproximal. 

M2(MeNCH2CH2NMe)3 molecules ,[see eqn (2), 
Tables 1 and 21 provide values of 
Xw=w = -63 x 1o-36 M 3/molecule and 
XMmO = -92 x lo- 36 M 3/molecule. These 
results immediately pose two questions which 
need to be addressed. (1) Why are these values 
different from those obtained for the Mz(NMez)6 
compounds ? (2) Why iS xeM for tUngSteU now 
smaller than XMm for molybdenum? We shall 
address the initial question first. The answer to 
question 2 will become self-evident. 

~distal - ~proximal = X(Gdistd - Gprotial) (2) 

If one were to stop and consider: (a) the geo- 
metric differences between the two types of 
molecules, and (b) some convincing arguments 
made in the past concerning the stabilities and prop- 
erties of these types of molecules, several points 
worthy of note lead us to a possible answer to the 
Iirst question. (1) The M@IMe&, and M*(MeN 
CH2CHzNMe)3 compounds exhibit staggered and 
(virtually) eclipsed geometries, respectively. (2) 
Ligand-to-metal x-bonding is a mainstay of these 

molecules, and together with steric bulk, the reason 
for their existence as dinuclear rather than poly- 
nuclear species. This M t L x-bonding is mani- 
fested in (i) short metal-nitrogen distances, 
substantially shorter than metal-nitrogen single 
bond distances,7s8 (ii) the planarity of the MN& 
moieties,* (iii) the alignment of the MNCz units 
along the M-M axes in the solid state to preclude 
competition for use of atomic orbitals used in M-M 
x-bonding,* and (iv) barriers to rotation about the 
M-N bonds.g Oxygen-to-metal x-bonding is simi- 
larly important in M,(OR), compounds. 

Since M t L x-bonding is unequivocally estab- 
lished for these compounds, it must be reasonable 
to consider a magnetic anisotropy attributable to 
the M-N bond, XMti. Therefore, if two M-N 
bonds are eclipsed with respect to one another, e.g. 
as in M2(MeNCH,CH,NMe)3, then the proximal 
(protons) ‘groups should be subjected to twice the 
effect due to any magnetic anisotropy associated 
with the M-N multiple bond, causing the difference 
in values of X- obtained for Mz(NMe& and 
M2(MeNCH2CH,NMe),. This suggests original 

Table 2. ‘H NMR chemical shifts of M,(MeNCHFH,NMe),,” Mz(OC(CH3)~C(CH3),0),, 
M = MO and W, and the respective free ligands 

Proximal Distal Free ligand 

Moz(MeNCH,CH,NMe), 
W2(MeNCH,CH,NMe), 
CH3N(H)CH2CH2N(H)CH3 

M~@C(CH~)ZC(CHJ)K% 
W,(oC(CH,),C(CH,)@)3 
HOC(CH3)2C(CH3)20H 
Mo,(NMe& 
W2(NMe& 

6 3.80 6 2.87 
6 3.52 S 2.86 

6 2.47 -m; 6 2.73 -CC z 
6 1.49 
6 1.36 

S 1.20 -m3 
6 4.13 6 2.41 
6 4.24 6 2.36 

a Ref. 6a, 6b. 
bRef. 10. 
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estimates of X- inherently contain some com- 
ponent, XM=N, and that the effect of magnetic ani- 
sotropy on chemical shift separations of proximal 
and distal groups is the sum or difference of XM* 
(real) and XM=N, with the contribution of XM=N to 
the proximal chemical shifts dependent upon the 
positions of the metal-nitrogen bonds relative to 
one another on opposing metal atoms. 

Let us suppose that for eclipsed M-N bonds that 
two XM=.J interactions are the same as one XM=N 
for the distal groups, as they are sufficiently 
removed from the second M-N bond, and are 
therefore not abnormally shifted, c.f. chemical 
shifts of distal methyl groups in both the 
M2(NMe& and M2(MeNCH2CH,NMe), mol- 
ecules (Table 2). This means only the proximal pro- 
tons are affected by two XM=N interactions when in 
an eclipsed conformation. Thus, the discrepancies 
between values for XM~M for both molybdenum 
and tungsten are a result of an extra XM=N con- 
tribution. Also, the effect of XM=.J must be antag- 
onistic to the true XM~M since the values found 
for the eclipsed conformers are much smaller than 
those determined for their staggered counterparts. 

Now, assuming the metal-metal triple bonds for 
both staggered and eclipsed conformations have 
the same magnetic anisotropy, assigning XM=M and 
XL- to the values of magnetic anisotropy derived 
from M2(NMe& and M,(MeNCH,NMe)x, respec- 
tively, we obtain an expression for XM=.J, eqn (3). 

Xm - Xbm = XM=N. (3) 

Equation (3) generates XM=N of -90 x lo- 36 
M3/molecule for W and -50 x 1O-36 M’/mol- 
ecule for MO. Using these numbers of XM=N, 
McGlinchey’s XM~M, and recalling that XM=N 
is antagonistic to XM~M (real), we can generate 
the real XmM, X&M, where any magnetic anho- 

tropy due to M-N multiple ‘bonding has been elim- 
inated, eqn (4). 

XM~M+XM=N=X&M. (4) 

The values obtained from this exercise are given 
in Table 3. These results: (i) account for M-L 
x-bonding to at least a first approximation, 
and (ii) maintain the relative ordering of XwEw 

and XMOEMO. 
The answer to question 2 now becomes obvious. 

Due to the better W-N overlap (bond) relative to 
that found for Mo-N, the effect of Xw=N is greater 
than that of XM-N to the extent that when doubled 
and subtracted from X&w the relative order of 
XM=M for MO and W, as calculated from M2(MeN 
CH2CH2NMe)3 is reversed. 

Table 3. Diamagnetic anisotropy of M=M for M = MO, 
W, taking into effect M-L x-bonding [see eqns (3) and 

(4) in text] 

Bond Xx 1O-36 (M3/molecule) 

Mo=Mo - 192” 
w=w - 246“ 

Mo=Mo ca. -4106 

a Calculated from ‘H NMR data. 
b Estimated. 

Generating useful values of x 

Cotton’s recent re-evaluation4 of XM~M~ gives 
results closer to those which might be expected (see 
Tables 3 and 4). Even though these values are more 
in line with those anticipated by extrapolation of 
X&&&,, they may Still be errant. Firstly, one gen- 
erated Value Of XM-0 iS 1eSS than XM_&,, which 
is unlikely. More reliable estimates may be obtained 
by taking M t L x-bonding into account during 
future calculations. Secondly, the reliability of com- 
paring free ligand chemical shifts to those found 
in metal-metal multiple bonded systems may be 
suspect. Efforts to generate X- using reported 
chemical shifts of the free ligands and those deter- 
mined for the proximal protons of the appropriate 
molecule (see Tables 1, 2 and 5) gave an extremely 
low value of Xwsw for Wz(OC(Me),C(Me),0)3,‘o 
-44x 1O-36 M3/molecule. For the M2(MeN 
CH2CH2NMe)3 molecules values Of XM=M 
obtained using this method are - 187 x 1O-36 
M3/molecule for MO and - 133 x lo- 36 M3/mol- 
ede for W. OnCe again XM-0 and Xwsw are 
in reverse order, although XM-,J~ is close to our 
proposed X&MO. Due to the large difference in 
results for tungsten, however, we feel the proximity 

Of XMo&fotoX~ceMo~ calculated using free ligand 
chemical shifts, to be fortuitous. 

CONCLUDING REMARKS 

(1) The use of chemical shift differences between 
the free and coordinated ligand to calculate XM&, 
gives inadequate results for M = MO or W. This 
suggests that this method may not be particularly 
reliable when applied to other metal-metal 
multiple bound systems. 

(2) Metal-ligand x-bonding should be taken into 
account when attempting to evaluate Xr,+., in 
M2X6 compounds. Methods for determining the 
contribution of XM=x need to be developed, 
especially for those molecules that do not easily 
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Abstract-Two distinct reaction rates were found in the formation of 1Zmolybdophosphate 
complex. These differences in the formation processes were understood by the use 
of laser Raman spectroscopy. The reaction of isopolymolybdate (MOO,)*-(MOO,) 1, 
with phosphate PO:- proceeds slowly via formation of 1 l- molybdophosphate then to 
produce 1Zmolybdophosphate taken for 8 min. This reaction mechanism is considered 
to undergo first the replacement between MOO:- and PO:- then the transformation reac- 
tion from 1 I-molybdophosphate into IZmolybdophosphate. On the other hand, the acidi- 
fication of the mixed solution of molybdate and phosphate rapidly produces 80% of 
1Zmolybdophosphate within 30 s. 

A reliable method for the analysis of elements such 
as P, Si, As, and Ge is based on the formation 
of polynuclear heteropolymolybdate complexes. l-5 
The mechanism of the formation of these complexes 
is complex. 6,7 Our previous Raman spectroscopic 
studies revealed the formation behavior of some 
species of isopolymolybdate* and hetero- 
polymolybdate. ’ Our preliminary experiments 
showed the difference in the formation rate of 12- 
molybdophosphate by changing the addition order 
of phosphate, molybdate, and acid. Crouch et al. 
have studied the kinetics of the formation of 
heteropolymolybdate blue by spectrophotometric 
measurements.” According to their results, the rate 
of the formation of phosphomolybdate blue prod- 
uct is independent of the acidity but the spectro- 
photometric investigation does not clarify much 
about the configurational information of the chemi- 
cal species in aqueous solution. The blue product 
was exclusively followed by measuring the absorb- 
ance at 650 nm, which gives no structural infor- 
mation. They lately published the spectro- 

* Author to whom correspondence should be addressed. 
Present address: Naruto University of Teacher Edu- 

cation, Naruto, Tokushima, Japan 772. 

photometric work in the strong acid’ ’ and using 
stopped-flow studies. ‘* 

We have followed the formation of the molyb- 
dophosphate complex by the use of laser Raman 
spectroscopy. This method has brought much infor- 
mation about the appearance and disappearance of 
several species. 13*14 It could also shed light on the 
formation mechanisms of molybdophosphate com- 
plexes. 

EXPERIMENTAL 

Reagents and apparatus , 

A phosphate solution was prepared of potassium 
dihydrogen phosphate KH2P04 which was dried 
at 110°C. A molybdate solution was prepared of 
sodium molybdate Na,MoO, - 2H20 of analytical 
reagent grade and standardized by gravimetric 
analysis. ” Hydrochloric acid was used to acidify 
solutions. 

Polynuclear molybdophosphate complexes were 
produced by means of the mixed solutions of phos- 
phate and molybdate. The following two mixing 
procedures were examined : 

(1) the acidified phosphate solution was mixed 
with the acidified molybdate solution, 
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(2) the mixed solution of phosphate and molybdate 
was acidified with hydrochloric acid. 

A conventional quartz cell was used as a reac- 
tion chamber which was kept at 25 + 1°C. A cell 
stirrer mixed the phosphate solution (2.0 x lo-* M, 
pH 1) of 1 cm3 with the molybdate solution 
(2.4 x lo- ’ M, pH 1) of 1 cm3. 

Raman spectra were measured with JASCO 
R800, using 514.5 nm (Ar+ laser) as the excitation 
source. The instrument was modified for the data 
treatment and collection equipped with the Sharp 
MZ-2000 personal computer. Sodium nitrate was 
used as an internal standard. 

RESULTS AND DISCUSSION 

There are two procedures to produce the yellow 
l%-molybdophosphate complex [PMo, z0,0]3- ; (1) 
acidification of the mixed solution of phosphate and 
molybdate, (2) mixing with the acidified molybdate 
solution and the acidified phosphate solution. 
Although both procedures form the species of 12- 
molybdophosphate, the rates of formation are quite 
different. As shown in Fig. 1, the latter procedure ex- 
hibits the slower rate in the formation of 12-molyb- 
dophosphate, which has a typical Raman band at 
996 cm-‘.9 The 1Zmolybdophosphate complex 
tirst appears in 1 min 23 s after the acidified 
molybdate solution of pH 1 is mixed with the acidi- 
fied phosphate solution of pH 1. Some other species 

and S. IKEDA 

of polynuclear complex appear and disappear dur- 
ing the progress of the reaction before the 12- 
molybdophosphate is produced. Figure 1 reveals 
characteristic features that two peaks at 980 cn- ’ 
and at 955 cm- ’ decrease and correspondingly a 
new peak at 975 cm- ’ appears in the initial reaction 
of the acidified molybdate and phosphate. The pre- 
vious works’s9 indicated that the species having the 
peak at 980 cm-’ is Mo,O:&, the species at 955 
cm-’ is (MoO~)*-(MOO~)~ ,, and the species at 975 
cm-’ is (P0,)3-(Mo03),,. An important fact 
is that the first heteropolymolybdate complex 
formed is not the 1Zmolybdophosphate but ll- 
molybdophosphate complex of (P0,)3-(Mo03)11 
when the acidified molybdate is mixed with the 
acidified phosphate solution. The species of 
(P04)3-(Mo03)11 is produced from the species of 
Mo,O:; and (MoO~)~-(MOO~)~,. The species of 
1 1-molybdophosphate subsequently transforms 
into 1Zmolybdophosphate complex : increasing the 
intensity at 996 cm- ’ while decreasing the intensity 
at 975 cn- ’ observed in the Raman spectra shown 
in Fig. 1. As shown in Fig. 2, the appearance 
and disappearance of three species of 1 l-iso- 
polymolybdate, 1 1-molybdophosphate, and 12- 
molybdophosphate were also followed at the con- 
stant wavenumber of 955, 975 and 996 cm- ‘, 
respectively. Figure 2 clearly indicates that the f&t 
heteropolymolybdate formed is not 12-molyb- 
dophosphate but 1 1-molybdophosphate complex. 
The 1Zmolybdophosphate complex forms gradu- 
ally after an induction period of 1 min where 
11 -molybdophosphate complex is predominantly 

(POz$-(Moo,),,, _ 

Wavenumber (cm-‘) 

Fig. 1. The reaction of the acidified molybdate with the acidified phosphate solution on Raman 
spectra ([PI = 1.0x lo-* M, [MO] = 1.2x 10-I M, pH 1). The reaction time: (1) 0 s, (2) 31 s, (3) 1 

min 23 s, (4) 2 min 14 s, (5) 3 min 5 s, (6) 4 min 47 s, (7) 5 min 38 s, (8) 6 min 29 s. 
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3.0 

.i 2.0 
0 
‘, ._ 
P 
.g 
a 
E 

5 1.0 

! 

1 
‘. 

I 

.Jf) (M00~)*-(M00~),~ 955 cm-’ 

---_ -- 

I / 1 I ! 1 1 

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

Time (min) 

Fig. 2. Formation and decomposition curves of three species observed at each wavenumber. (1) 
(MoOJ*-(MoOJ,, at 955 cm-‘, (2) (POJ’-(MOO,), , at 975 cm-‘, (3) [PMoOJ- at 996 cm- I. 

produced. The formation of the lZmolybdo- 
phosphate was completed in 10 min. 

On the other hand, the formation rate of the 
1Zmolybdophosphate is extremely fast when the 
mixed solution of molybdate and phosphate (F] = 
1.0x 10e2 M, [MO] = 1.2 x 10-r M) is acidified to 
pH 1 as shown in Fig. 3. Within only 31 s, the 
formation product of 1Zmolybdophosphate com- 
plex proceeds up to 80% of the total amount. After 
that, the incremental rate is slowed to 20 min 30 s. 
This contrast in behavior in the formation of the 

1Zmolybdophosphate complex suggests to us the 
formation mechanism of the heteropoly complex. 
The acidified molybdate solution of pH 1 contains 
the predominant species of (Mo0,)2-(Mo0,)I 1 and 
the minor species of Mo~O:G.~ In order to form 
1 1-molybdophosphate from the species PO:- and 
(M0d,)~-(Mo0,), i, the unit of Moo:- in the spec- 
ies of (MoO~)~-(MOO~),, should be replaced by 
the unit of PO:-. Then this 1 I-molybdophosphate 
of (P0,)3-(Mo0,)1, formed should be transformed 
into 1Zmolybdophosphate of [PMo,,O.,,]~- like 

1.0 - 

.o - 

.o - 

0 

n / MC 

Wavenumber (cm-‘) 

Fig. 3. The acidification of the mixed solution of molybdate and phosphate ([p] = 1.0 x lo-’ M, 
[MO] = 1.2 x 10-l M, pH 1). The reaction time: (1) 0 s, (2) 31 s, (3) 20 min 30 s. 
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eqns (1) and (2). This formation step takes a con- 
siderable time since it proceeds via the formation 
of the 1 1-molybdophosphate. The observation that 
the MOO:- species appeared around 900 cm- ’ also 
supports this mechanism. The MOO:- group in the 
isopolymolybdate species of (Mood)*-(Mo03), 1 
has a Raman peak at 903 cm- ’ as shown in Fig. 1. 
In the reaction of isopolymolybdate with phos- 
phate PO:-, the free MOO:- group is released, 
giving a band at 897 cm-’ in the Raman spectra. 
The free MOO:- disappears again because it is used 
up to produce the IZmolybdophosphate like in 
eqn (2). Figure 1 shows no Raman peak of free 
ion MOO:- around 900 cm-’ where lZmolybdo- 
phosphate is predominantly produced. 

(Mood)*-(Mo03), 1 + PO:- 

+ (P04)3-(Mo03), , +MoO:- (1) 

(P04)3-(Mo03)1, +MoO:- +2H+ 

+ [PM01204,,]~- +H20. (2) 

In the case of acidifying the mixed solution of 
molybdate and phosphate, the 12-molybdo- 
phosphate is directly formed by the process that 
the core phosphate shares some molybdate cluster 
of Mo,O;;, MosO&, and Mo~O:;.~~*~~ The for- 
mation rate of 12-molybdophosphate is extremely 
rapid. It is too fast to observe the initial formation 
behavior since the maximum scan rate of JASCO 
R800 is 3 1 s over 200 cm- ‘. However the following 
features are obvious. The MOO:- species which 
appeared at 897 cm-’ is completely consumed to 
construct 12-molybdophosphate by acidification 
as shown in Fig. 3. Around 80% yield of 12- 
molybdophosphate is attained within 31 s. 

These findings suggest the formationmechanisms 
of isopoly- and heteropolymolybdate. As described 
in previous work,’ the optimum acidity of 12- 
molybdophosphate is around pH 1. When the 
hetero group anion like PO:- is not present in the 
acidic molybdate solution, isopolymolybdate grows 
to the large species’ of (Moo,)*-(Moo,),, as 
given in eqn (3). 

12MoO:- +22H+ 

F? (MoO~)~-(MOO~), , + 1 1H20. (3) 

Once this large isopolymolybdate species forms 
in aqueous solution, the formation rate of 12- 
molybdophosphate [PMo, 2040] 3- becomes slower 
because two processes should be gone through : at 
first the substitution of the MOO:- group in 
(Mo04)*-(Mo03), 1 by PO:- group and then the 
transformation of the formed (P0,)3-(Mo03), , 
into 12-molybdophosphate of (P0,)3-(Mo03)I 2 as 

and S. IKEDA 

given in eqns (1) and (2). However the 12-molyb- 
dophosphate forms rapidly when the molybdate 
solution initially contains phosphate PO:- as 
shown in Fig. 3. In this case it is unnecessary to 
substitute MOO:- by PO:-. The PO:- group 
directly constructs the 1Zmolybdophosphate of 
Keggin structure18 by the surrounding molybdate 
clusters: Mo,O&, MosO:;, and Mo,O:, which 
are produced by acidification of the molybdate 
solution. *vl LX” Despite the relative complexity of 
these polymolybdate ions, the steps leading to 
their formation are complete within a few 
milliseconds.20~2’ In the case of acidification of the 
mixed solution of phosphate and molybdate, a basic 
question is whether the heteropoly complex is 
formed from an initial reaction of phosphate 
with the monomer MOO:- and subsequent poly- 
merization as given in eqn (4) or from an initial 
polymerization of molybdate followed by a con- 
densation reaction with PO:- as given in eqns 
(5), (6) and (7). 

12MoO:- +PO:- +24H+ 

F? [PMo,~O~~]~- + 12H20 (4) 

I 

7MoO:- + 8H+ G Mo,O;; +4H20 

7POj- + 12M070;; + 72H+ 

+ 7[PMO,2040]~-+36H20 (5) 

i 

8MoOi-+ 12H+ P Mo~O:~ +6H2O 

2PO:- + 3Mo,O:, + 12H+ 

P 2[PM012040]~-+6H20 (6) 

i 

6MoO:- + lOH+ P Mo,O:, +5H20 

PO:- +2Mo60;9 +4H+ 

* [PM0 1 2040]3- + 2H20. (7) 

There is no evidence in the Raman spectra that the 
PO:- group initially reacts with the monomer 
MOO:- as given in eqn (4). But the interaction 
between the PO:- and isopolymolybdate has been 
observed.g,22*23 Moreover the existence of the 
species Mo,O&, Mo,O:;, and Mo,O& has been in- 
vestigated and established by several authors. **24-26 
The latter cases of eqns (5), (6) and (7) seem likely 
because each isopolymolybdate forms easily and 
rapidly as above mentioned. 
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METAL AND ORGANOMETAL COMPLEXES OF OXY- AND 
THIO-PHOSPHORUS ACIDS-I. 0,0-ALKYLENE AND 

DIALKYL DITHIOPHOSPHATES OF TITANIUM(IV) 

J. S. YADAV, R. K. MEHROTRA and G. SRIVASTAVA* 

The Chemical Laboratories, University of Rajasthan, Jaipur-302 004, India 

(Received 19 September 1986 ; accepted after revision 17 March 1987) 

Abstract-QO-Alkylene and dialkyl dithiophosphates of titanium(W), Cl,_,Ti(dtp), 
[n = 2, 3 and 4 ; dtp = S(S)POCMe2CMe20 or S(S)P(OEt), ; n = 4 and dtp = 
S(S)POCHMeCHMeO, S(S)POCH2CMe2CH20 and S(S)P(OPrQ,] have been synthe- 
sized by the reactions of titanium tetrachloride with ammonium or sodium salts of O,O- 
alkylene and dialkyl dithiophosphoric acids in appropriate stoichiometric ratios in 
refluxing benzene. All these complexes are hydrolysable, dark red semi-solids or viscous 
liquids and are soluble in common organic solvents when freshly prepared. Ionic 
tetrachlorodithiophosphatotitanate(IV) complexes, [M]+~iClXS,POCMe,CMe,@]- 
(M = ammonium or pyridinium) have been obtained as insoluble yellow solids by mixing 
the reactants in equimolar ratios. All of these compounds have been characterized by 
elemental analyses, IR and NMR (‘H, 13C and 3’P) spectral studies. A few codis- 
proportionation reactions of these dithiophosphato complexes have also been studied by 
3’P NMR spectroscopy. 

The coordination chemistry of titanium(IV) with 
oxygen donor ligands is confined mainly to 6-coor- 
dinate octahedral complexes. Thus, the reaction of 
titanium tetrachloride with excess acetylacetone 
stops after the formation of octahedral dich- 
lorotitanium bis(acetylacetonate), TiCl,(acac), as 
the final product. ’ Similarly 1 : 1 complexes of the 
type TiC14 * 0PC132 and TiCl, * CH3COOEt3 dimer- 
ise through chlorine bridges to give octahedral 
structures. 

Although titanium is a class A metal, it lies closer 
to the border-line of class A/class B character and 
forms a variety of stable complexes with sulphur 
donor ligands. Among these, titanium(IV) com- 
plexes of 1, I’-dithio ligands, particularly N,N-dial- 
kyldithiocarbamic acids, have generated much 
interest in recent years.4 In contrast to fl-diketones, 
the dithiocarbamate ligands have been found to 
stabilise higher coordination states of titanium, 
probably due to their low charge and small bite. 
Thus derivatives of the type C12Ti(S2CNR2)2,5 
C1Ti(S2CNR2)36 and Ti(S2CNR2)47 have been 

*Author to whom correspondence should be addressed. 

shown to contain 6-, 7- and 8-coordinated titanium 
atoms, respectively. 

O,O-Dialkyl (and alkylene) dithiophosphoric 
acids behave as versatile dithio ligands’ and form a 
variety of complexes with transition’ as well as non- 
transition” elements. Surprisingly, except for some 
preliminary investigations’ ’ on reactions of 
titanium tetrachloride with ammonium diethyl and 
diisopropyl dithiophosphates, no systematic work 
on dithiophosphato complexes of group IV tran- 
sition metals has been carried out as yet. The present 
communication deals with the synthesis and charac- 
terization of some acyclic and cyclic tetrakis dithi- 
ophosphates and mixed chloride dithiophosphates 
of titanium(IV). 

EXPERIMENTAL 

Owing to the extremely hydrolysable nature of 
the derivatives of titanium(IV), rigorous pre- 
cautions were taken to exclude moisture during 
experimental manipulations. Solvents (benzene, 
chloroform, pyridine and DMF) and alcohols 
(ethanol and isopropanol) were dried before use 
by standard methods. Titanium tetrachloride (E. 
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1688 J. S. YADAV et al. 

Merck) was distilled (b.p. 136.4”C) before use. O,O- 
Dialkyl” and alkylene13 dithiophosphoric acids 
and their ammonium/sodium salts were prepared 
by methods reported in the literature. Sulphur was 
estimated gravimetrically as barium sulphate. 
Titanium was estimated as titanium oxide by the 
cupferon method. Phosphorus was estimated as 
ammonium magnesium phosphate hexahydrate 
and chlorine by Volhard’s method. 

IR spectra were recorded as neat liquids or nujol 
mulls using a Perkin-Elmer 577 spectrometer in the 
range 4000-200 cm-’ with CsI cell windows. ‘H 
NMR spectra were recorded in chloroform using a 
Perkin-Elmer R12B spectrometer using TMS as an 
external standard. 3 ‘P and ’ 3C NMR spectra were 
recorded in chloroform/benzene using a Jeol FX 90 
Q spectrometer with H3P04 and TMS as external 
standards, respectively. 

Synthetic methods 

(1) Reaction of titanium tetrachloride with 
ammonium 0,0-tetramethylethylene dithiophos- 
phate in 1: 1 molar ratio. On mixing a suspen- 
sion of ammonium 0,0-tetramethylethylene 
dithiophosphate (1.35 g, 5.89 mmol) in benzene 
(N 30 cm’) with titanium tetrachloride (1.10 g, 5.79 
mmol) in the same solvent (- 20 cm3), the solution 
turned red immediately and an orange solid was 
precipitated out. The reaction mixture was refluxed 
for - 3 h and the product separated by filtration, 
washed several times with benzene and dried under 
reduced pressure to yield an orange powdery solid 
(2.44g,92%),m.p.206”C.Found:Ti,11.5;S,15.3; 
P, 7.3 ; Cl, 29.3. Calc. for C6H,&N02PS2Ti : Ti, 
11.4; S, 15.3; P, 7.4; Cl, 29.5%. 

(2) Reaction of titanium tetrachloride with O,O- 
tetramethylethylene dithiophosphoric acid in pres- 
ence of pyridine in 1: 1 molar ratio. Titanium tetra- 
chloride (0.98 g, 5.16 mmol) in benzene (- 20 cm3) 
was added to O,O-tetramethylethylene dithi- 
ophosphoric acid (1.11 g, 5.23 mmol) in - 30 cm3 
benzene resulting into a red solution. An orange 
precipitate was formed on adding pyridine (0.41 g, 
5.18 mmol) in - 20 cm3 benzene drop by drop with 
constant stirring to the above. The contents were 
stirred for - 3 h at room temperature to ensure the 
completion of the reaction. The precipitate (2.15 
gm, 86%) was filtered, washed with benzene and 
dried under reduced pressure yielding an orange 
powdery solid, m.p. 196°C. Found: Ti, 10.0; S, 
13.3. Calc. for C11H,,Cl,N02PS2Ti: Ti, 10.0; S, 
13.3%. 

(3) Reactions of titanium tetrachloride with 
ammonium/sodium O,O-alkylene and dialkyl dithi- 
ophosphates in 1 : 2 2 molar ratios. Titanium tetra- 
chloride in benzene was added to a suspension of 

ammonium/sodium alkylene or dialkyl dithi- 
ophosphate in benzene in different molar ratios 
(1 : 2, 1: 3 and 1: 4). The reaction mixture tias 
refluxed for N 3 h and the precipitated ammon- 
ium/sodium chloride was removed by filtration, fol- 
lowed by removal of solvent under reduced pres- 
sure. The product was finally washed with n-hexane 
and dried. 

The relevant data for the above reactions have 
been summarised in Table 1. 

RESULTS AND DISCUSSION 

Titanium tetrachloride reacts readily with 
ammonium O,O-tetramethylethylene dithiophos- 
phate in equimolar ratio in benzene at ambient 
temperature with precipitation of a 1: 1 complex, 
ammonium dithiophosphatotetrachlorotitanate, 
I. A similar pyridinium complex, II was also ob- 
tained on adding pyridine to an equimolar mixture 
of titanium tetrachloride and tetramethylethylene 
dithiophosphoric acid in benzene. 

TiC14+ NH&POCMe,CMe,O 

+ [NH4]+[C14TiS2POCMe2CMe& 

I 

TiC1,+HSzPOCMe2CMe28+C5H,N 

+ [CgHsNH]+[C14TiSzPOCMezCMe&. 

II 

Both the above complexes are orange solids, 
insoluble in common organic solvents but soluble 
in dimethylformamide (DMF). The attachment of 
the dithiophosphate moiety to titanium is readily 
indicated by the presence of absorption at 350 and 
390 cm-’ in the IR spectra of these compounds 
which could be assigned to v Ti-S and v T&-Cl, 
respectively. It may be pointed out that anionic 
titanate complexes containing hexacoordinated 
titanium, e.g. [TiX,]*-, X = F, Cl and Br and 
[TiCl,(H,O)]-, are well known.14 The titanate com- 
plexes described here may also contain a similar 
hexacoordinated titanium due to the well known 
bidentate behaviour of the dithiophosphate moiety. 

Interestingly, the 3’P NMR chemical shifts of 
these complexes (I and II) in DMF are 123.6 and 
123.8 ppm respectively which are similar to the 
values obtained for 0,0-tetramethylethylene dithi- 
ophosphate anion in the ionic salts (e.g. ammonium 
tetramethylethylene dithiophosphate shows a shift 
of 123.8 ppm in DMF). Thus, the 31P NMR data 
indicate that in DMF solution, the titanate com- 
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plexes undergo solvolysis to generate dithi- 
ophosphate anions : 

[C1,TiS2pOCMe,CMe20]- + 2DMF 

+ Cl,Ti *2DMF+[S,pOCMe2CMe20]- 

The above solvolysis is further indicated by the 
conductivity data of complexes I and II. The molar 
conductance values (73.0 and 71.2 ohm-’ cm-’ 
mol- ‘, respectively) for 0.01 M DMF solutions of 
these are almost identical to the values observed for 
ammonium and pyridinium dithiophosphates (70.3 
and 71.7 ohm-’ cm-’ mol- ‘, respectively) under 
similar conditions and these values are consistent 
with their 1 : 1 electrolytic nature.‘5*‘6 Formation of 
a stable nonionic 1: 2 complex between TiC14 and 
DMF has already been reported” in the literature. 

Reactions of ammonium O,O-tetramethyl- 
ethylene dithiophosphate with titanium tetrachlo- 
ride in higher than equimolar ratios in refluxing 
benzene result in replacement of the chlorines by 
dithiophosphate moieties and by adjusting the 
molar ratios of the reactants, the bis-, tris- and 
tetrakis-(dithiophosphates) of titanium can be pre- 
pared. 

TiC14+nNH,S2POCMe2CMe20 

+ C14_,Ti[SzPOCMezCMe2&+nNH4Cl 

III, n = 2 
IV, n = 3 
V, n = 4. 

The products are obtained by filtering off 
ammonium chloride, removing the solvent and 
washing the residue with n-hexane. These replace- 
ment reactions are rather slow. The bis-derivative 
is obtained in poor yield and for the tetrakis-deriva- 
tive, a slight excess of the ammonium dithi- 
ophosphate and longer refluxing period is required. 
It seems that ammonium tetrachlorodithiophos- 
phatotitanate (formed initially) and ammonium 
dithiophosphate are both insoluble in benzene and 
would react quite sluggishly resulting in a low 
yield of titanium dichloride bis(dithiophosphate). 

The above route was employed for the synthesis 
of additional examples of titanium tetrakis-(cyclic 
dithiophosphates) : 

TiC14 + 4NH4dtp + Ti(dtp), + 4NH4Cl 
I 

VI, dtp = S,POCHMeCHM& 

VII, dtp = S2POCH,CMe,CH,0 

For the sake of comparison, a few selected exam- 

ples of acyclic dithiophosphate derivatives of 
titanium have also been prepared by the reaction of 
titanium tetrachloride with sodium dialkyldithio- 
phosphates in refluxing benzene : 

TiC14 + nNadtp + Cl,_,Ti(dtp), + nNaC1 

VIII, n = 2,dtp = !&P(OEt), 
IX, n = 3,dtp = S2P(OEt)2 
X, n = 4,dtp = S2P(OEt)2 

XI, n = 4,dtp = !&P(OP& 

The above reactions appear to be faster than the 
corresponding reactions of ammonium cyclic dithi- 
ophosphates and require less refluxing time. 

All of the above dithiophosphate derivatives (III- 
XI) are yellowish-red semisolids or highly viscous 
liquids which are miscible with benzene and chloro- 
form but immiscible with n-hexane and can be pur- 
ified by washing with the latter solvent. These com- 
pounds are very susceptible to hydrolysis. The 
intense colour of the complexes is indicative of the 
high polarizing capacity of the small titanium atom. 
For comparison, it may be mentioned that similar 
complexes of zirconium are white solids. 

The purity of these compounds was easily 
checked by their proton decoupled 3’P NMR spec- 
tra which show only a single peak. The mixed acy- 
clic derivative VIII, however, appears to be prone 
to disproportionation. The freshly prepared com- 
pound in benzene (after filtering off the precipitated 
sodium chloride) shows a single 3 ‘P NMR peak at 
84.4 ppm. However, on removing the solvent and 
redissolving it in benzene after a few days, the com- 
pound shows peaks at 88.0, 87.4, 85.7 and 84.2 
ppm, thus indicating the presence of all the four 
disproportionation products Cl,Ti[S,P(OEt)2]4_-n, 
n = 0, 1, 2 and 3. The corresponding cyclic deriva- 
tive III, on the other hand, does not show any 
tendency to disproportionate under similar con- 
ditions. 

The highly viscous and hydrolysable nature of 
titanium dithiophosphates precluded any attempt 
to determine their molecular weights. The dithi- 
ophosphate moieties were changed with the unful- 
filled hope to get a crystalline sample for X-ray 
diffraction data. Titanium(IV) dithiophosphates 
also show ageing effect, on keeping for longer per- 
iods in stoppered flasks at room temperature, their 
colour is darkened and the solubility in benzene is 
reduced. The ageing effect is more pronounced in 
the open chain derivatives which are converted into 
intractable solids in about a month. 

The derivatives III-XI have been subjected to IR 
and multinuclear NMR (‘H, 13C and 3’P) spectral 
studies and data are summarised in Table 2. 
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The spectra, however, indicate the presence of single 
species in each case. 

In the ‘H NMR spectra, the signal due to S-H pro- 
ton is as expected absent. The tetramethylethylene 
dithiophosphate derivatives show only a singlet, 
thus indicating negligible 4J P-H coupling. All other 
derivatives, however, have hydrogens attached to 
the a-carbon atoms of the alkoxy or glycoxy groups 
and these show coupling with phosphorus (3J P-H 
being in the range 10-15 Hz). 

The 13C NMR spectra of only the tetra- 
methylethylene derivatives (III and IV in chloro- 
form and V in benzene) were measured. In these, 
the tertiary carbons appears as singlet at N 90.5 
ppm and the methyl carbons give a doublet around 
23.7 ppm, thus showing that whereas there is no 
observable two-bond C-P coupling, the cor- 
responding three-bond coupling is present in the 
range of 4-6 Hz. It may be mentioned that in the 
parent acid (tetramethylethylene dithiophosphoric 
acid in Ccl,), the coupling of both the types of 
carbons with phosphorus is observed (‘5 = 2.44 ; 
3J = 4.88 Hz). Interestingly, the 3J C-P value 
remains the same in tetrakis-derivative V, but 
increases to 6.66 Hz in the mixed chloride dithi- 
ophosphate derivatives (III and IV). 

3’P NMR studies of titanium dithiophosphates 
(Table 2) lead to the following observations : 

(i) The chemical shifts of O,O-alkylene and dial- 
kyl dithiophosphoric acids increase in the following 
order : 

O\/ 

$ p\s” < 

““\/ < 

x 

Og 

RO’ ‘SH d ‘sli 

W&pm 82-86ppm 93-96ppm 

Phosphorus in 6-membered 1,3,2-dioxa- 
phosphorinanes is more shielded where as the 
same in 5-membered 1,3,2-dioxaphospholanes is 
less shielded than phosphorus in the corresponding 
acyclic compounds. Such observations have been 
made before also with different phosphorinanes and 
phospholanes. 23 

(ii) The 31P shifts for titanium dithiophosphate 
complexes are surprisingly almost in the same range 
as those for the parent acids. 

(iii) In tetramethylethylene dithiophosphate com- 
plexes (III-V), the chemical shift increases, 
although only slightly, with increasing number of 
chlorine at the metal. In open chain comlexes also, 
the same pattern is obtained with the exception of 
the dichloro derivative. 

(iv) All compounds give a single peak when freshly 
prepared except IX (which appears to be con- 
taminated with the tetrakis derivative) and VI which 
may be present as a mixture of diasterioisomers. 

(v) Titanium tetrakis (tetramethylethylene dithi- 
ophoshate) (V) shows 31P signal at 92.4 ppm in 
benzene. However, in pyridine, it shows two peaks, 
one of lower intensity at 123.9 ppm and another of 
higher intensity at 71.3 ppm. 

Phosphorus chemical shifts of various metal 
dithiohosphate complexes have been reported in 
recent years and an attempt has also been made by 
Glidewellz4 to correlate the shifts in metal diiso- 
propyl dithiophosphates with the bonding behaviour 
(monodentate, bidentate or ionic) of the ligand. It 
was suggested that phosphorus deshielding 
increases in the order monodentate attachment < 
bidentate attachment < [(Pr’O),PS,]- anion. 

Phosphorus chemical shifts in general depend on 
many factors (e.g. bond angle, steric effect, size of 
the ring and electronegativity of attached 
groups)23,2S and our attempts to correlate the same 
in metal alkylene dithiophosphates on the lines of 
Glidewell have not been successful. For example, 
trimethyltin tetramethylethylene dithiophosphate 
and dimethyltin bis(tetramethylethylene dithi- 
ophosphate) have been shown to contain 4- and 6- 
coordinated tin respectively on the basis of ‘19Sn 
NMR shifts and also by ‘J’3C-“9Sn values.26 
However, the 31P chemical shifts of these two com- 
pounds are almost the same (104.5 and 102.1 ppm, 
respectively). ’ 6 

We, therefore, believe that in titanium dialkyl 
dithiophosphates also, the 31P chemical shifts are 
helpful in identification and determination of the 
purity of compounds, but one should be very cau- 
tious in correlating these with the structural features 
of the compounds. However, the observations that 
31P signal of the derivative V in pyridine splits into 
two peaks (one upfield at 71.3 and other down field 
at 123.9 ppm) can be correlated with the formation 
of an ionic species of the type XII in which there are 
three monodentate and one ionic dithiophosphate 
moieties. It is thus an indirect proof of the bidentate 

XII 

behaviour of all the ligand moieties towards 
titanium in non polar solvents or in neat 
compounds. It may be pointed out that a change 
from bidentate to monodentate behaviour of dithi- 
ophosphate moieties in transition metal complexes 
in the presence of a stronger coordinating ligand 
has been recorded before. Thus, tetra coordinate 
Ni[S,P(OMe),], forms a 5-coordinate 1: 1 complex 
with the bidentate ligand 2,9-dimethyl-l,lO-phen- 
anthroline, the crystal structure of which shows one 
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of the dtp ligands being monodentate. Similarly, 
palladium and platinum complexes, M[S,P(OEt),], 
react with tertiary phosphines by stepwise cleavage 
of metal-sulphur bonds to form 4-coordinate 1 : 1 
and 1: 2 adducts having unidentate-bidentate and 
bidentate-ionic dtp ligands, respectively.28 

The known titanium-sulphur bonded compounds 
are very limited in number and in all these cases, 
titanium shows an enhanced tendency to increase 
its coordination number. Titanium tetrathiolates 
are oligomeric in nature (with suggested coordination 
number eight), .29 the dithiocarbamates, on the other 
hand, are monomeric with the ligand always acting 
as bidentate. In case of titanium dithiophosphates 
also, the IR and 3’P NMR spectroscopic data, as 
discussed earlier, point towards bidentate attach- 
ment of the ligand moieties. 

Further, due to the similarity between dithi- 
ocarbamate and dithiophosphate moieties, the 
titanium dithiophosphate complexes are expected 
to be structurally similar to the corresponding dithi- 
ocarbamate complexes. On the basis of this com- 
parison the dichloride bis-(dithiophosphate) com- 
plexes should be six coordinated octahedral, the 
monochloride tris-(dithiophosphates) should be 7- 
coordinated pentagonal bipyramidal and the 
tetrakis-(dithiophosphates) should be S-coor- 
dinated dodecahedral. The octahedral dichloro bis- 
(chelate) complexes of titanium (e.g. Ti(acac)*Cl,, 3o 
Ti(dtc)2C126a etc.) have invariably cis geometry and 
the same may be expected for the Ti(dtp)2C12 com- 
plexes also. 

As described earlier, the NMR ( 3 ‘P, ’ 3C and 
‘H) data for all the dithiophosphate derivatives of 
titanium show the presence of only one type of 
ligand moiety in the molecule at ambient tem- 
perature and, thus, indicate the stereochemical non- 
rigidity of the complexes. Unfortunately variable 
temperature NMR studies could not be carried out 
due to lack of facilities. However, it may be worth- 
while to mention here that the corresponding dithi- 
ocarbamate complexes Ti(S2CNR2),C14_, are also 
stereochemically non-rigid and their variable tem- 
perature NMR spectra show that R groups remain 
equivalent over the temperature range +40 to 
- 90”C.6a 
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Abstract-The molecular structure of a new osmium-silver complex is reported. The com- 
pound crystallizes in space group PI with a = 14.486(3) A, b = 14.71 l(3) A, c = 10.233(2) 
A, a = 95.55(2)“, /I = 98.75(2)“, y = 126.88(l)“, V = 1675(2) A3, and Z = 1. Full-matrix 
least-squares refinement with 3548 independent reflections led to final residual indices of 
R = 0.041 and R, = 0.047. The compound, 0sC16Ag2[P(C6H5)3].,, is prepared by pre- 
cipitation from an acetonitrile solution containing (n-Bu&)2OsCl& triphenylphosphine 
and silver nitrate. The synthesis of (n-Bu,N),OsCl, makes use of anhydrous conditions. 
The molecule is made up of two Ag(PPh3)2 units which are symmetrically bound to a central 
0sCl6 group. 
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The title compound was prepared as part of a study 
investigating methods of chlorine substitution in 
OsCli-. Osmium-chlorine bonds in the ion are rela- 
tively inert, and chlorine substitution represents a 
synthetic challenge. Legzdins and Nurse’ made use 
of silver salts to affect substitutions of iodide in 
some molybdenum complexes. They obtained silver 
adducts as isolable intermediates. In the experiment 
leading to the title compound, a solution of 
OsClE- with triphenylphosphine was treated with 
silver nitrate. The result was the formation of excel- 
lent dark red crystals in essentially quantitative 
yield. No reaction of this kind had been reported, 
and a new silver complex was suspected. An 
osmiun-silver complex was prepared by Clark, and 
co-workers,’ who structurally characterized their 
material and found that it contained an Os-Ag 
bond. The objective of the work reported in this 
paper was to structurally characterize the new com- 
pound and identify the nature of the silver binding. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Syntheses 

Preparation of (n-Bu4N)@sCl6. The compound 
was prepared in a 100 cm3 round bottom flask 
equipped with a mantle for warming, a magnetic 
stirrer, and a reflux condenser. The flask was 
charged with one ampoule of osmium tetroxide 
(0.8694 g, 3.42 mmoles) and 10 cm3 of freshly dis- 
tilled benzoyl chloride, C6H5COCl. In addition to 
serving as the initial solvent in the preparation, 
benzoyl chloride insures that solution conditions 
remain anhydrous throughout the reduction of 
0~0,. The reaction mixture was stirred and warmed 
(50°C) until the 0~0, dissolved. At this point, 25 
cm3 of 100% ethyl alcohol saturated with gaseous 
HCl was added through the top of the reflux con- 
densor. The reaction mixture was refluxed for 0.5 h. 
During the reflux, the color of the reaction mixture 
changed from pale yellow to deep red and then to 
orange-yellow. The reaction mixture was allowed to 
cool, and then evaporated on a rotary evaporator 
until the solution volume was about 10 cm3. A 
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solution of tetra-n-butyl ammonium bromide, (n- 
Bu,N)Br (3.8 g, 11.8 mmoles), in 10 cm3 of 100% 
ethyl alcohol was added to the cold (RT) reaction 
mixture, followed by 100 cm3 of diethyl ether. The 
flask was capped and stored overnight in a freezer 
(- 22°C). The precipitate was filtered, washed with 
diethyl ether and vacuum dried. The yield was 2.107 
g (83%) of orange-yellow solid. Found: C, 43.2; 
H, 8.3; N, 3.1; Cl, 23.9. Calc.: C, 43.3; H, 8.1; N, 
3.2 ; Cl, 24.0%. 

Preparation of 0sC16Ag2[P(C6H5)3]4. In a typical 
preparation, 0.2 g (0.2 mmoles) of (~-Bu,N)~OSC~, 
was dissolved in 20 cm3 of acetonitrile together with 
an excess of triphenylphosphine (0.3 g, 1 mmoles). 
An excess of silver nitrate (0.1 g, 0.6 mmoles) dis- 
solved in 20 cm3 of acetonitrile was then added to 
the solution. The color of the solution became red 
and small, red crystals precipitated leaving a color- 
less solution. The solid was filtered, washed first 
with acetonitrile until tests of the filtrate with Cl- 
revealed no remaining Ag+, and then it was washed 
with ethyl ether and dried (yield 0.3 g, > 900/). In 
order to obtain crystals of the size and quality 
needed for crystal structure analysis, the compound 
was again prepared (as described above), this time 
from very dilute solutions (one-fifth the quantities 
of materials in twice the solvent). An IR spectrum 
of the compound in the range 4004000 cm-’ ex- 
hibited only peaks attributable to triphenylphos- 
phine bound in the complex. Found: C, 52.0; H, 
3.6; Cl, 12.9. Calc.: C, 51.8; H, 3.6; Cl, 12.8%. 

Crystal data 

0sC16Ag,[P(C6H5)3]4; A4 = 1667.82, space 
group = Pi, 2 = 1, a = 14.486(3) A, b = 14.71 l(3) 
A, c = 10.233(2) A, a = 95.55(2)“, /? = 98.75(2)“, 
y = 126.88(l)“, V = 1675(2) A3, D, = 1.65 g cmw3, 
p(MoKa)(cm- ‘) = 29.44, F(000) = 824. 

Data collection 

Data were collected from a dark red, columnar 
crystal with dimensions 0.07 x 0.06 x 0.12 mm 
using a Rigaku AFC-5S diffractometer and 
graphite monochromatized MOKM radiation 
(A = 0.71069 A). A total of 25 reflections, in the 28 
range of 9-24” were used for orientation, lattice 
parameter determination/refinement, and Laue 
group differentiation. The intensities of 5891 unique 
reflections were measured (20 range : 2.5-50”, tem- 
perature : 23°C) using 0-28 scans and a maximum 
of 3 scan repetitions/reflection in order to obtain 
OF/F < 0.10; 3548 reflections were considered 
observed with I > 3a(I). Three standard reflections 
varied -0.20, -0.04 and - 1.14% during data col- 

lection. All data were corrected for background, 
Lorentz, polarization, and absorption (numerical 
method, transmission range : 0.84m.866). 

Structure solution and refinement 

Direct methods were used to locate the OS, Ag, 
Cl, P, and approximately one-half the C atomic 
sites ; the remaining carbons were located by differ- 
ence Fourier syntheses. 

Full matrix least-squares refinement of the non- 
H atoms proceeded to convergence uneventfully, 
with all atoms anisotropic. The ring-hydrogens 
were then placed in geometrically correct positions 
(C-H = 0.95 A) and fixed, while all other variables 
were again refined. The hydrogen gener- 
ation/refinement procedure was repeated until no 
significant parameter shifts occured (maximum 
shift/esd, final cycle : 0.0007). Convergence, with 
385 variables, occurred at R = 0.041 and 
R, = 0.047 where R = C llFOl - 1FJ/X IF& R, = 
[IX w(lFJ -lFJ)2/Z ~lF~l~]‘/~ and w = l/a2(lF0’,l). 
The final difference synthesis showed (BP),, = 0.57 
e/A’ and (AL\P)min = -0.55 e/A3. All calculations 
were performed with Molecular Structure Cor- 
poration’s TEXSAN structure analysis package. 3 

The atomic positional and thermal vibration par- 
ameters, plus complete distance, angle, and struc- 
ture factor tables have been deposited with the 
Editor as supplementary material. 

DISCUSSION 

The structure of the osmium-silver complex can 
be described most simply as having a central 0sC16 
moiety to which two Ag(PPh3)2 groups are sym- 
metrically attached (Fig. 1). The osmium atom is 
located on a center of symmetry within a distorted 
octahedral array of chloride ions. Each of the silver 
ions are four-coordinate in distorted tetrahedra 
formed by two chlorides bridging to the osmium 
atom and two triphenylphosphine ligands. Selected 
bond distances and angles are reported in Table 1. 

While this compound is unique for osmium, there 
are several complexes of silver reported in which the 
silver binding is similar. 4-1o That is, the silver ions 
are four-coordinate, bridged through two or more 
atoms to other metal ions, and have two phosphine 
ligands in their coordination spheres. Of these, the 
dimer, ([(CgH5)3P]2AgC1}2, may be most directly 
compared to the osmium-silver complex. ‘O In the 
dimer, the silver ions are bridged by two chloride 
ions in which the Ag-Cl bond distances are 2.741(2) 
and 2.596(2) A. This bond distance asymmetry is 
typical of halogen bridged silver ions. Bond angles 
for the dimer are 122.91(7)” for the P-Ag-P angle 
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Fig. 1. General view of OsCl&g,[P(C,H,),], showing labelling scheme. Atoms are represented by 
their thermal ellipsoids at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

and 88.03(6) ’ for the Cl-Ag-Cl angle in the bridge. from the angle observed in the silver dimer. Silver 
Silver-chlorine distances in the osmium-silver phosphine distances in the osmium-silver complex 

complex are longer than those in the silver dimer, 
2.678(2) and 2.807(3) A, 

are only slightly shorter than those for the dimer, 
and the Cl-AgCl bond but the P-Ag-P bond angle is significantly larger at 

angle is only 74.05(7)“, a more than 10” reduction 128.49(9)“. 

Table 1. Selected bond distances and angles for OsCl&gJP(C,H,),], 

Os-Cl(2) 
Os-Cl(3) 
Os-Cl( 1) 

Ag--P(l) 
Ag--P(2) 
Ag-CKl) 
Ag-Cl(3) 

C1(2)-Os-C1(3) 
C1(2)-os-C1( 1) 
c1(3)-0s-C1( 1) 

P( 1 )_Ag--p(2) 
P(l)-Ag-CKl) 
P(l)-Ag-Cl(3) 
P(2)_Ag--cl( 1) 
P(2)--Ag-CK3) 
Cl(l)-AgXl(3) 
Os-Cl( l)-Ag 
Os-Cl(f)-Ag 

C(25k-p(lW(31) 

Bond distances (A) 

2.315(3) 
2.334(2) 
2.356(2) 
2.452(3) 
2.455(3) 
2.678(2) 
2.807(3) 

p(l)--c(25) 
P(l)-C(31) 
P(l>--c(l9) 
P(2k-W) 
p(2)-C(l3) 
p(2)-C(7) 

Bond angles (“) 

90.3( 1) 
90.6( 1) 
89.57(8) 

128.49(9) 
111.05(9) 
109.5( 1) 
118.16(9) 
97.89(9) 
74.05(7) 
98.26(8) 
95.28(8) 

104.5(4) 

C(25)-P(l)-C(l9) 
C(25)-P(l>-Ag 
C(3lWYl)--c(l9) 
C(3lWYltiAg 
C(19)-P(l)---Ag 
C(l)-p(2fl(13) 
C( 1)-+2)-C(7) 
C(lW’(2tiAg 
C( 13)_-p(2)-C(7) 
C( 13)--p(2)-Ag 
C(7>-P(2tiAg 

1.82(l) 
1.829(9) 
1.84(l) 
1.81(l) 
1.83(l) 
1.84(l) 

105.9(4) 
107.1(3) 
102.7(4) 
122.8(3) 
112.4(3) 
103.5(4) 
105.8(4) 
118.6(3) 
103.6(4) 
114.5(3) 
109.5(3) 
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Osmium-chlorine distances in uncomplexed 
OsCli- average 2.337 A. ’ ’ When bound to silver in 
the osmium-silver corn lex, the Os-Cl distances are 
2.356(2) and 2.334(2) 1 for the bridging chlorines, 
and 2.315(3) A for the chlorine bound only to 
osmium. Metal-chlorine distances in the bridging 
structure suggest that each silver ion is relatively 
strongly bound to one of the bridging chlorines and 
weakly associated with the other. Cl-Os-Cl angles 
are essentially 90”, so the asymmetry in the central 
octahedron is primarily a result of Os-Cl bond dis- 
tance variation. 
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Abstract-A reaction of MnC12*4H20 with o-R2AsC6&C02 Na in 1: 2 molar ratio in 
95% EtOH yields four manganese(II)--monotertiaryarsine complexes [Mn(o-Me,AsC, 
H4C02)C1]~0.5H20, [Mn(o-R2AsC6H4C02)2(H20)2]~nH20 (n = 0 and R = Ph or p- 
tolyl ; n = 1 and R = Et). The stabilization of these four complexes is significant in view of 
the only two already known. 

Manganese(I1) has little tendency to form com- 
plexes with arsines since these are extremely sus- 
ceptible to oxidation even by the traces of moisture 
in the presence of this metal ion. ’ Manganese(I1) 
halides are known to react with AsPh3 to yield 
manganese(II)-arsine oxide complexes Mn(OAs 
Ph3)2X2.2 Manganese(B)-arsine complexes wn(L- 
L’)2Xd (X = Cl or Br ; L-L’ = AsMe2(o- 
C6H4EMe2) with E = As or Sb) have been obtained 
only in the absence of oxygen and moisture. 3 How- 
ever, a nitrogen-arsenic hybrid ligand has been 
reported to stabilize two manganese(II)-mono- 
tertiary arsine complexes [Mn(AsMe2(o- 
C,H,NH,))X,] (X = Br or Clod) even in the pres- 
ence of both ; water being removed azeotropically.4 
We now report the characterization of the products 
from reactions of MnCI, * 4H20 with (1) (Fig. 1) in 
95% EtOH to know if the oxygen-arsenic ligands 
derived from (1) also stabilize the manganese(II)- 
arsine complexes in the presence of both oxygen 
and water. 

EXPERIMENTAL 

Mn(o-Me2AsC6H4C02)Cl~0.5H20, [Mn(o-R,As 
C6H4C02)2(H20)~*nH20 (n = 0 and R = Ph orp- 
tolyl;n= landR=Et) 

A white solid first formed on the addition of 
[(l), 6 mmol] in 95% EtOH (20-25 cm3) to a 95% 

* Author to whom correspondence should be addressed. 
t The colour changes to dirty-white or light-pink on 

drying. 
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Fig. 1. 

ethanolic solution (10 cm3) of MnCl, * 4H20 (0.6 
g, 3 mmol) dissolved on shaking. However, these 
contents on refluxing (30 min for R = Me or Et and 
1 h for R = Ph or p-tolyl) gave a white7 compound 
which was filtered washed with 95% EtOH (to 
remove NaCl), EtOH and Et20 and finally dried in 
vacua. Yield : 60%. 

PhysicaI methodr 

Details of spectral and other measurements, 
preparation of (1) and estimation of arsenic(II1) 
have been published elsewhere. 5.6 
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Table 1. Analytical and IR (cm- ‘) data of manganese(I1) complexes 

Found (talc.) (%) 
Complex v(OH) v&O 2) 

(colour, m.p. a C) C H As”’ Mn @(HOH)) (vg(COz)) 

[Mn(o-Me,AsC,H,CO,)Cl]~OSH,O 34.0 
(Z) 

23.7 16.9 3420m 1590 
(dirty white, 198) (33.3) (23.1) (17.0) (1615sh) (1388) 

[Mn(o-Et,AsC,H,CO,),(H,O)dH,O 41.3 -0 9.3 3500m 1587 
(light pink, 300) (42.3) (Z) (8.8) 3410br (1385) 

(1610sh) 

[Mn(o-Ph,AsC,H,CO,),(H,O),l 58.4 
(Z) 

19.6 
(;f) 

3410brm 1590 
(light pink, 144) (57.4) (19.1) (1375) 

[Mn(o-(p-tolyl),AsC,H,CO,),(H,O)~ 59.9 17.6 3410brm 1595 
(dirty white, 175) (59.6) (G) (17.8) (Z::) (1620sh) (1395) 

a As”’ could not be estimated because of its spontaneous oxidation to As” as evidenced by the presence of A& 
band in the IR spectrum of the resulting compound. 

RESULTS AND DISCUSSION 

The analytical (C, H, N, As) TGA and IR data of 
the reaction products suggests that MnCl, -4H20 
reacts with (1) in 1 : 2 molar ratio in 95% EtOH to 
yield four manganese(II)-arsine complexes [Mn(o- 
Me2AsC6H_,C02)C1] * 0.5Hz0 and [Mn(o- 
RZA~C6H4C02)2(H20)2]*nH,0 (n = 0 for R = Ph 
or p-tolyl ; n = 1 for R = Et). The presence of water 
in these complexes has been indicated by the 
appearance of broad v(OH) and shoulder &OH) 
bands.‘g8 The p(H,O) band expected’ at 800-900 
cm- * seems to be obscured by the ligand S(OC0) 
band. lo 

Application of the reported criterion for the 
assignment of the bonding mode of these ligands to 
the v,,(CO,) and v,(COJ values (Table 1) of these 
four complexes suggests the coordination of car- 
boxylate oxygen and arsenic(II1) as given in struc- 
ture (2)” and rules out the structure (3).6,‘2 

The observed room temperature pefl values of 
5.37-5.98 B.M of these complexes suggest the pres- 
ence of high-spin manganese(I1) ; the subnormal pL,8 
value of 5.40 B.M for the chloro complex being 
attributed to Mn-Cl-Mn bridging indicated by the 
appearance of a v(Mn-Cl) bandI at 280 cm-‘. 
However, the subnormal peff value of 5.37 B.M for 
the complex with R = Et is not understood while 
the values for the complexes with R = Ph (5.98 
B.M) andp-tolyl(5.82 B.M) are normal as expected. 
An octahedral stereochemistry is also favoured by 
the appearance of doubly forbidden very weak 
bands in their electronic absorption spectra. Only 
the complexes with R = Ph and p-tolyl give an X- 
band EPR signal at room temperature as a broad 
single line with g x 2 which indicates their nearly- 
axial symmetry having small distortions from octa- 

hedral stereochemistry. ’ 3 Only the complex with 
R = p-tolyl is soluble in PhN02 and behaves as a 
nonelectrolyte. These observations favour structure 
(4) for all the complexes except the chloro complex 
for which the octahedral stereochemistry may only 
be achieved if the chloride ion acts as triply bridging 
and the ligand is tridentate. 

The net result of the present work is the stabil- 
ization of four new stable manganese(IIkmono- 
tertiary arsine complexes which is significant in 
view of the only two already known.4 Further 
McAuliffe’s emphasis’-3*‘4 on the use of strictly 
deoxygenated and anhydrous reaction medium 
does hold good for the soft ligands but the results 
of the present investigation and those of Chiswell 
et aL4 clearly suggest that the presence of water and 
oxygen in a reaction of a manganese(I1) salt with 
an As-O/As-N hybrid ligand does not inhibit the 
formation of a manganese(II)--arsine complex. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
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Abstract-The acetone complex [Fe(CO)2(Me2CO)(~5-C5H5)]~F6] reacts with L 
(L = H2NNHCSNH2, cy-C5HIoCNNHCSNH2, or R’R”CNNHCSNH2 where R’ = R” = 
Me ; R’ = H, R” = Ph ; R’ = H, R” = p-N02Ph ; R’ = p-MePh) in refluxing trichloro- 
methane to give the new complexes [Fe(CO)2L(q5-C5H5)][PF6]. The complexes are clearly 
coordinated through the sulphur atom since the thiosemicarbazide complex reacts with 
benzaldehyde to afford the corresponding thiosemicarbazone compound. 

Thiosemicarbazones have been shown to be active carbazide or thiosemicarbazones acting as mono- 
against protozoa, ’ influenza, ’ smallpox3 and cer- dentate ligands reported so far are those of Ag(I),8 
tain kinds of tumour,4 and their activity has often Hg(II)‘* lo and Co(I1). I’ Also, very few organo- 
been thought to be due to their ability to chelate transition-metal complexes containing attached 
trace metals. For example, Liebermeister5 showed thiosemicarbazide or thiosemicarbazones have 
that copper ions enhance the anti-tubercular been reported. 12-” In this communication we wish 
activity of p-acetamidobenzaldehydethiosemicar- to describe the synthesis of the new monodentate 
bazone. bonded complexes [Fe(CO)2L(q5-C5H5)][PF6] 

Many “classical” complexes containing thio- (L = H2NNHCSNH2, cy-C 5H, oCNNHCSNH 2, 
semicarbazide and thiosemicarbazones as coor- or R’R’CNNHCSNH,, R’ = R” = Me ; R’ = H, 
dinated ligands with bidentate coordination R”=Ph; R’=H, R”=p-NO,Ph; R’=Me, 
through the sulphur and hydrazinic nitrogen atoms R” = p-MePh) and preliminary studies of their 
have been reported. 6*7 However, there are very few reactivity. 
papers describing complexes with monodentate Equimolar quantities of [Fe(CO),(Me2CO)(q5- 
coordination. The only examples of thiosemi- C5H5)][PF6]‘6 and L (L = H2NNHCSNH2, cy- 

C5H1 oCNNHCSNH2 or R’R”CNNHCSNH2, 
*Authors to whom correspondence should be addmsed. R’=R”=Me; R’=H, R”=Ph; R’=H, 
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1704 Communication 

Table 1. (C, H and N)” and IRb data of [Fe(CO),L($-C,H,)][PF,] 

L Yield (%) C H N v(C0) cm- ’ 

(1) H,NNHCSNH, 59 22.7 (23.6) 2.4 (2.5) 10.6 (10.2) 2047s 
2011s 
1997s 

(2) cy-C,H&NNHCSNH, 72 33.9 (34.1) 3.6 (3.7) 8.1 (8.5) 2049s 
1998s 

(3) Me$NNHCSNH, 61 30.1 (29.2) 3.2 (3.1) 9.0 (9.3) 2058s 
2051s 
2002s 

(4) CsHSCHNNHCSNHz 65 35.2 (35.9) 2.8 (2.8) 7.9 (8.4) 2061s 
2024s 

(5) p-NO&H,CHNNHCSNH, 58 33.0 (33.0) 2.4 (2.4) 10.3 (9.9) 2060s 
2016s 

(6) p-MeC,H,CMeNNHCSNH, 41 38.8 (38.7) 3.4 (3.5) 7.9 (7.9) 2057s 
2009s 

n Calculated values in parentheses. 
b Spectra recorded as KBr discs, s, strong. 

R” = p-NO,Ph ; R’ = Me, R” = p-MePh) react in 

refluxing CHC13 to give good yields of the new 
complexes [Fe(CO),L(q5-C5H5)][PF6] via dis- 
placement of acetone. The complexes have been 
fully characterized by elemental analysis (C, H and 
N), IR spectroscopy (Table 1) and ‘H NMR spec- 
troscopy.* All of the complexes are stable in the 

* ‘H NMR data. 
1. [Fe(CO),(H,NNHCSNH&$-CsH,)][PF,] ; 6 (d,- 

DMSO); 5.49 (5H, d (J = 0.4 Hz), &H,), 8.30 (2H, 
S, m,NH), 9.80 (2H, s, NH&S) and 11.21 (lH, s, 
NH2NH). 

2. [Fe(CO)2(cy-CsH,oCNNHCSNH&$-C5H5)][PF J; 
6 (d,-DMSO); 1.60-2.55 (lOH, m, cy-C,H,,), 5.48 
(5H, s, C,H,), 8.46 (2H, s, br, NH&S) and 11.61 (lH, 
s, NH). 

3. [Fe(CO),(Me,CNNHCSNH,)(q’-CgH5)][PF6]; 6 
(d,-DMSO) ; 2.08 (6H, s, Me), 5.49 (5H, s, CSHs), 8.60 
{2H, d (J = 1.8 Hz), NH&S} and 11.32 (lH, s, NH). 

4. [Fe(CO),(PhCHNNHCSNH,)(q’-CgH5)]FF6] ; 6 
(d,-DMSO); 5.60 (5H, s, CSH5), 7.53-7.92 (5H, m, 
CsHS), 8.28 (lH, s, PhmN), 8.97 (2H, d (J = 6.3 Hz), 
NH,CS) and 12.51 (lH, s, NH). 

[Fe(CO),(p-N0,PhCHNNHCSNH,)(q5-CgH5)] 
[p&; 6 (d,-DMSO); 5.63 (5H, d (J = 1.7 Hz), C,HS), 
8.21-8.65 (6H, m, CsH, and NH,CS) and 12.86 (lH, 
s, NH). 

6. [Fe(CO),{(p-MePh-, Me-)CNNI-ICSNHz}(q5-CgH5)] 
[PF,] ; 6 (d,-DMSO); 2.04 (3H, s, p-Me), 2.66 (3H, 
s, Me-), 5.78 (5H, s, C,H,), 7.37-7.71 (6H, m, C,H, and 
NH&S) and 10.27 (lH, s, NH). 

solid state in air and decompose very slowly in 
solution when exposed to air. The compounds are 
insoluble in hydrocarbon solvents, sparingly sol- 
uble in dichloromethane and trichloromethane and 
very soluble in dimethyl sulphoxide. 

It is revealing that the thiosemicarbazide com- 
plex [Fe(CO),(H,NNHCSNHz)(r15-C5H5)1[PF61 (1) 
reacts smoothly with benzaldehyde to give the 
benzaldehydethiosemicarbazone complex which 
can also be prepared by reacting [Fe(CO), 
(Me&O)($-C,H,)]pF6] with benzaldehyde thio- 
semicarbazone in refluxing chloroform. This 
indicates that the ligands must be bound through 
the sulphur atom since as expected the complexes 
[MoX(CO),(H,NNHCSNH&$-C3H4R)](R = H 
or 2-Me, X = Cl or Br)i4 with bidentate (SN) coor- 
dination do not appear to react with ketones to 
afford thiosemicarbazone complexes. 

The infrared spectrum of the acetone complex 
Ir;e(CO),(OCMe&$-&H,)][BF,] shows two metal- 
carbonyl bands at 2070 and 2028 cm-’ which are 
slightly higher than for the new complexes with 
a sulphur atom coordinated to the metal which is 
to be expected. The X-ray crystal structure of free 
thiosemicarbazide shows the molecule to be in a 
trans-configuration” and it is likely that the iron 
complexes (2), (4) and (6) have the thiosemi- 
carbazone ligand in this configuration [Fig. l(a)] 
whereas complexes (l), (3) and (5) show either two 
cyclopentadienyl or 3 carbonyl bands which are 
probably due to the tram- and &isomers [Fig. I(a) 
and (b)]. Further studies are in progress. 
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Abstract-The preparation of the Tc(V) glycolato complex (C4H9)4N[99T~O(OCHzCH2 
O),] is described. On the basis of IR, ‘H-NMR and 13C-NMR spectra, a structure for 
the complex is postulated. 
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As the Tc(IV) alcoholato complexes can be obtained 
from TcBri- by ligand substitution,’ an attempt 
was made to synthesize an oxo-Tc(V) glycolato 
complex, starting with Bu4N[TcOCl,]. The sub- 
stitution of chloride by the chelating glycolate 
(OCH2CH202-) was carried out in non-aqueous 
organic solvents because TcOCl; is prone to 
hydrolysis. 

TcOCl; + 2HOCH2CH20H + 4BudNOH 

i-propanol 
) ~cO(OCH,CH,O)~]- 

+ 4Bu,NCl+ 4H 20. 

It seems that the oxo-Tc(V) unit prefers oxygen as 
a donor atom as does Tc(IV). 

EXPERIMENTAL 

Bu,NpcOCl,] was recrystallized from dichloro- 
methane/hexane. BQNOH in dry isopropanol was 
commercially available. 

Synthesis c$Bu4N[TcO(OCH2CH20)~ (I) 

15 cm3 of a solution of 0.1 M Bu4NOH (1.5 
mmol) in isopropanol were added to 160 mg 
Bu,N[TcOCl,] (0.32 mmol) and 0.2 cm3 ethy- 
leneglycol(3.5 mmol) in an argon atmosphere, and 
the mixture treated in an ultrasonic vibrator. The 
colour of the solution changed to deep-violet within 

*Author to whom correspondence should be addressed. 

2 min. After all of the Bu,N[TcOClJ had dissolved, 
the solvent was removed first by a stream of dry 
argon and then in vacua The excess ethyleneglycol 
was removed by distillation under high vacuum. 
The dark-violet residue was dissolved in 5 cm3 of 
dry acetone and mixed with 10 cm3 dry diethylether. 
The clear solution was left to stand overnight at 
- 2O”C, and virtually all of the chloride precipitated 
as white Bu4NC1 crystals. The filtered solution was 
reduced to a total volume of 1 cm3 by purging 
with dry argon. Dried ether was added, yielding an 
opaque violet solution, which was then left to stand 
for 3 days at - 20°C. 105 mg of violet crystals were 
obtained, which were washed twice with hexane and 
dried in vacua. Even after recrystallization from 
deoxygenated chloroform/ether the NMR spec- 
trum showed one ethyleneglycol-unit per three mol- 
ecules of Tc-complex. 

Elemental analysis. Found: C,49.8; H, 9.4; 
Tc, 19.8. Calc. for Bu~N~TcO(OCH~CH~O)~] 
.j(HOCH,CH,OH): C, 49.8; H, 9.3; Tc, 19.9%. 

The complex is very soluble in water, alcohols, 
acetone, acetonitrile, dimethylformamide, dime- 
thylsulfoxide, tetrahydrofuran, chloroform, methy- 
lenechloride, benzene ; slightly soluble in toluene ; 
insoluble in ether and hexane. It decomposes in 
aqueous solution at pH < 10. The complex is sen- 
sitive to oxygen and slowly decomposes particularly 
in solution into pertechnetate. In paper chro- 
matography the R/-value of the title complex is 0.5 
(CH3CN/H20 = 5 : 2 v/v). The dry crystals can be 
stored under argon at least for several months. 

Spectroscopic properties of the complex. The 
IR band at 964 cm-’ can be assigned to a Tc=O 
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9.4 43 4.2 

cm 

Fig. 1. H-NMR spectrum of coordinated glycolates in 
Bu~N[TcO(OCH~CH~O)~]. 

stretching frequency. This is similar to other five- 
coordinate oxo-Tc(V) complexes.’ Moreover, 
the IR spectrum shows bands characteristic of 
Bu,N+ and ethyleneglycol. 

UV-VIS spectrum in dry CH30H : 

I max = 249 nm, E = 3000 : sh = 350 nm, E = 50 

il maX = 524 nm, E = 90. 

250 MHz-H-NMR spectroscopy in CDC13. This 
shows a multiplet centred at 6 = 4.36 ppm due to 
coordinated glycolate. The symmetric structure of 
the 20 signals points to an aa’bb’-spin-system, while 
the CH,-group of ethyleneglycol resonates at 
6 = 3.62 ppm. The other signals are identical to 
those of salts containing Bu4N+. 

63 MHz-13C-NMR spectroscopy in CDC13. The 
signal of coordinated glycolate is a singlet at 77.5 
ppm. The small signal of ethyleneglycol is at 64.4 
ppm. The other four signals of Bu4N+ are, as 
expected, at 58.8/24.3/19.9/13.9 ppm. 

DISCUSSION 

It has long been known that most metal centres 
with significant A-character form complexes with 
alcoholates.3*4,5 Such complexes can also be syn- 
thesized with Tc(V), which suggests that Tc(V) also 
has A-character. The +V oxidation state of Tc 
can be deduced from chemical measurements and 
elemental analysis. Known Tc(V) complexes, e.g. 
the tetraza-dioxo-Tc(V) complex6 Tc0,(2,3,2-tet)+ 
using the title compound as starting material, 
can be obtained in good yields (2,3,2-tet = 
NH,(CHJZNH(CH&NH(CHZ)ZNHZ) : 

2,3,2-w 
TcO(OCH,CH,O); _ 

I” MeOH/H,O 
Tc02(2,3,2-tet)+. 

As already mentioned, the glycolato complex is sol- 
uble in water and stable at pH > 10 in deoxy- 
genated water. Below pH = 8 the solution darkens 
quickly (due to formation of TcO& and needles of 
Bu,NTcO, precipitate. Hydrolysis can be prevented 
by adding a strong ligand. This provides a useful 
method of synthesizing new Tc(V) complexes 
directly from aqueous solutions. 

A fivefold coordination of Tc(V) in the glycolato 
complex can be derived from IR- as well as from 
NMR-spectra. The H-NMR-signals of coordinated 
glycolates show a pattern typical of an aa’bb’-spin- 
system, which is consistent either with a square- 
pyramidal or a trigonal-bipyramidal structure 
(Fig. 1). 

The 13C-NMR spectrum shows only one signal 
for the coordinated glycolates favoring the square- 
pyramidal configuration. Analogous results have 
been obtained elsewhere (TcO(SCH2CH20);, * 
TcO(SCH$H& ‘). Since the chemical shift of 
the glycolate signals is similar to that of related 
cyclic glycolate esters (4-4.5 ppm), a diamagnetic 
behaviour of the compound may be tentatively 
assumed as in some paramagnetic complexes shifts 
of approximately 20 ppm are observed. ‘O 

Acknowledgements-The authors thank the Eidgeniiss- 
ischen Institut fur Reaktorforschung (EIR), Wiiren- 
lingen, for financial support (G.H.) of these inves- 
tigations and especially Dr. P. Bliiuenstein (EIR) for tech- 
nical help. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

REFERENCES 

R. Alberto, G. Anderegg and K. May, Polyhedron 
1986,5, 2107. 
M. E. Kastner, P. H. Fackler, M. J. Clarke and E. 
Deutsch, Inorg. Chem. 1984, 23,4683. 
E. Bischoff and H. Adkins, J. Am. Chem. Sot. 1924, 
46,256. 
D. C. Bradley, W. Wardlaw and A. Whitley, J. 
Chem. Sot. 1955,726. 
D. C. Bradley, W. Wardlaw and R. K. Multani, J. 
Chem. Sot. 1958,126. 
K. Zollinger, Thesis ETH, Zurich, 1984, Nr. 7664, 
67. 
P. Blauenstein, G. Pfeiffer, P. A. Schubiger, G. 
Anderegg, K. Zollinger, K. May, Z. Proso, E. Iano- 
vici and P. Lerch, Znt. J. Appl. Radiat. Zsot. 1985, 36, 
315. 
A. Davison, A. G. Jones and B. V. de Pamphilis, 
Inorg. Chem. 1981, 20, 1617. 
J. E. Smith, E. F. Byrne, F. A. Cotton and J. C. 
Sekutowski, J. Am. Chem. Sot. 1978,100,5571. 
K. Zollinger, private communication. 



Po/ytwdron Vol. 6, No. 8, pp. 17OM710, 1987 
Printed in Great Britain 

02774387p7 s3.00+.00 
0 1987 Pergamon Journals Ltd 

COMMUNICATION 

THE PREPARATION AND CHARACTERIZATION OF 
BIS(1,2-BIS(DIPHENYLPHOSPHINO)ETHANE)TRIMETHYL- 

PHOSPHINERUTHENIUM(0) 

ADELA ANILLO and RICARDO OBESO ROSETE 

Departamento de Quimica Inorganica, Facultad de Quimica, Universidad de Oviedo, 
3307 1 -Oviedo, Spain 

and 

DAVID J. COLE-HAMILTON* 

Department of Chemistry, University of St Andrews, St Andrews, Fife KY 16 9ST, Scotland, 
U.K. 

(Received 24 March 1987 ; accepted 6 April 1987) 

Abstrac&-Reaction of {Ru(styrene)(dppe)2}, (dppe = 1,2-bis(diphenyl-phosphino)ethane), 
with trimethylphosphine affords [Ru(dppe),(PMe,)], which has been characterized spec- 
troscopically, and which is in equilibrium with [RuH(C6H4P(Ph)CH2CH2PPh2)(dppe)] and 
free PMe3in solution at room temperature. 
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The preparation of highly electron rich metal 
centres is a goal of considerable importance since 
such centres may be useful in the activation of satu- 
rated hydrocarbons. To this end, attempts have 
been made to stabilize ruthenium in oxidation state 
zero with ligands which are poor 7c-acceptors, such 
as tertiary phosphines. This has not proved straight 
forward, since, although [Ru(P(OMe),),] can be 
isolated,’ attempts to synthesize the analogous 
[Ru(PMe,)s] have been unsuccessful and have led* 
to [RuH(CH2PMe2)(PMe,),], presumably because 
PMe3 is an insufficiently good 7t-acceptor to stabil- 
ize the ruthenium(O) centre. 

Indeed, only two examples of complexes in which 
ruthenium(O) is coordinated only to phosphine 
ligands have been reported. Chatt postulated’ 
[Ru(dmpe),(PEt,)], dmpe = 1,2_bis(dimethylphos- 
phino)ethane, from the reaction of [RuH(naphthyl) 
(dmpe),] with PEt3, whilst the analogously pre- 
pared [Ru(dmpe),(PMe,)] has recently been struc- 
turally characterized.4 

*Author to whom correspondence should be addressed. 

We have reported’ upon the chemistry of 
[Ru(dppe)2styrene], dppe = 1,2_bis(diphenylphos- 
phino)ethane, available from the reaction of [Ru 
(PPh,),(styrene),] with dppe, including the replace- 
ment of styrene by CO or P(OMe)3 (L) to give 
[Ru(dppe)2L]. We now report that an analogous 
reaction using PMe, gives [Ru(dppe),(PMe,)], 
another example of an all phosphine stabilized 
ruthenium(O) centre. 

Addition of excess PMe, to [Ru(dppe)2styrene] in 
tetrahydrofuran (thf) results in an orange solution 
from which orange-red crystals analysing for 
[Ru(dppe),(PMe,)] can be isolated in high yield. 
Although these crystals are well formed, they do 
not diffract X-rays so that their characterization 
relies on spectroscopic investigations. There is no 
IR or ‘H NMR evidence for the presence of a 
hydride ligand, and combined IR and “P NMR 
studies confirm that the dppe ligand has not under- 
gone an internal metallation reaction. Thus, there 
are no IR absorptions6 at 1550 or 1410 cm-’ and 
the “P NMR spectrum consists of a doublet from 
the four equivalent phosphorus atoms and a quintet 
from the PMe, phosphorus atom. There is evidence 



1710 Communication 

that PMe, dissociates in solution since resonances 
for free PMe, and for [RuH(C6H,P(Ph)CH2 
CH,PPh,)(dppe)] (III in ref. 5) are observed in the 
3’P NMR spectrum. These correspond to cu. 35% 
dissociation and do not vary with time, suggesting 
that equilibrium 1 is established but that exchange 
of free and bound PMe, is slow on the NMR time- 
scale. The existence of equilibrium 1 is confirmed 
since addition of excess PMe, removes the peaks 
from [RuH(CgH4P(Ph)CHzCH,PPh,)(dppe)] and 
only peaks from [Ru(dppe),(PMe,)] and PMe, are 
observed in the 3’P NMR spectrum. 

PWkvMPMe dl 

=+ [RuH(CgH4P(Ph)CH2CHzPPh2)(dppe)] 

+PMe,. (1) 

Doublets from both free and bound PMe3 
are also observed in the ‘H NMR spectrum. 
Observation of this equilibrium lends support 
in the suggestion,4 made as a result of kinetic 
measurements, that exchange of PMe, in the 
related [Ru(dmpe),(PMe,)] with P(CD3)3 or with 
[CNCH2CMe3] involves preliminary phosphine 
dissociation. Metallated species,3g4 although un- 
detected, may also be present in the dmpe system. 

The simple nature of the 3’P NMR spectrum 
suggests that [Ru(dppe),(PMe3)] adopts a square 
pyramidal configuration with apical PMe,, as has 
been observed for [Ru(dmpe)z(PMe3)]4 and 
[Ru(dppe),(P(OMe)3)]5 rather than the more usual 
trigonal bipyramidal structure adopted by 
[Ru(dppe),(C0)]4 and related molecules. 

EXPERIMENTAL 

Microanalyses were by the University of Oviedo 
and NMR spectra were obtained on Perkin-Elmer 
R12 (60 MHz, ‘H) or Briiker Associates WM250 
(3’P) spectrometers, the latter operating in the 
Fourier Transform mode with noise proton de- 
coupling. The melting point was measured on an 
electrothermal melting point apparatus in a sealed 
capillary under argon and is uncorrected. 

Bis - (1,2 - bis(d@henylphosphino)ethane)(trimethyl- 

phosphine)ruthenium(O) 

Thf (5 cm3) was added to a mixture of [Ru 
(dppe),(styrene)]’ (0.3 g) and PMe, (0.3 cm’) 
under argon. The dark-orange solution was stirred 
for 30 min at room temperature. Petroleum (10 cm’, 
40-6O”C bpt) was added before the solution was 
filtered and cooled to -20°C for 3 days. The sol- 
ution was filtered again and allowed to stand at 
-20°C for 3 weeks. The dark-orange crystals, 
which are indefinitely stable at room temperature 
under argon and are stable for a few minutes in air, 
were collected, washed with petroleum and dried in 

vacua. Yield cu. 60%. M.p. 94-96°C. 
Found:C,67.7;H,6.5%.C,,HS,P,Rurequires: 

C, 67.8; H, 5.9%. IR (A max/cm- ‘) 3040 m, 3010 
w, 1580 m, 1565 w, 1475 s, 1425 vs, 1302 w, 1290 
VW, 1265 w, 1175 sh, 1170 w, 1152 VW, 1115 VW, 
1092m, 1080 s, 1065 vs, 1022 m, 995 vw, 965 VW, 
940 s, 932 s, 925 sh, 910 m, 875 m, 848 w, 840 w, 
802 s, 745 sh, 740 vs, 735 sh, 695 vs, 680 sh, 660 m, 
650 sh, 635 m, 625 m, 612 w. 

31P NMR (6 to low frequency of external 85% 
H,PO,) 73.5 d, -30.80 qu, Jpp = 17.0 Hz, -62.0 s 
(free PMe,), 73.9 ddd ; 71.9 ddd ; 46.6 ddd ; 8.5 ddd 
([RuH(C,H,P(Ph)CH,CH,PPh,)(dppe)], J as for 
isomer III in Ref. 5). 

‘H NMR (6, ppm in C,Ds) 8.8-6.7 (bm, 40, Ph) ; 
1.9 (bm, 8, CH2); 1.2 (d, JpH = 6.0 Hz, 6, PMe3 
bound); 0.9 (d, JpH = 2.4 Hz, 3, PMe,, free). 
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Abstract-The cation in the ruthenium blue [Ru2(NH3)6C13](BPh,), is a trichloro-bridged 
bioctahedral dimer, with a Ru-Ru distance of 2.753 A. 

The intense blue solutions formed either by adding 
hydrochloric acid to solutions of ruthenium(I1) 
complexes containing N-donor ligands or by reduc- 
ing solutions of ruthenium(II1) in hydrochloric acid 
have been the subject of much controversy. It is now 
generally accepted that these “ruthenium blues” are 
mixed-valence dimeric species, ’ although to date no 
definitive structural work has been carried out due 
to the difficulties in preparing suitable crystals. 

We have studied the biological and chemical 
properties of the blue Ru(II,III) compound formed 
by reaction between [Ru(NH~)~]C~~ and hydro- 
chloric acid. Compounds of this type have remark- 
able biological activity, for example as potent 
inhibitors of accumulation of calcium by everted 
membrane vesicles of Escherichia coli,’ and in the 
elicitation of filamentation in E. coli. 3 This activity 
is not found for the oxidised Ru(III,III) dimer. It 
should be noted that the mixed-valence dimer is 
mutagenic. 

The mixed-valence dimer has been formulated4 
as a di-chloro-bridged complex, [Ru~(NH~)~C~~ 
(H,O)]Cl, partly on the basis of conductivity 
data, which was judged appropriate for a 1: 1 elec- 
trolyte. However, other evidence is indicative of 

*Authors to whom correspondence should be addnxed. 

a doubly charged complex with three bridging 
chloride groups, [Ru~(NI-I~)~C~~]C~~ * H20. This 
evidence includes ion-exchange studies, which indi- 
cate a doubly-charged complex,’ and vibrational 
spectroscopy.6 Furthermore, it is possible to isolate 
SdtS Of the type [Ru2(N-H&jCl&‘H20 and 
[Ru~(NH~)~C~~]Z~X~, where X = Cl, Br.6 We have 
prepared the tetraphenylborate salts [Ru~(NH~)~ 
Cl,](BPh,),, which have identical electronic spec- 
tra and magnetic properties to the chloride, and 
now report full details of the crystal structure. 3 

EXPERIMENTAL 

Preparation of hexaammine-p-trichlorodiruthen- 
ium(II,ZIZ) tetraphenylborate 

The complex chloride was prepared by the 
method of Bottomley and Tong4 and recrystallized 
from methanol. It was precipitated as the tetra- 
phenylborate from an aqueous deoxygenated solu- 
tion by addition of a concentrated solution of 
sodium tetraphenylborate. The product was sep- 
arated by centrifugation and recrystallized twice 
from methanol to give dark blue, rod-like crystals 
of maximum length about 1 mm. The formulation 
[Ru2(NH3)6C13](BPh4)2 was confirmed by analysis 
for Ru, Cl, C, H, N. Attempts to prepare crystal- 

1711 
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line products with other anionic species were all 
unsuccessful. 

hydrogen atoms were included in idealised posi- 
tions and assigned group isotropic coetIicients. 
Experimental data were as follows : 

X-ray crystallography 

The crystal used for the X-ray work was a rod of 
maximum dimension 0.6 mm. It was sealed in a 
thin-walled capillary under argon. All measure- 
ments were made using a CAD4 diffractometer 
operating in the W/20 scan mode and graphite- 
monochromatized Mo-K, radiation (A = 0.71069 
A), following previously detailed procedures. 7 In 
spite of the size of the crystal used, the scattering 
was rather weak, and the specimen showed con- 
siderable mosaic spread. 

Crystal data. [Ru2C13N6Hf J2+[C&HzoB];, 
Mr = 1048.56, monoclinic, P2,/a, a = 18.257(4), 
b = 18.151(3), c = 18.319(6) A, j? = 115.80(2)“, 
U = 5465.6 A3, Z = 4, DC = 1.27 g CIII-~, @(Mo- 
IQ = 6.56 cm- ‘. 

Data ~oi~e~t~on. Scan width w = 0.8+0.35 
tan 8, scan time 1.35-6.77” min- r, 1.5 < 0 < 25.0”. 
9012 data recorded, 8437 unique, 4387 ob- 
served [I > 1.50(Z)]. Data corrected for absorption 
empirically. 

The structure was solved by use of the heavy 
atom method and refmed by f~l-mat~x least 
squares. All non-hydrogen atoms were refined 
with anisotropic displacement factor coefficients ; 

Structural reJinement. 470 parameters, weights 
= l/[u2(Fo)+0.00045(Fo);3, R = 0.066, R, = 0.078. 
Final atomic parameters, full lists of bond 
lengths and angles and lists of Fe/Z% values have 
been deposited as supplementary material with the 
Editor, from whom copies are available on 

Table 1. Bond lengths and angles in the cation 

N(1 I)--Ru(1) 2.120(15) 
N(13 jRu(1) 2.1 lO(13) 
Cl(l)---Ru( 1) 2.41 l(6) 
Cl(3 jRu(1) 2.374(7) 
N(22)---Ru(2) 2.096( 12) 
Cl( I)-Ru(2) 2.417(5) 
Cl(3 jRu(2) 2.380(7) 

Bond angles (“) 

N(12 jRu(ljN(11) 
N~l3~Ru(~jN(l2) 
Ru(2j=Ru(l jN(12) 
Cl(ljRu(ljN(ll) 
Cl(ljRu(ljN(13) 
Cl(2 j-Ru(ljN(l1) 
Cl(2 jRu(ljN(l3) 
Cl(2 jRu(ljCl(1) 
Cl(3)--Ru(ljN(12) 
Cl(3jRuf ljRu(2) 
Cl(3jRu( ljCl(2) 
N(22)---Ru(2jRu( 1) 
N(23)--Ru(2jRu(l) 
N(23)---Ru(2)---N(22) 
Cl(1 jRu(2 jN(21) 
Cl( l)-Ru(2jN(23) 
Cl(2)--Ru(2jN(21) 
Cl(2jRu(2jN(23) 
Cl(3~Ru(2jRu( 1) 
Cl(3jRu(2 jN(22) 
Cl(3jRu(2)-Cl(l) 
Ru(2)---Cl( 1 jRu( 1) 
Ru(2tc1(3jRW~ 

90.1(6) N(13 jRu(ljN(l1) 
92*5(S) Ru(2)-Ru( ljN(ll) 

122.6(4) Ru(2)-Ru(ljN(l3) 
90.0(4) Cl(ljRu(ljN(12) 

177.8(3) Cl(ljRu( ljRu(2) 
91.7(4) Cl(2jRu(ljN(l2~ 
89.3(4) Cl(2jRu(l jRu(2) 
88.6(2) Cl(3)--Ru(1 jN(l1) 
87.6(5) C1(3)--Ru(1 jN(13) 
54.7(2) Cl(3 jRu(ljCl(1) 
90.6(2) N(2ljRu(2 jRu( 1) 

124.1(3) N(22)-Ru(2 jN(21) 
123.2(5) N(23jRu(2 jN(21) 
90.9(S) Cl(1 jRu(2jRu(l) 
90.1(S) Cl(1 jRu(2jN(22) 

178.3(4) Cl(2 jRu(2 jRu(1) 
89.5(5) Cl(2jRu(2jN(22) 
90.4Q Cl(2 jRu(2jCl(l) 
54.5(2) Cl(3jRu(2 jN(21) 
89.4(4) Cl(3jRu(2 jN(23) 
91.4(2) Cl(3jRu(2jCl(2) 
69.5(2) Ru(2jCl(2)-Ru(1) 
70.8(3) 

Bond lengths (A) 

N(l2)--Ru(1) 
Ru(2)-Ru( 1) 
Cl(2jRu(l) 
N(21 jRu(2) 
N(23jRu(2) 
C1(2jRu(2) 

2.114(12) 
2.753(4) 
2.395(S) 
2.120(18) 
2.107(13) 
2.393(6) 

89.8(6) 
128.1(S) 
123.4(4) 
89.7(4) 
55.3(2) 

177.5(3) 
54.9(2) 

177.1(4) 
88.7(5) 
91.7(2) 

126.6(5) 
90.6(6) 
91.3(6) 
55.1(2) 
9&l(4) 
54.9(2) 

178.6(3) 
88.5(2) 

178.5(4) 
87.2(5) 
90.5(2) 
70.2(2) 
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request. Atomic coordinates have also been 
deposited with the Cambridge Crystallographic 
Data Centre. 

RESULTS AND DISCUSSION 

The cation has a confacial bioctahedral structure, 
as shown in Fig. 1. Bond lengths and angles are 
given in Table 1. The octahedra are very similar in 
geometry. The presence of the triple chloride bridge 
is confirmed, while the short Ru-Ru distance of 
2.753 A is consistent with metal-metal interaction. 
The mean Ru-Cl-Ru bridging angle is 70.2”, 
close to the value of 70.5” expected for two regular 
octahedra sharing one face. * 

The electronic absorption spectra and electronic 
configuration of the trichloro-bridged species have 
recently been discussed9 in terms of a delocalized 

Fig. 1. 

mixed valence electronic ground state in which both 
ruthenium atoms are equivalent and the unpaired 
electron is occupying a o* molecular orbital. The 
structure as found, and especially the Ru-Ru dis- 
tance, which probably indicates a bond order 
slightly less than one,” is consistent with this pic- 
ture. 
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This is the most enjoyable chemistry book I have read 
for years. We all have systematic textbooks in inorganic 
chemistry and I am glad this is not another of those. 
We all have books as well on the physical methods we 
specialise in, but not many people are able to take on 
writing a book which covers the application of nearly all 
the spectroscopic, diffraction and other techniques we 
need to solve structural problems. This is what these three 
authors from Edinburgh have done, and their success 
shows that the intellectual tradition of the Athens of the 
North lives on. 

Each chapter describes a single, or two similar, tech- 
niques. Short theoretical and practical introductions pre- 
cede penetrating accounts of applications. There is 
emphasis on the strengths and weaknesses of each 
method and all the chapters end with a set of testing 
problems and plenty of references to books, reviews and 
papers. 

When you turn to the end of the book to see if you’ve 
got the problems solved you will be surprised to find 
only half the problems have been given answers. This is 
because the authors are trying to stimulate us to do 
some open-ended thinking and discussion. They rightly 
maintain that a researcher’s work is never done and that 
an interesting piece of chemistry always throws up fresh 
ideas for more experiments. 

After you have recovered from that shock you get 
another when you find there are no answers at all to the 
problems in chapter 10. This last chapter is worth the 
money alone. It consists of 18 case studies, intriguing 
problems which have fascinated chemists for years. There 
is the XeF, story, the N20, story, the problem of eclipsed 
or staggered ferrocene, agostic hydrogens, where the elec- 
trons go in reduced or excited dipyridyl complexes, and 
more. Most of these illustrate the principles that we need 
to use a combination of techniques to solve structural 
problems in inorganic chemistry, and that for worthwhile 
chemistry there are no easy answers. 

I particularly enjoyed the crystallography and NMR 
chapters. The former is the best account I have yet seen 
for people who may not do it themselves but want to 
know what it is about, and you will not need to know 
what a reciprocal lattice is. You can also read how alleged 
[ClFJ+[CuFJ might really be [Cu(H,O),]“[SiF,]‘-. 

In the NMR chapter there is a clear critical survey 
of modern developments, including multiple resonance, 

BOOK REVIEWS 

multi-pulse methods, applications to the solid state and 
use of liquid crystals, as well as all those delights like 
INEPT and INADEQUATE which make the layman 
think he is. If you want to know what these and other 
acronyms like MIKES and RIKES stand for there’s a 
good glossary in the first chapter. This is an excellent 
innovation which all books should have in the space often 
wasted with accounts of nomenclature rules. 

Another good chapter contains a sensible combination 
of “ordinary” electronic spectra with photoelectron spec- 
tra, but the balance favours the second of these unduly. 
There is still plenty of good work being done on ligand 
field transitions in electronic spectra. A more extended 
treatment of these would have allowed a case study in 
the last chapter on how electronic and ESR spectra can be 
combined to reveal structure in copper(I1) compounds. I 
was also sorry not to see a chapter about magneto- 
chemistry, which is so closely linked to structure. If this 
had been covered we could have had a case study on 
haemocyanin or some other biological system. Some of 
the necessary space could be generated by omitting the 
well written but unnecessary sections on quantitative 
analysis by IR or UV spectra. 

Mentioning haemocyanin brings me to my other 
adverse criticism, that the authors take a slightly restric- 
ted view of inorganic chemistry. Nearly all the main 
text and all the case studies describe work on discrete 
molecules or ions, but the subject of inorganic chemistry 
is much wider than this and students in particular would 
benefit from reading about how ideas developed by the 
study of molecules can be applied, with adjustment, to 
proteins, say, or intercalation compounds or electronic 
materials. 

The greatest use of this book ought to be to train Ph.D. 
students. There is plenty of material here for post- 
graduate courses and exercises. If your students do get 
hold of this book, make them read it all, not just use it 
as a reference book for odd topics or even a few chapters. 
The writing is fluent and conversational, and even funny, 
as when [PtMe,OH] “was reported to explode on com- 
bustion, and explosion can lead to inaccurate results”, 
or when the WAHUHA technique in NMR is described 
as “not an easy experiment to perform successfully, and 
it is even harder to understand”. 

I detected no serious errors in any section in which I 
thought myself knowledgeable and strongly recommend 
this book to all readers of this journal. 

Department of Chemistry 
Queen Mary College 
Mile End Road 
London El 4NS, U.K. 

PETER THORNTON 

1715 



1716 Book Reviews 

Gmelin Handbook of Inorganic Chemistry. Gmelin 
Institute for Inorganic Chemistry of the Max- 
Planck-Society for the Advancement of Science, 
8th edn. Cu-Organocopper Compounds, Part 3. 
Springer, Berlin, 1986, xii+249 pp. ISBN 3-540- 
93537-1, DM 1152. 

Parts 1 and 2 covered organocopper compounds with 
alkyl, alkenyl and aryl ligands. The present volume com- 
pletes the coverage of mononuclear organocopper com- 
pounds with ligands bonded through one carbon atom, 
and contains all derivatives with alkynyl, carbonyl and 
isocyanide groups. 

The copper acetylides, which are extensively used in 
organic synthesis, occupy the greater part of the volume 
(187 pages). The literature on the acetylides is first 
indexed, and their general preparations, structures, prop- 
erties and reactions are reviewed. The remainder of the 
chapter (some 50 pages) is then taken up with a 
tabulation, with extensive footnotes and references, of 
the compounds RC%CCu. Their reactions, particularly 
their conversions to the products R-R’ and 
RC=C-C=CR are listed, and the more complex reac- 
tions are described in more detail in subsequent sections. 

Acetylides containing copper(I) and a second metal are 
then dealt with in a similar way, and the volume con- 
cludes with sections on copper carbonyls (27 pp.) and 
isocyanide compounds (24 pp.). 

The literature is covered through 1985. The pres- 
entation of the material, now wholly in English, is exemp- 
lary, as it is in all of these volumes. Organometallic chem- 
ists, and organic chemists who need to use organocopper 
intermediates, are indebted to the authors Helmut Bauer, 
Jiirgen Faust, Rolf Frobiise, and Johannes Fiissel, and 
to the Max-Planck Institute and Springer-Verlag, for 
completing this valuable series. 

Department of Chemistry 
University College London 
20 Gordon Street 

A. G. DAVIES 

London WCI H OAJ, U.K. 

An Introduction to OrganometaUic Chemistry. A. 
W. Parkins and R. C. Poller, Macmillan, Basing- 
stoke, 1986, xii +252 pp. ISBN O-333-3642-5, ISBN 
O-333-36433-3 Pbk, g25.00 (hard back), E9.95 
(paper back). 

Conventional organic chemistry is concerned with the 

organic chemistry of some half-dozen electronegative 
elements. It constitutes a major fraction of any degree 
course in chemistry and is served by many excellent text 
books of 1000 pages or more. 

Organometallic chemistry otithe other hand covers the 
organic chemistry of some 90 elements (some of them 
admittedly not very common), and it is necessarily more 
diverse and varied (and some would say more interesting) 
then organononmetallic chemistry. Yet organometallic 
chemistry provides a relatively small fraction of any first 
degree course, and its text books have to be cor- 
respondingly smaller. 

Few authors have yet undertaken the difficult task of 
the drastic compression that is required for a general text 
book in this field, and the appearance of a new one is 
very welcome. 

Parkins and Poller have chosen an approach which 
integrates main group and transition metal compounds. 
They do not discuss particular metals or particular 
ligands separately at any length, but build up a picture 
of the preparations, structures and reactions involved 
in organometallic chemistry as a whole. 

The first third of the book deals with the preparation 
of organometallic compounds and with their structures 
and the bonding principles which are involved. The 
approach here is one which most teachers of the subject 
would approve. 

The remaining two-thirds of the book cover the reac- 
tions of organometallic compounds, with chapters 
devoted to carbanion chemistry, carbene chemistry, coor- 
dination chemistry, reactions of the bonded organic 
ligands, stoichiometric applications and catalytic appli- 
cations. Leading references are given throughout . 

Most of the topics which you expect to find are men- 
tioned, if only very briefly. You can quibble about the 
short shrift with which some of your favourite topics are 
treated, but on the whole the authors have made a very 
good job of presenting the salient features of organo- 
metallic chemistry. The balanced approach will appeal 
to teachers of the subject, and renders the book suitable 
as recommended reading for many university courses in 
organometallic chemistry. 

Department of Chemistry 
University College London 
20 Gordon Street 
London WClHOAJ, U.K. 

A. G. DAVIES 
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Abstract-Determination of the stability constants for the system Co(II)/SO:-, was made 
potentiometrically using SO:-/HSO; as buffers. Computation and matrix methods lead to 
the following overall stepwise constants: /?, = 4.3 x lo* M-‘, f12 = 2.2 x lo4 M-* and 
B3 = 3.0 x lo6 Mp3. The partial constants (M- ‘) obtained were: K, = 4.3 x lo*, K2 = 51 
and K3 = 1.4 x lo*. The HSO; competition was eliminated by using the extrapolation 
procedure. 

Although a few studies have been reported on the 
complexation of amines of Co(II1) and sulfite in 
aqueous solutions, I,* the literature is very lacking in 
data reporting the complexation reaction between 
cobalt(I1) and sulfite. In the present work a poten- 
tiometric study3,4 of the system SO:-/HSO;/Co(II), 
in ionic strength 2.0 M maintained with NaClO, 
and temperature of 25”C, is reported. 

EXPERIMENTAL 

Reagents and solutions 

The reagents used in this work were of analytical 
grade (Merck). NaClO, was recrystallized and 
stock solutions 4.0 M were made and standardized 
gravimetrically by drying at 110°C to constant 
weight. Sulfite and bisulfite were prepared with 
boiled and de-aerated water, by passing through 
N2 and standardized gravimetrically. 5 Cobalt(I1) 
perchlorate was synthesized by reaction of the pure 
metal with HC104, the excess of the acid being 
evaporated in a sand bath. The pH of the resulting 

* Author to whom correspondence should be addressed. 

solution was measured from 0.100 M solution in 
Co(II), at the ionic strength 2.0 M (NaClO,). 

Apparatus and procedure 

A glass electrode (Metrohm E-6.0203.00), satu- 
rated with NaCl and a titroprocessor (Metrohm E- 
636), with an adequate program for following the 
pH variations of the system were used in all 
measurements. 

The experiments were taken at 25.0 + 0. 1°C. The 
conditional pH was measured in relation to sol- 
utions of [H+] concentration of 1.0 x lo-’ M and 
1.0 x 10e4 M, with the ionic strength adjusted to 
2.0 M with NaClO,, and used in the electrode cali- 
bration. 

The experimental procedure was based on the 
titration of 20.00 cm3 of a mixture of 
[HSO;]/[SO:-] in different relations, whose pH1, 
free of metal, was measured with a metallic solution. 
After each injection of the metallic solution, with 
conditional hydrogen ion concentration well 
known, a new pH, of equilibria was measured. 

The mass balance and volume corrections lead to 
curves of A (the average ligand number) vs [SO:-] 
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(concentration of free sulfite). Influence of the 
bisulfite ions was detected in the measurements 
and curves of fi vs [SO:-] were taken in various 
HSO;. Extrapolation of these curves allowed the 
values of fi free of [HSO;] to be obtained using a 
programmable calculator HP-97. 

All the measurements were made under N, 
atmosphere maintained in order to prevent the 
ligand-oxidation. 

RESULTS AND DISCUSSION 

Method utilized 

The competitive method,6 is used based 
variation of the conditional pH (referred 

on the 
to the 

hydrogen ion concentration instead of its activity) 
of a sulfite/bisulfite buffer, by the presence of Co(I1). 

The mass balance applied to the system, based 
on the pH changes, leads to the final concentration 
of free sulfite and the average ligand number (ri), as 
previously discussed. 3 

The conditional pK, calculated for the weak acid 
in each solution, instead of the average value, elim- 
inates several sources of errors such as drift in junc- 
tion potential, reference electrode potential, etc. 

The conditional pK, values obtained, varied in 
relation to the various buffers, which could be 
explained by the formation of the S& ion, 
studied by Gelding,’ according to the equilibria : 

2HSO; Z$ S@- +H20. (1) 

Table 1 shows the buffer relations used and the 
pK, value obtained. The existence of polynuclear 
species were not evidenced by the independence of 
the fi in relation to the metal concentration. 

Four buffer relations were measured each one 
giving one curve ff vs [SO:-], with the total con- 
centration of sulfite being maintained constant and 
varying the total concentration of bisulfite. At many 
points of this curve were taken values of 3 and 
C HSOT 9 these being values extrapolated to &so, 
equal to zero. Figure 1 shows the set of curves while 
Fig. 2 presents the final formation curve obtained. 

Table 1. Relationship between Cso;-/CHso, used, and 
their respective pK, values 

Sample 
Relationship 
Cso:-/C”so; P& 

100: 1 
40: 1 
2O:l 
IO:1 

lO/O.lO 2010.20 6.37 
1010.25 2010.50 6.44 
1010.25 2011.0 6.48 
10/l 2012.0 6.52 
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Fig. 1. Formation curves for the solutions measured. The 
relationship between Cso:-/CHso; were : a = 100 : 1, 

b=40:1,c=20:1,d=10:1. 

0 

ISO$-1, mM 

The extrapolation of log A vs CHSO; leads to straight 
lines, facilitating the extrapolation. After this extra- 
polations the FI values obtained (Fig. 2), free of the 
influence of CHSOI, were treated giving the Leden 
functions,8 which were treated according to DeFord 
and Hume’ giving three complex species. 

The overall stepwise constants formation 

The curve A vs SO:-, was integrated, lo in order 
to obtain the Leden function, F,(x), which permits 
by graphic extrapolation calculation of the value of 
the overall constants n of equilibria : 

F,(x) = l+~,[Ll+P,[L12+ *.. +MLl”. (2) 

The graphic treatment leads us to three species, 
according to the general reaction : 

co2+ +nso:- rso(S0)3)~2-2”)+ (3) 

with 
[c0(s0,)~‘-‘“‘+] 

A = [Co”]. [so:-]n . 

3on 
20- 

F! 

0 5.0 

2o 

Fig. 2. Definitive formation curve obtained by extra- 

in order to give the F,(x) function. 
polation of logfi vs CHSO;. These data were integrated 
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In spite of being an incontestable reference for 
the calculation of the constants, we must take in-to 
iaccourn the j3o§s&W~ & subjective errors caris& 
by the extrapolations. Because of this, many 
met’nods have been deve1oped fur the refmement of 
data obtained graphically ; in this study the matrix 
method has been chosen, proposed initially by 
Milcken and Neves. I1 This method is based on a 
“normalization factor”, fi, given by : 

.fi = ~&h,,/~&) (5) 

which is introduced in the function F,(x), by : 

~IMnax = F,(x)& = fi+szj!?,[L] 

+j-&[L12+ *. . + fiBn[Ll”. (6) 

The resolution of the system by matrix method 
is given by the following constants : 

[COSO 31 
B, = [Co’+]. ]So:-] = 4.3 x l@M- ’ 

~c~w,):-l 
82 = [Co2+l. [so;-12 = 2.2 x 1041w2 

vwsw-1 
83 = Lcoz+l .~so~-l~ = 3.0~ 106M-’ 

[CoSO31 
K, = Lco2+l. ~so~-l = 4.3 x lO*M- ’ 

w3w 3) 21 
K2 =[co(so3)]*[so:-]= 51M-' 

[WSO3)31 
K3 = [cO(~O,),l~ [so;-] = 1.4 x 102M- ‘. 

This set of constants gives an F,(x) calculated by 
eqn (1), which differ in f 0.91% from the integrated 
value. This gives a good support for the calculation 
procedure. 

It is important to note that in higher con- 
centrations of the ligand precipitation occurs. In 
order to help this work, a preliminary study of the 
KPs of system was conducted.12 The value obtained 
was I& = 7.3 x 10m3 M*, in the presence of 
bisulfite. 

Considering the partial constants (K,), we can 
see that K2 is the smaller one, probably because it 
represents the formation of a charged species from 
a neutral one. The formation of this neutral species 
gives to K, the biggest numerical value of the set. 

Figure 3 shows the distribution curves for the 
system. 

Considering that the coordination number for 
the cobalt(I1) ion is generally 6 and that SOi- is 
doubly charged, it is possible to suppose that the 

‘OOi 
g 
a 

-3.0 -2 5 -2.0 -I 7 

log 1 SO:-1 , mM 

Fig. 3. Distribution curves for the various species of the 
system Co(II)/SO~-. 

ligand acts like a bidentate ligand in this case, 
because of the formation of three species. 

The possibility must also be considered of the 
second species to be square planar, because there 
are known Co(II)(d7)‘3 complexes, having this be- 
havior. 

The HSO; anion can influence this system in two 
ways, the first one like the proper HSO;, or in the 
form of S20:- ion, as has been discussed, it coexists 
with the sulfites in aqueous solution and has vari- 
able concentration with the pH and the con- 
centration of HSO; in the media. 
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2. 

3. 

4. 

5. 

6. 
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Abstract-The chromium(V1) oxidation of thallium(I) in 3 M hydrochloric acid at ionic 
strength 4 M and 25°C is studied spectrophotometrically and is found to follow a second- 
order rate law. The reaction is understood to occur between the species ClCrO; and TlCl 
and the possible mechanisms are discussed. 

The reported standard potentials of the couples, 
Cr(VI)/Cr(III) and Tl(III)/Tl(I) of 1.33 and 1.25 V 
in acid solutions’ do not preclude the possibility of 
the chromium(V1) oxidation of thallium(I) from 
occurring yet the reaction does not take place even 
in concentrated solutions of perchloric and sul- 
phuric acids. In dilute hydrochloric acid solutions, 
the two potentials are nearly the same but diverge 
as the acid concentration is increased. The values 
in 5 M hydrochloric &id at 25°C are 1.17 and 
0.606 V for the Cr(VI)/Cr(III) and the Tl(III)/Tl(I) 
couples respectively and the chromium(V1) oxi- 
dation of thallium(I) in such a solution occurs with 
great facility.* Indeed, solutions of 6 M hydro- 
chloric acid have been used in the titrimetric 
analysis of thallium(I) by chromium(VI).2~3 The 
reaction is of considerable interest because of its 
non-complementary nature and the possibility of 
a variety of mechanisms involving reactive inter- 
mediates such as Cr(V), Cr(IV) and Tl(I1) all of 
which have been encountered in chemical reac- 
tions.4 Moreover, the crucial role of hydrochloric 
acid, without which the reaction does not occur, 
needs to be understood. 

EXPERIMENTAL 

Chemicals 

Reagent grade chemicals were used. Doubly dis- 
tilled water was used for solutions. The Cr(V1) sol- 
ution was obtained by dissolution of potassium 
dichromate (BDH,AR) in distilled water and 
appropriate dilution. The Cr(V1) concentration was 

* Author to whom correspondence should be addressed. 

ascertained by measuring the absorbance of the 
Cr(V1) solution at 360 nm in a Bausch and Lomb 
Spectronic 2000 instrument. The application of 
Beer’s law was tested in the case of the 3 M hydro- 
chloric acid solutions containing 2 x lop4 to 
6 x 10e4 M Cr(V1) using 1 cm cells with E = 1153. 
Higher concentrations of Cr(VI) than 6 x lop4 M 
were not required in any of the kinetic runs as the 
solubility of TlCl in 3 M hydrochloric acid was 
slight (1.6 x lo- 3 M). The Tl(1) solution was 
obtained by dissolving TlCl (BDH) in distilled 
water and standardization with potassium 
bromate.S Most of this work employed hydro- 
chloric acid, Acid Chem AR, although, at the later 
stages, Glaxo AR sample was also used. As different 
samples of hydrochloric acid tended to lead to dis- 
crepencies in results, one batch was usually col- 
lected and used for related studies to enable com- 
parison of results. Acetic acid was purified by 
refluxing with chromium(V1) oxide for 5-6 h and 
distilling.6 A further distillation gave the product to 
be used. 

Kinetic runs 

The ionic strength was maintained at 4 M in most 
runs with lithium perchlorate. Runs were usually 
carried out in 3 M hydrochloric acid solutions. In 
a typical run, the concentrations of Cr(V1) and Tl(1) 
were 3 x lop4 and 5 x 10e4 M respectively in 3 M 
hydrochloric acid at an ionic strength of 4 M. The 
kinetics were followed by mixing the equilibrated 
reactant solutions. The resulting reaction mixture 
was transferred to a 1 cm cell and the absorbance 
at 360 nm was followed with a Bausch and Lomb 
Spectronic 2000 Spectrophotometer. The tem- 
perature was maintained at 25 +O.O5”C. Kinetic 
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Table I. Stoichiometry of chromium(VI~thallium(I) reaction [HCl] = 3.0 ; I = 4.0 M; temp. 

25°C 

[Tl(I)] x lo4 [Cr(VI)] x lo4 
taken taken 

[Tl(I)] x lo4 
remaining 

[Cr(VI)] x 1 O4 
remaining 

[Tl(III)] x lo4 
found 

3.0 1.0 1.5 - 1.5 
4.0 2.0 1.0 - 3.0 
5.0 3.0 0.50 - 4.48 
3.0 3.0 Zero 1.0 3.00 
5.0 3.0 0.50 - 4.44 

1722 G. S. GOKAVI 

runs could be reproduced to + 3% or better and 
runs were usually followed to about four half-lives. 

RESULTS 

Oxidation of hydrochloric acid by Cr( VI) 

The oxidant, Cr(VI), exists mainly in the form of 
acid chromate ion, HCrO;, in dilute acid solutions 
and, in concentrated hydrochloric acid, the pre- 
dominant form of the oxidant is the chlorochromate 
ion,’ ClCrO,. Hence it may be expected that this 
is the species responsible for oxidation of Tl(1) in 
concentrated hydrochloric acid solutions. In 
addition to the main Cr(VIkTl(I) redox reaction, 
there is also a marginal oxidation of hydrochloric 
acid in the medium. At 25°C with Cr(V1) and 
hydrochloric acid concentrations of 3 x 10m4 M and 
3 M respectively, the extent of the latter oxidation 
is very small, only about 0.3% and less than 1% of 
oxidant being consumed in 30 and 60 min respec- 
tively. Under similar conditions, with the Tl(1) con- 
centration at 5 x lop4 M, 95% of the oxidant is 
consumed in 30 min. Hence no correction for the 
Cr(V1) oxidation of hydrochloric acid has been 
made at this temperature. The reduction of Cr(V1) 
by hydrochloric acid is accelerated at higher tem- 
peratures (0.5% in 15 min) as shown by the data at 
32.5”C. However, the rate of the Cr(VIkTl(I) redox 
reaction is also enhanced with temperature, 95% of 
the reaction taking place in about 15 min at 32.5”C. 

Air oxidation 

Air oxidation does not occur to any significant 
extent under the conditions of the present study at 
25°C and time durations of the Cr(VI)-Tl(I) reac- 
tion as found from runs in the presence and absence 
of air. At a higher hydrochloric acid concentration 
of 6 M and 29°C marginal air oxidation has been 
reported as occurring in one study’ while no such 
air oxidation interfered under similar conditions in 
another study.3 
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Stoichiometry 

Several reaction mixtures were prepared in 3 M 
hydrochloric acid at ionic strength of 4 M and ana- 
lysed after keeping for 2 h at 25°C. Cr(V1) was 
found by measuring the absorption at 360 nm. Tl(1) 
was determined by titrating 40 ml of the reaction 
mixture with 2 x lo- 3 M potassium bromate and 
Cr(II1) does not interfere. Tl(II1) was found as 
difference of total oxidant titrated by iodometry 
with 2 x 10m3 M thiosulfate and Cr(V1) found by 
spectrophotometry. The results are shown in Table 
1 and indicate a 2 : 3 stoichiometry for the Cr(V1) 
oxidation of Tl(1) : 2Cr(VI) + 3Tl(I) = 2Cr(III) + 
3Tl(III). 

Effect of addedproducts 

The effect of added products, Cr(II1) and Tl(III), 
was studied at an ionic strength of 4 M and hydro- 
chloric acid concentration of 3 M and at constant 
Cr(V1) and Tl(1) concentrations. The products did 
not have any significant effect on the reaction. 

Rate law 

The order of the reaction with respect to Cr(V1) 
and Tl(1) was found by log (rate) vs log (cont.) plots 
in the case of the 3 M hydrochloric acid solutions 
at ionic strength 4 M. The order in Cr(V1) in the 
concentration range of 2 x 1O-4 to 6 x lop4 M at a 
constant Tl(1) concentration of 5 x lop4 M was 0.9 ; 
whereas, in the concentration range of 1 x 1O-4 to 
6 x lo- 4 M of Tl(1) at a constant Cr(V1) con- 
centration of 3 x low4 M, the order in Tl(1) was 
0.64. The fractional orders in Tl(1) and Cr(V1) were 
taken to be due to the main active species being 
TlCl and CrOJl with the formation equilibrium 
constants of 3.9 (this work) and 14’ respectively at 
25°C. The formation constant, Kz, of TlCl at 25°C 
was determined at an ionic strength of 4 M from 
solubilities in presence of varying concentrations of 
hydrochloric acid. In view of the slowness of the 
Cr(VIkTl(1) reaction in solutions containing 
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hydrochloric acid less than 3 M, the effect of H+ 
and Cl- concentrations on the reaction were studied 
at an ionic strength of 5 M in solutions containing 
H+/Cl- (4 M) and varying the concentration of the 
other ion from 1.0 to 4.0 M (data of Table 2) ; the 
order in H+ and Cl- thus found was 0.97 in either 
case. The rate law is given by (1) where K, and K2 
are the formation equilibrium constants of 
CrO#X and TlCl respectively. Rates of reaction 
at around 30 different sets of concentrations of Tl(1) 
and Cr(V1) were found to bear an approximately 
linear relationship with the product of the two reac- 
tant concentrations as shown in Fig. l(a). Second 
order plots according to (2) with a and b repre- 
senting Tl(1) and Cr(V1) concentrations respectively 
were found to be linear in most cases to about 90% 
reaction [Fig. l(b)], k, giving the second order rate 
constant. 

d[CrWIN = k 
K&[H+][Cl-I2 - 

dt ‘(1 +K,[H+][Cl-I)(1 +&[Cl-I) 

k, = 
2.303 

log 
b(a - 3x/2) 

t(u - 3b/2) a(b -x) (2) 

E#ect of solvent polarity 

The effect of dielectric constant (0) on the reac- 
tion was studied by changing the solvent polarity 
by use of different quantities of acetic acid in the 
solvent keeping the ionic strength constant at 3 M. 
The plot of logk, vs l/D was linear with positive 
slope. The dielectric constants used were computed 
from the values of pure liquids as in earlier work.8 

DISCUSSION 

The stoichiometry of the Cr(VIkTl(1) redox reac- 
tion is found to be 2 : 3. The marginal reduction of 
Cr(V1) by the hydrochloric acid present in high 
concentrations in the reaction medium occurs only 

Table 2. Effect of chloride and hydrogen ions on second 
order rate constant. I = 5.0 M; [Cr(VI)] = 3.0x 10e4; 

[Tl(I)] = 5.0 x 10e4; temp. 25°C 

(a) [H+] = 4.0 (b) [Cl+] = 4.0 

r-1 k,M-’ s-’ W+l k, M-' s-’ 

1.0 6.6 1.0 7.0 
2.0 17 2.0 9.4 
3.0 25 3.0 22 
4.0 44 4.0 44 

[CdVI)] [Tl(I)I x 10’ 

0.6 - 

0.5 - 

0 5 10 15 20 25 30 

(b) Time (min) 

Fig. 1. (a) Graph of rate of Cr(VI)-Tl(1) reaction vs 
product of reactant concentrations. I = 4.0 M ; 
[HCl] = 3.0; T = 25°C. (b) Second order plot of 
Cr(VIkTl(I) reaction at 25°C. 1=4.0 M; 
[Cr(VI)] = 3.0 x 10e4; [Tl(I)] = 5.0 x 10e4; [HCl] = 3.0. 

to the extent of about 0.3% in 30 min at 25” 
and that too in the absence of Tl(1). During this 
time, 95% of the main reaction, i.e. of Cr(VI) oxi- 
dation of Tl(I), is complete. There was also no need 
of excluding air from the reaction under the present 
conditions although an earlier study found that, at 
a concentration of 6 M hydrochloric acid, an inert 
atmosphere was needed2 while another study3 
under similar conditions did not find it necessary to 
exclude air from the reaction. 

The rate law (1) and other results may be accom- 
modated by Scheme I or Scheme II. In both 
schemes, Cr(V1) and Tl(1) are converted into the 
species ClCrO; and TlCl respectively in prior equi- 
libria. In Scheme I, these species are involved in a 
first reversible step giving the reactive intermediates 
Cr(V) and Tl(I1) and the latter species are involved 
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in further steps. A steady state treatment of Cr(V) 
and Tl(I1) results in the rate law (3). With constant 
factors on the right hand side identifiable with k, as 
15.6 M- * s- ’ [Fig. 1 (a)] and using an approximate 
value of k, as 19.9 M- ’ s-i, a value of 6.5 is 
obtained for the ratio k3k4/k2. 

- 

x 

K,K,[H+][Cl-1’ 

(1 +K,[H+l[Cl-I)(1 +&[Cl-1) 

x [WOIMWI. (3) 

Scheme II is essentially the same as Scheme I 
except that the prior equilibria are succeeded by the 
rate determining and irreversible step of formation 
of Cr(V) and TI(I1) followed by other steps as in 
Scheme I. While this mechanism is in agreement 
with the results, more often than not in non- 
complementary reactions involving Cr(V1) or 
Tl(III), the formation of Cr(V) or Tl(I1) involves a 
reversible step. However, in view of the fact that 
both Cr(V) and Tl(I1) are reactive and are likely to 
be present in very low concentrations, it is difficult 
to distinguish between Schemes I and II. 

The Cr(VI)-Tl(1) reaction is facile only in the 
presence of large concentrations of hydrochloric 
acid and, as mentioned already, the reduc- 
tion potentials of the couples Cr(VI)/Cr(III) and 
Tl(III)/Tl(I) become more and more favourable 
as the hydrochloric acid concentration increases.2 
From the difference in reduction potentials, the equi- 
librium constant for the reaction in dilute acids and 
in 6 M hydrochloric acid at 25°C may be calculated 
to be around 10’ and 102* respectively showing 
the facility of the reaction in the latter solution 
as compared to the dilute sulphuric/perchloric acid 
medium. In Cr(V1) solutions containing hydro- 
chloric acid concentrations greater than 1 M, the 
Cr(V1) which is present mainly in the form of the 
acid chromate ion, HCrO;, in dilute acid solutions, 
is almost entirely transformed into chloro- 
chromate,9 ClCrO;. Hence, it is the latter species 
that is responsible for the oxidation of Tl(1) in con- 
centrated hydrochloric acid solutions. The TI(1) in 

HCrO; + H+ +Cl- e ClCrO; + H,O (K,) 

Tl+ +Cl- =TlCl (K2) 

CICrO; +TlCl e CrO; + TlCl, (k,,kz) 

ClCrOi + TlCl, -+ CrO; + TlClz + Cl- &) 

2(CrO; +TlCl+6H+ + Cr3++TlC12+ +3H,O) (k4) 

Scheme I. 
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chloride solutions forms chloride species, 
(TlClJ-“, with IZ = 1 and n = 2 and higher chloride 
species may also be expected in concentrated chlor- 
ide solutions. lo The major species is TlCl with an 
equilibrium constant of formation of 3.9 in 3 M 
hydrochloric acid at an ionic strength of 4 M at 
25°C. Thus, the active species is likely to be TIC1 
which is also supported by the fact that the second 
order rate constant, k,, of the Cr(VI)-Tl(1) reaction 
in such media increases with the decrease of the 
dielectric constant of the solvent medium. Unfor- 
tunately, as the solubility of Tl(1) in hydrochloric 
acid is severely limited and since analysis of Tl(1) at 
such low concentrations is difficult, this cannot be 
further studied under pseudo first order conditions. 
If the reactants are in the form of ClCrO; and TlCI, 
they may be expected to form in prior equilibria. 

In Scheme I, no Cr(IV) is involved but Cr(V) is. 
Induction experiments with iodide could not be per- 
formed in the present case as one of the products, 
Tl(III), also oxidises iodide along with Cr(V1) and 
any Cr(V) that forms. Furthermore, the Cr(V)-Tl(1) 
reaction, being a complementary one, is expected 
to be fast and Cr(V), as well as TI(II), is likely to be 
present in very low concentrations. 

It was observed in the case of the y-radiation 
induced reduction of Cr(V1) by Tl(1) in 0.4 M air 
saturated sulphuric acid, that the OH radicals prod- 
uced oxidised Tl(1) to Tl(I1) and the latter produced 
Cr(V) by reduction of Cr(V1). ’ ’ The Cr(VI), Cr(V) 
and any Cr(IV) did not oxidise Tl(1) to Tl(I1) nor 
did Tl(I1) oxidise Cr(II1). The products, Cr(II1) and 
Tl(III), also did not have any effect on the reaction. 
In the present case also, the products Cr(II1) and 
Tl(II1) do not affect the reaction but Cr(V1) and 
Cr(V) attack Tl(1) and Tl(I1) in Scheme I unlike the 
y-ray induced reduction of Cr(V1) in dilute sulphuric 
acid solution, In the latter solution, the oxidant is 
mainly present as the acid chromate, HCrO;, while 
in the hydrochloric acid solution, the species, 
ClCrO;, is involved. Moreover, high chloride con- 
centrations favour Tl(1) oxidations’2 and, as in the 
present case, hydrogen and chloride ions have been 
found to together facilitate the reduction of Cr(V1) 
by Tl(1) (Table 2). Chloride ions accelerate the reac- 
tion to a greater extent at constant hydrogen ion 
concentration (Table 2). 

1. 

2. 

3. 
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Abstract-A mixed donor tridentate ligand bis [2-(diphenylphosphino)ethyl]amine (DPEA) 
was synthesized in its hydrochloride form by a modified procedure and characterized by 
‘H, 13C and 31P NMR spectral data. Reaction of RhCl(CO)(PPh,), with DPEA*HCl and 
NaBPh, in methanol gave the cationic Rh(1) complex [Rh(DPEA)PPh3]BPh, but the 
reaction of IrC1(CO)(PPh3)2 with DPEA - HCl in boiling benzene gave a unique complex, 
[Ir(H)(Cl)(CO)(DPEA)]Cl, in which five different donor atoms are coordinated to the single 
Ir(II1) ion. A neutral, Rh(II1) complex of the composition [RhCl,(DPEA)] was prepared 
by the reaction of RhC13 - xHaO with DPEA - HCl in methanol. Reaction of PdCl,(COD) 
with DPEA - HCl in benzene or methanol gave the cationic complex [PdCl(DPEA)]Cl the 
above reaction conducted in benzene-acetone-methanol mixture gave the 1 : 2 complex 
pd(DPEA),]Cl,. A novel trinuclear Pt(I1) complex of the composition [Pt3C13(DPEA)3]C13 
was prepared by the reaction of K2PtCl, and DPEA * HCl in water-acetone mixture. 
Reaction of K2PtCl,, DPEA*HCl and NH4PF6 in water ethanol mixture gave the 
binuclear, cationic complex, [Pt,(DPEA),](PF,),. All the complexes were characterized 
by elemental analysis, conductivity, ‘H and 31P NMR spectral data. 

Recently we have been interested in the synthesis 
and chemistry of transition metal complexes of 
polydentate ligands containing mixed donor atoms 
like N, P, As. ‘-’ Though considerable research 
interest has been concentrated on mononuclear 
complexes of polydentate mixed donor ligands, 
only recently active interest has been evinced in the 
use of these polydentate ligands in the synthesis of 
bi- and polynuclear metal complexes,b* mostly due 
to their catalytic importance.“’ 

In this paper we report the synthesis of mono- 
nuclear platinum group metal complexes of bis[2- 
(diphenylphosphino)ethyl]amine (DPEA) which 
has been synthesized by a modified procedure. 
Binuclear and trinuclear Pt(I1) metal complexes of 
DPEA in which the two metal ions are held apart 
at a sufficient distance and incapable of forming 
metal-metal bonds, have also been synthesized. 
All the complexes and the ligand DPEA are 

* Author to whom correspondence should be addressed. 

characterized on the basis of their analytical and 
spectral data. 

RESULTS AND DISCUSSION 

The ligand DPEA - HCl is soluble in most of the 
organic solvents and was characterized by ana- 
lytical and spectral measurements. The ‘H NMR 
spectrum of the ligand DPEA * HCl, exhibits a com- 
plex asymetric phenyl proton resonance at 7.3 6. 
The resonance of the protons of the CH2CH2 bridge 
are also observed as multiplets centered at 2.9 
6 (-CH2 protons attached to diphenylphosphino 
group) and 2.5 6 (-CH2 protons attached to amine 
center). The spectrum also exhibits the NH res- 
onance at 1.9 6, in concurrence with earlier reported 
values.‘2,‘3 The 3’P(‘H) NMR spectrum of the 
ligand in CHC13 gave an intense singlet at - 20.3 6. 
The 13C( ‘H) NMR spectrum of DPEA * HCl in 
CDC13 gave two well defined doublets centred at 
44.4 6 and 24.0 6 in the aliphatic region. The more 
downfield doublet is assigned to the methylene car- 

1727 
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bon of the CH2CH2 bridge attached to phosphorus, 
with larger ‘J(C-P) = 26.4 Hz and the other high 
field doublet with ‘J(C-P) = 17.6 Hz, can be 
assigned to the methylene carbon attached to nitro- 
gen. The aromatic carbons of the diphenyl- 
phosphino moieties gave doublets centred at 
136.3, 132.7 and 128.8 6 with J(C-P) values of 13.2, 
19.1 and 5.8 Hz assigned to C-2(6), C-l, C-3(5), 
respectively, whereas C-4 carbon gave a singlet at 
129.7 6. 

Platinum group metal complexes 

The ligand DPEA - HCl was utilized for the syn- 
thesis of various platinum group metal complexes. 

The reaction of DPEA * HCI with 
RhCl(CO)(PPh,), in 1 : 1 molar ratio gave the cat- 
ionic complex, [Rh(DPEA)(PPh,)]BPh, 1 best iso- 
lated as its BPh; salt. Complex 1 gave a con- 
ductance value indicative of a 1 : 1 electrolyte14 
(Table 1). The 3’P{ ‘H} NMR spectrum of complex 
1 (Fig. 1, Table 2) exhibits an A2MX pattern of 
spectrum with a pair of triplets and doublets. The 
doublets are centred at 41.5 and 38.2 6 with J(Rh- 
P,) = 134.3 Hz and are assigned to the two equi- 
valent tram phosphorus atoms (P,) of the ligand 
(structure I). The triplets are centred at 32.0 and 
29.3 6 with J(Rh-Pb) = 117.2 Hz, J(P,-P,) = 24.4 
Hz, and assigned to triphenyl phosphine (Pb), which 
is coordinated to rhodium tram to the nitrogen of 

% 

‘J@th-k) = 334.28Hz 

‘J(P, - Pb) = 24.42Hz 
‘J(Rh-.q) = 117.19Hz 

80 60 40 20 0 

~(ppm) 

Fig. 1. “P( ‘H} NMR spectrum of [Rh(DPEA) 
(PPh,)]BPh,. 

DPEA. There is a considerable downfield shift of 
3’P resonance of the phosphorus atoms of the 
ligand DPEA upon chelation to form a five-mem- 
bered ring ’ 5 and also the ‘J(Rh-P,) coupling is 
larger than that of ‘J(Rh-P& due to the strong 
bond of the chelated phosphorus atoms rather than 
the monodentate phosphorus atom. Complex 1 can 
be assigned a square-planar structure as shown in 
Structure I. 

Table 1. Analytical and other physical data of metal complexes 

Complex” Colour 

Melting/ Elemental analysis’ Conductivity’ 
decomposition 1, R-’ 

point (“C) %C %H %N %Cl cm* mol- ’ 

[Rh(DPEA)(PPh,)]BPh, 1 

[Rh(DPEA)Cl,] 2 

[Ir(Cl)(H)(CO)(DPEA)]Cl 3 

[Pd(DPEA)Cl]CI 4 

[Pd(DPEA),]Cl, 5 

[Pt,(DPEA),(~3-DPEA)(PtC13)JC13 6 

[pt,(DpEA>,(I1-DPEA>l(PF,), 7 

Pale yellow 

Pale yellow 

White 

Yellowish- 
green 

Yellow 

White 

White 

178 

248 

245-247 

243-245 

> 200 

212-216 

228 

74.7 5.7 1.2 
(74.4) (5.7) (1.2) 
51.6 4.5 2.1 

(50.8) (4.5) (2.1) 
49.9 4.3 2.0 

(48.9) (4.3) (1.9) 
54.3 4.7 2.2 

(54.1) (4.7) (2.1) 
63.4 5.7 2.6 

(63.2) (5.7) (2.5) 
47.5 4.1 1.9 

(47.0) (4.1) (1.9) 
43.1 3.7 1.7 

(42.8) (3.6) (1.7) 

- 32d 

- 32’ 

10.1 65 
(10.1) 
11.4 106 

(11.4) 
130 

181 

- 212 

n DPEA = bis[2-(diphenylphosphino)ethyl]amine. 
b Found values are in parentheses. 
‘Conductivity measurements were done in methanol at room temperature and values reported for infinite dilution. 
dDichloromethane. 
‘DMF. 
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Table 2. The “P{ ‘H} NMR spectral data” of the metal complexes 
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Coupling constant (Hz) 

Complexb 

Chemical shifts’ J( M-P) J(P-P) 

(Qpm) 
Solvent Pa Pb PC J(M-P,) J(M%) J(P,-Pb) 

[Rh(DPEA)(PPh,)](BPh‘,) 1 

[Rh(DPEA)Cl,J 2 
(A) Mer 
(B) Fuc 

[rr(Cl)(H)(CO)(DPEA)]Cl 3 
[Pd(DPEA)Cl]Cl4 
pd(DPEA),]Cl, 5 
[Pt,(DPEA),(~3-DPEA)(PtC13)]C13 6 

Ft2@PEA),(~-DPEA)I(pF,), 7 

CHCl, 41.5(d) 32.0(t) - 134.3 117.2 24.4 
38.2(d) 29.3(t) 

CH,Cl, 
28.4(d) - - 84.2 - - 
44.5(d) - - 122.1 - 

CHCl, 27.7(s) - - 
CHC13 37.2(s) - - - - 

CHCl, 45.4(d) 15.5(t) -22.4(s) - - - 24 
CHCl, 42.0(d) -5.3(t) - 2578 3123 19.5 
CH2C12 42.0(d) -7.0(t) - 2537 3147 19.5 

“Positive Chemical Shifts Downfield from 85% H,PO,. 
’ DPEA = bis(2-(diphenylphosphino)ethyl)amine. 
‘s = singlet, d = doublet, t = triplet. 

I 

Interaction of hydrated rhodium trichloride with 
DPEA * HCl in 1 : 1 mole ratio gives a neutral, octa- 
hedral complex of the composition [RhCl,(DPEA)] 
2 which can exist in two isomeric forms : facial and 
meridional. The far-infrared spectrum exhibits a 
broad band at 335 cm-’ and also two more bands 
at 350 and 386 cm-’ indicative of v(Rh-Cl) and 
cannot be unambiguously assigned to either isomer. 
However, 3’P{ ‘H} NMR spectrum (Table 2) cor- 
roborates the presence of both facial and meridional 
isomers. The spectrum displays two doublets 
centred at 44.5 6 (J(Rh-P) = 122.2 Hz) and 28.4 6 
(J(Rh-P) = 84.2 Hz) that can be assigned to the fat 
and mer isomers (Structure II, IIa), respectively. 
The above spectral assignment was based on the 

following considerations in the fat isomer (II) the 
two phosphorus atoms trans to a more electro- 
negative and a weak ligand would exhibit a more 
downfield resonance with a large J(Rh-P) in com- 
parison to the mer isomer, in accordance with the 
earlier observed data. ‘6*’ 7 

Interaction of DPEA * HCl with IrC1(CO)(PPh3)2 
in boiling benzene, however gave a unique 
and interesting complex of the composition 
[Ir(H)(Cl)(CO)(DPEA)]Cl3 wherein the metal ion 
is coordinated to five different donor atoms. Ana- 
lytical and conductivity data (Table 1) support the 
above formulation for complex 3. Complex 3 is 
obtained by an oxidative-addition of the HCl, 
derived from the ligand DPEA - HCl, to the Ir(1) 
complex IrCl(CO)(PPh& followed by the coor- 
dination of Ir(II1) to DPEA. The infrared spectrum 
of complex 3 (Fig. 2) displays an intense peak at 
2020 cm-’ indicative of the coordinated carbonyl 
absorption band. This band is red shifted about 
50 cm-’ compared to that of the starting material 
(Vaska’s complex) and is in support’8 of the oxi- 
dation of Ir(1) to Ir(II1). The IR spectrum of the 
complex also exhibits an intense metal-hydride 
stretching frequency at 2095 cm-’ (Fig. 2). The 
far-infrared spectrum of 3 shows a v(IrC1) band at 
333 cm- ‘. 

The ‘H and 3’P NMR are of great help in cor- 
roborating the above formulation for complex 3. 
The ‘H NMR spectrum (Fig. 3) exhibits the proton 
resonance centred at 7.5 6 and two types of the 
methylene protons at 3.4 and 3.3 6 as broad intense 
peaks. The proton of the secondary amine gave the 
resonance at 10.1 6 (Fig. 3) indicating the coor- 



1730 M. M. TAQUI KHAN 

I 

A(cm-‘1 

Fig. 2. IR spectrum of [Ir(H)(Cl)(CO)(DPEA)]Cl. 

6 @pm) 

Fig. 3. ‘H NMR spectrum of [Ir(H)(Cl)(CO)(DPEA)]Cl. 

dination of nitrogen of the secondary amine to the 
metal ion. lg The ‘H NMR spectrum in the high 
field region displays a well defined triplet (Fig. 3) 
centred at - 15.6 6 indicating the presence of 
hydride species in the coordination sphere of the 
metal ion. The triplet is due to coupling of the 
hydride with two equivalent tram disposed phos- 
phorus atoms of the ligand DPEA (Structure III). 

CL 

and E. RAMA RAO 

The J(P-H) of 12.8 Hz is also in agreement with the 
cis disposition of the hydride to the two phosphorus 
atoms of the ligand.20 

The 3 ‘P( ‘H} NMR spectrum exhibits an intense 
singlet at 27.7 6 in support of structure III for com- 
plex 3. 

The reaction of PdC12(COD) with DPEA - 
HCl in refluxing methanol or benzene, resulted 
in the formation of the square planar complex 
[PdCl(DPEA)]Cl 4, by the complete displace- 
ment of 1,5-COD. The conductance value is con- 
sistent with a 1 : 1 electrolyte14 (Table 1). The 
far-infrared spectrum of the complex displays 
a v(Pd-Cl) absorption band at 337 cm-‘. The 
31P { ‘H} NMR spectrum of complex 4 exhibits a 
singlet at 37.2 6 indicating the magnetic equiva- 
lence of the two tram disposed phosphorus atoms 
of the ligand DPEA, as shown in Structure IV. 
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IV 

When the reaction of PdC12 with DPEA * HCl 
was conducted in a methanol/acetone/benzene mix- 
ture a five-coordinated 1: 2 complex of the com- 
position [Pd(DPEA),]Cl, 5 resulted. The for- 
mulation of complex 5 is corroborated by the 
elemental analysis, conductance values (Table 1) 
and the 31P{ ‘H) NMR. The 3 ‘P{ ‘H) NMR spec- 
trum of complex 5 displays an interesting spectrum 
(Fig. 4). The spectrum has a downfield doublet cen- 
tred at 45.4 6, a triplet centred at 15.5 6 and a higher 
field singlet at - 22.4 6. The spectrum suggests that 
one of the two coordinated DPEA ligands which is 
potentially terdentate is coordinated to the metal 
ion through only one of two phosphorus atoms 
and the other phosphorus donor end (PC) is free as 

Cl 

60 40 20 0 -20 -40 

S@Pm) 

Fig. 4. 3’P{ ‘H} NMR spectrum of [Pd(DPEA),]Cl,. 
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evidenced by the high field singlet. Thus the ligand 
DPEA acts as a bidentate ligand in the complex 
(Structure V). The doublet is assigned to the two 

equivalent phosphorus donor atoms (Pa) and the 
triplet to the phosphorus (Pb). The J(P,-P,) value 
of N 24 Hz also confirms the cis coordination of 
the phosphorus atoms P, and Pb as shown in Struc- 
ture V. The complex is shown with a five coor- 
dinated square pyramidal Pd(I1) ion. Such a five 
coordination of Pd(I1) was also suggested in other 
complexes. *’ Five coordination is more common in 
Pd(II) complexes as compared to those of Pt(I1) 
complexes. 

The reaction of PdC12 with DPEA * HCl in meth- 
anol however gave a mixture of complexes 4 and 5 
as evidenced by the 31P( ‘H} NMR spectrum 
in CHC13 with complex 4 being the predominant 
species. 

The reaction of K,PtCl, with DPEA * HCl in 1: 1 
molar ratio in water-acetone medium gave a tri- 
nuclear ligand bridged complex of the composition 

[Pt,DPEA)@3-DPEA)(PtC13)]C13 6. The above 
reaction when conducted in water-methanol 
medium in the presence of NH4PF6 resulted in the 
formation of a binuclear, ligand bridged complex 
of the composition, [Pt,(DPEA),(p-DPEA)](PF6)4 
7. The elemental analysis and conductance data 
obtained is in confirmation of the above for- 
mulations for the complexes 6 and 7. The far-infra- 
red spectrum of complex 6 displays a broad band 
at 325 cm-’ due to v(Pt-Cl). 

The infrared spectrum of 7 exhibits a strong 
absorption at 840 cm-’ characteristic of v(P-F) 
stretching frequency.22 

The 3’P( ‘H} NMR spectrum of complex 6 sup- 
ports its formulation as a trinuclear ligand bridged 
species. The 31P{ ‘H} NMR spectrum of 6 (Fig. 5) 
exhibits a doublet centred at 42.0 6 and a triplet 
centred at - 5.3 6 with ‘95Pt satellites in 2 : 1 ratio, 
respectively. This also indicates the presence of two 
different types of phosphorus atoms in accordance 
with the geometry shown in Structure VI. The 
doublet is assigned to the two equivalent truns dis- 
posed phosphorus atoms (P,) of the ligand DPEA 
and the triplet to the phosphorus atom (Pi,) which 
is tram to a nitrogen donor and cis to the two 
equivalent P, nuclei. The platinum-phosphorus 
coupling constants J(Pt-P,) and J(Pt-Pb) calculated 
from the platinum satellites are found to be 2578 
Hz and 3123 Hz, respectively, in accordance with 
the earlier observed values. ‘7*19*23 The J(Pt-Pb) 
value is larger as compared to that of J(Pt-P,) due 
to the fact that the phosphorus atom (Pb) tram to 
a a-donor nitrogen group is bound strongly to the 
metal ion with a greater s character of the Pt-P 

80 60 40 20 0 -20 -40 -60 

6 @pm) 

-Fig. 5. “P{ ‘H} NMR spectrum of lPt,(DPEA)(p3-DPEA)(PtC13)]C13. 

‘J (Pt . Pa) = 2578.07 Hz 

‘J(Pt -P,,) = 3122.51 Hz 

‘J (Pa - Pt,) = 19.54 Hz 
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bond as compared to the mutually tram phos- 
phorus atom (P,). ’ 7~23 

The 31P(1H} NMR spectrum of complex 7 (Fig. 
5) shows a doublet centred at 42.0 6 and a triplet 
centred at - 7.0 6 with 19’ Pt satellites. The doublet 
is assigned to trum disposed phosphorus aroms (P,) 
and the triplet is assigned to the phosphorus atom 
(Pb) which is tram disposed to a a-donor nitrogen 
group and cis to two P, atoms as shown in Structure 
VII. The !J(Pt-P,) = 2537 Hz, ‘J(Pt-Pb) = 3147 Hz 
and *J(Pa-Pb) = 19.5 Hz, values are in accordance 
with earlier observed data. 17,1 9*23 The 3 ‘P{ ‘H} spec- 
trum of complex 7 also displays seven sharp lines 
(J = 713 Hz) in the high-field region centred at 
- 143.3 6 due to the PF; ion.24*25 The geometry of 
complex 7 is shown in Structure VII. 

VII 

The far-infrared spectra of complexes l-7 gave 
bands around 520 cm- ’ due to v(M-P). 

The electronic spectral data of all the complexes 
l-7 agree with the proposed geometries of the com- 
plexes. All the square-planar complexes in this work 
have nd,* whereas octahedral complexes have nd6 
valence orbital electronic configurations, respec- 
tively. Complex 1 gave bands at 340 nm (4160) and 
335 nm (3200) assignable to d-d transitions and the 
bands at 272 nm (25120) and 268 nm (25440) are 
attributed to z-x* transitions. Similarly, complex 4 
displays a band at 353 nm (31840) assigned to ad 
transition with LMCT character and bands at 288 
nm (35360) and 262 nm (24000) are due to LMCT 
transitions between the metal ion and the ligand. 
The polynuclear Pt(I1) complexes 6 and 7 gave 

bands at 274 nm (12900) with LMCT character 
and 360 nm (3360), respectively, assigned to d-d 
transitions. The bands observed at 256 nm (17000), 
226 mn (25000) and 266 nm (25600), 250 nm (24000) 
for 6 and 7, respectively, are assigned to charge- 
transfer transitions between metal ion and the 
ligand. The results obtained are in agreement with 
the earlier reported work with nd’ metal ions.26,27 

The octahedral Rh(II1) complex 2 gave bands at 
425 nm (11207), 353 nm (64000), 330 nm (11360) 
and 257 nm (29046) whereas Ir(II1) complex 3 gave 
bands at 355 nm (2160), 290 nm (11360), 272 nm 
(15040) and 265 nm (16640). The bands around 425 
and 350 nm are assigned to the transitions from 
‘A,, ground state to the ‘T,, excited state. Whereas 

the other high energy bands are assigned to charge- 
transfer transitions between metal ion and the 
ligand. 

EXPERIMENTAL 

The hydrated trichlorides of rhodium and 
iridium, PdC12 and K,PtCl, were purchased from 
Alfa Inorganics (USA) and Johnson Matthey 
(England). Triphenyl phosphine was purchased 
from Strem Chemicals Inc. (U.S.A.). NaBPh, and 
NH4PF6 were obtained from SISCO (India). 1,5- 
cyclooctadiene obtained from Fluka was used 
as such. The complexes RhCI(CO)(PPh3)2,28 
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IrCl(CO)(PPh3)2,28 were prepared by published 
procedures. Diethanolamine, thionyl chloride were 
of Analar grade and were used without further puri- 
fication. Bis(2-chloroethyl)amine hydrochloride 
was prepared by published procedure.*’ All the 
preparations were carried out in a dry nitrogen 
atmosphere. 

Microanalysis, melting points, infrared spectra, 
conductivity measurements were done as 
reported. 3o Proton NMR spectra were recorded on 
a Jeol FXlOO spectrometer operating at 100 MHz 
using TMS as an internal standard. The carbon-13 
NMR spectrum of the ligand was also recorded 
on the same instrument operating at 24.9 MHz in 
CDC13 using TMS as an internal standard. The 
proton noise decoupled phosphorus-31 NMR spec- 
tra of the ligand and complexes were taken in the 
indicated solvents (Table 2) using the same instru- 
ment operating at 40.3 MHz in the FT mode with 
a deuterium lock. 85% H3P04 was used as an exter- 
nal reference. The electronic spectra of complexes 
were measured on a Shimadzu UV 240 spectro- 
photometer. 

tion of KPPh2, which was obtained previously 
through the reaction of metallic potassium (7.04 g, 
0.18 mol) with PPh3 (25.66 g, 0.09 mol) in dioxane. 
Prior to the addition of the organic halide b, KPh 
was destroyed carefully by the addition of NI-I.,Cl 
to the reaction mixture containing both KPh and 
KPPh2. This in situ method of reaction is found to 
be more convenient to us. After the addition of b 
the reaction mixture was refluxed for an hour and 
poured into a beaker containing ice-cold water 
before which the unreacted potassium was 
destroyed by methanol. The ligand DPEA was sep- 
arated as an insoluble oil c, which on treatment with 
2N HCl, in n-hexane with vigorous stirring gave a 
solid white crystalline ligand d in its hydrochloride 
form. The ligand DPEA * HCl was purified by recry- 
stallizing from hot acetonitrile. Yield: 90%. M.p. 
175°C ; mol wt. 477.5 (calculated), 470 (exper- 
imental, osmometric in chloroform). Found: C, 
70.1; H, 6.3 ; N, 2.9. Calc. for C2gH30NC1P2 : C, 
70.4; H, 6.3 ; N, 2.9%. 

Preparation of metal complexes 

Synthesis of the ligand 

The terdentate mixed donor (N and P) ligand 
bis[2-(diphenylphosphino)ethyl]amine hydrochlo- 
ride (DPEA. HCl) was synthesized by modified 
published procedures, 31r32 as shown in scheme. 

HN(CH2CH20H)2+2SOC12 

(1) Triphenylphosphinebis [2 - (diphenylphosphino) 
ethyl]aminerhodium(I) tetraphenylborate, [Rh 

=Cl-H2N+(CH2CH2Q2+2S02+2HC1 

a 

a+ lO%NaOH 

(DPEA)(PPh,)]BPh,. To a refluxing methanolic 
solution of DPEA * HCI (0.11 g, 0.22 mmol) was 
added RhCl(CO)(PPh,), (0.15 g, 0.22 mmol) and 
further refluxed for 3 h to get a dark yellowish 
orange solution. An excess of NaBPh4 was then 
added to the above solution, which on concentra- 
tion gave a crystalline yellow compound. The com- 
pound was filtered, washed with benzene, meth- 
anol and recrystallized from dichloromethane-n- 
hexane mixture. Yield : 0.2 g (82%). 

~HN(CH2CH2C1)2+2NaC1+2H20 

b 

PPh3+2K----+ 1,4&xan KPPh2 + KPh 

b + 2KPPh 2 9 HN(CH2CH2PPh2)2 + 2KCl 

C 

c + 2NHCl n-hexane -C1-H2N+(CH2CH2PPh2)2 

(2) TrichZorobis[2 - (diphenylphosphino)ethyl+ 
aminerhodium(III), RhCl,(DPEA). RhC13 * 3H20 
(0.11 g, 0.42 mmol) in methanol was reacted with 
the ligand DPEA * HCl(0.2 g, 0.42 mmol) to give a 
yellow solution. After refluxing the solution for 6 
7 h, the solution was concentrated to a small volume 
by a vacuum rotary evaporator and diethyl-ether 
added to get a yellow precipitate. The complex was 
filtered, washed with benzene, diethyl ether and 
recrystallized from dichloromethane-n-hexane mix- 
ture. Yield : 0.17 g (63%). 

Bis(2-chloroethyl)amine hydrochloride a was (3) Chlorohydridocarbonylbis [2 - (diphenyl- 
prepared by the published procedure** and its free phosphino)ethyZ]amineiridium(III) chloride, [Ir(Cl) 
amine b was liberated by the treatment of a stoi- (H)(CO)(DPEA)]Cl. The ligand DPEA * HCl (0.1 
chiometric amount of 10% NaOH. The free amine g, 0.21 mmol) and IrCl(CO)(PPh3)2 (0.11 g, 0.21 
was liberated as an insoluble oil and was dried over mmol) in benzene were refluxed for 6 h, to get a 
sodium sulfate prior to its use. Free amine b (6.42 pale yellow crystalline complex. The complex was 
g, 0.045 mol) was dissolved in 40 cm3 of THF and filtered, washed with benzene and dried in vacua. 
added dropwise with stirring to an orange-red solu- Yield : 0.11 g (73%). 
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(4) Chlorobis [2 - (diphenylphosphino) ethyl] amine- 
palladium (II) chloride, [PdCl(DPEA)]CI. To the 
refluxing benzene solution of DPEA - HCl (0.2 g, 
0.42 mmol) was added PdCl,(COD) (0.12 g, 0.42 
mmol), when a clear solution was obtained. The 
refluxing was continued till a yellowish green crys- 
talline compound separated. The complex was fil- 
tered, washed with benzene and recrystallized from 
dichloromethane-n-hexane mixture. Yield : 0.21 g 
(72%). 
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Abstract-The AlX,-catalyzed (X = Cl, Br, and I) halogenation of arachno-4,5-C,B,H,, 
with anhydrous hydrogen halides produces a series of 6-substituted derivatives, 6-X-4,5- 
C2B7H12. The same compounds along with 6,8-Iz-4,5-&B,H,, are obtained in non-cata- 
lyzed reactions with elemental halogens. The electrophile-induced nucleophilic substitution 
concept (EINS) of the substitution with hydrogen halides is suggested. The constitution of 
all compounds isolated was unambiguously determined via ‘H, 13C, ’ 'B, and two-dimen- 
sional (2-D) “B-liB NMR spectra. 

The arochno-4,5-CzB7H13 carborane (1) (Fig. 1) 
was first reported by Rietz and Schaeffer ’ in 1973 ; 
however, it has been only recently that a high-yield 
synthesis of this compound has been developed in 
our laboratory. *s3 Nevertheless, carborane (1) has 
been for almost 15 years taken as “‘nido-4,5- 

G&Hi I” or, alternatively, as “nido-2,6-C2B7H1 ,” 
according to the latest trend in nomenclature.4 Just 
recently, its structure has been unambiguously rein- 
terpreted in our laboratory’ on the basis of multi- 
nuclear NMR measurements. This paper reports on 
halogenation reactions of (1) with hydrogen halides 
and elemental halogens. 

EXPERIMENTAL 

‘H (200 MHz), 13C (50.31 MHz), and “B (64.18 
MHz) pulse Fourier transform NMR spectra were 
recorded in deute~ochlorofo~ on a Varian XL- 
200 spectrometer, and data manipulation utilized 
standard Varian software. Chemical shifts are given 
in 6 [ppm, referenced to TMS (‘H and 13C) and 
BF3 * OEt, (’ ‘B) ; positive shifts downfield]. Two- 
dimensional (2-D) “B-‘lB NMR spectra were 
produced on all samples via procedures described 
elsewhere.6 Unit resolution mass spectra in the NI 
mode (chemical ionization of negative ions) were 
obtained on a GC/MS MAT 44s spectrometer. 

*Author to whom correspondence should be addressed. 

a Cl-l 

0 BH 

Fig. 1. Simplified structure and numbering system of 
aruchno-4,5-C,B,H,, (1). 

TLC was performed on Siiufol sheets (silica gel on 
alu~ni~ foil ; detection by iodine vapours fol- 
lowed by AgN03 spray) in 1: 2 benzene-hexane. 

Chemicals and syntheses 

Carborane (1) was prepared by the previously 
reported method.” Hydrogen bromide was pre- 
pared in the reaction of bromine with refluxing 
tetraline and hydrogen iodide by adding dropwise 
concentrated hydroiodic acid to excess P401 o ; both 
products were condensed at -78°C and then gen- 
erated by slow evaporation. Benzene and hexane 
were distilled with sodium metal prior to use and 
other commercially available chemicals were 
reagent grade and were used as purchased. Except 
where otherwise indicated, all syntheses and stan- 
dard isolation procedures were conducted in an 
inert atmosphere or in vacua. 

1737 
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Table 1. Signal assignments in the ‘H and ’ 3C NMR spectra of halogenated derivatives of arachno- 

4,5-C,B,H,, 

‘H NMR (6) 13C NMR (6)’ 

Substituent C(5)H exo-C(4)H endo-C(4)H PH C(5) C(4) 

6-Cl (2a) 2.83 1.86 1.72 -1.28 
6-Br (2b) 2.94 1.85 1.68 -1.26 29.34(184) 8.94( 165) 
6-I (2~) 3.02 1.81 1.44 - 1.24 - - 

6,8-I* (W 3.29 1.98 1.65 -1.27 29.01(163) 9.32(161) 

‘Singlets of relative intensities 1 : 1 : 1 : 2. 
b Doublets and triplets of equal intensities, J(CH) in parentheses(in Hz). 

Arachno-6-Cl-4,5-C,B,Hr2 (2a). (a) Dry HCl was 
slowly introduced for 2 h at ambient temperature 
to a stirred solution of (1) (1.1 g; 0.01 mol) in 
benzene (60 cm3) in the presence of AlCl, (0.13 g ; 
1 mmol). After the hydrogen evolution had ceased 
(cu. 3 h), the mixture was filtered, the filtrate was 
reduced in volume to cu. 20 cm3, and hexane (40 
cm3) was carefully added onto the surface of the 
solution. The two-layer mixture was left standing 
overnight to separate white crystals which were iso- 
lated by filtration, washed with cold hexane and 
vacuum-dried to give 1.4 g (95%) of IIb ; mass 
spectrum, high mass m/z 149, corresponding to 
[12C2”B71H1137C1]- (P-l, CzB7C1 pattern). For 
NMR spectra see Tables l-4. 

(b) Gaseous chlorine was slowly passed through 
a solution of (1) (1.1 g ; 0.01 mol) in hexane (60 
cm’) under stirring at - 30°C until carborane (1) 
had disappeared from the solution (checked by 
TLC, RF 0.4). The separated white crystals were 
isolated by filtration, washed with cold hexane and 
vacuum-dried to afford 0.7 g (47%) of (2a). 

Arachno-6-Br-4,5-C,B,H 1 2 (2b). (a) Dry HBr 
was slowly passed through a stirred mixture of 
A1Br3 (0.27 g ; 1 mmol) and a solution of (1) (1.1 g ; 
0.01 mol) in benzene (60 cm3) at ambient tem- 
perature until carborane (1) had disappeared from 

the mixture (cu. 3 h). Analogous work-up as in the 
preceding experiment (a) led to the isolation of 1.6 
g (83%) of (2b) ; high mass m/z 193, corresponding 
to [‘*C2”B,‘H 1I 8’Br]- (P-l; &B,Br pattern). For 
NMR data see Tables l-4. 

When the AlBr, catalyst was replaced by AlC13 
(1 : 1 molar ratio of the latter and carborane (1)) 
and the reaction was conducted exactly in the way 
described above, 1.4 g of cu. 4 : 1 mixture of (2a) 
and (2b) was obtained, as assessed by ’ 'B NMR by 
comparing the signal intensities of the B(6) res- 
onances of both compounds at 6, - 16.47 and 
- 22.87, respectively. 

(b) A solution of (1) (1.1 g ; 0.01 mol) in benzene 
(30 cm’) was treated with a solution of bromine (0.6 
cm3; 0.02 mol) in benzene (20 cm3) under stirring 
at 5°C. After the colour of bromine disappeared, 
the solution was reduced in volume to cu. 20 cm3 
and filtered. Further work-up as in the preceding 
experiment with Cl2 (b) produced 0.7 g (36%) of 
(2h). 

Aruchno-6-I-4,5-C,B,H,, (2~). (a) Dry HI was 
slowly introduced into a stirred mixture of AlI 
(0.41 g ; 1 mmol) and a solution of (1) (1.1 g ; 0.01 
mol) in benzene (60 cm’) at ambient temperature 
until the hydrogen evolution had ceased (cu. 3 h). 
Further work-up as in the preceding experiment (a) 

Table 2. Signal assignments in the ’ ‘B NMR spectra” of halogenated derivatives of arachno-4,5-c,B,H, 3 

Substituent B(7)b B(9) B(2) B(1) B(8) B(6) B(3) 

6-Cl (2a) 12.471156 2.75/161’ -2.91/165 -3.41/168 - 5.92/17gb - 16.471147 -56.21/162 
6-Br (2b) 11.54/163 3&r/164/22 -2.93/182 -3.25/157 - 5.791176’ -22.87/151 -56.041157 
6-I (2~) 10.95/145 4.221162131 -2.96/166d -2.96/166d - 5.24/177b -36.61/151 -55.471159 

6,8-I* (2d) 12.99/156 5.721147’ -5.30/171 -3.401156 -18.09/O/48’ -36.121147 -51.781162 

“G,/J(BH)/J(B+H), assignments based on 2-D spectra, all signals in proton coupled spectra are doublets. 
“Signals are broadened, but J(B-pH) is not measurable. 
“Doublets of the monosubstituted BH, group. 
dOverlapping doublets. 
e Singlet. 
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Table 3. Cross-peaks indicated in the 2-D “B-“B 
NMR spectra of halogenated derivatives of aruchno- 

4,5-CzB,H’, 

Substituent Cross peaks” 

6-Cl (2a) 

6-Br (2b) 

6-I (2c) 

“Atoms giving cross peaks with the observed atom (on 
diagonal) are listed in brackets with right superscipts 
indicating relative intensities of the off-diagonal inter- 
actions (s-strong, m-medium, w-weak, O-zero inter- 
action). Observed atoms (off brackets) are listed upfield. 

‘The cross peaks cannot be unambiguously defined 
due to a high degree of overlap. 

resulted in the isolation of 1.1 g (80%) of (2e) ; mass 
spectrum, high mass m/z 239, corresponding to 
[‘2Cz”B,1H,, 1271]- (P-l, C2B71 pattern). For 
NMR data see Tables l-4. 

(b) A solution of (1) (1.1 g ; 0.0 1 mol) in benzene 
(30 cm3) was refluxed with iodine (2.5 g; 0.02 mol) 
for 48 h. The mixture was then shortly evacuated, 
shaken with solid Na2S03 to remove excess iodine, 
filtered and reduced in volume to cu. 20 cm3. 
Analogous work-up as in the experiment with Cl2 
(b) led to the isolation of 1.1 g (60%) of (2c). 

Arachno-6,8-I,-4,5-C2B7HI 1 (2d). Carborane (1) 
(0.6 g ; 5 mmol) was added to solid iodine (1.3 g ; 
0.01 mol). After the initial exothermic reaction had 
ceased, the reaction was finished by heating at 90°C 
for 1 h. The decolourized melt was dissolved in 
benzene (20 cm3), the solution was filtered and the 
filtrate was reduced in volume to CLI. 10 cm3. Hexane 
(30 cm’) was added onto the surface and the two- 
layer mixture was left standing overnight to separate 
pale yellow crystals which were washed with cold 
hexane and vacuum-dried to give 1.1 g (60%) of 
(2d) ; mass spectrum, high mass m/z 238, cor- 
responding to [*2C2*‘B7’H,01271]- (P-l-HI, CPB71 
pattern). For NMR dam see Tables l-4. 

RESULTS AND DISCUSSION 

The AlX,-catalyzed reactions o( = Cl, Br, and I) 
of (1) with anhydrous hydrogen halides in benzene 
at ambient temperature give rise to a series of mono- 
halogenated compounds of the general formula 6- 
X-4,5-C2B7H1, [(2a), X = Cl ; (2b), X = Br, and 
(2c), X = I, for numbering see Fig. l] with the evol- 
ution of one mole of hydrogen. It is to be noted that 
these reactions do not proceed without catalysis at 
any measurable rate. In contrast, there is evidence 
for direct involvement of A1X3 in the halogenation 
process. When the reaction of (1) with hydrogen 

Table 4. ’ ‘B NMR shift changes (A&)” for halogenated derivatives of aruchno-4,5-&B,H, 3 

Substituent B(1) B(2) B(3) B(6) B(7) B(8) B(9) A&,* (kJ 

6-Cl (2a) 1.14 1.64 0.47 13.74 2.87 0.58 -1.12 0.93(1.77) 
6-Br (2b) 1.30 1.62 0.64 7.34 1.94 0.71 -0.47 0.96(0.75) 
6-I (2e) 1.59 1.59 1.21 -6.40 1.35 1.26 0.35 1.23(0.20) 

6,8-I, (W 1.15 -0.75 4.90 - 5.93 3.39 -11.59 1.85 2.10(4.65) 

a G&substituted) - S,(parent compound’). 
i=n 

‘Mean shift for unsubstituted atoms defined as AZ = l/n c 86, (n-number of unsubstituted 
i= I 

atoms). 
i-n 

‘Variance of the shift from the mean value defined as k, = l/n- 1 c (A&-A&*. 
i= I 
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1) ii) 
[AlX,]---- 

Scheme 1. Electrophile-induced nucleophilic substitution of the cage BH2 group of (1) by hydrogen 
halides; (i) H+ attack, -H, : (ii) X- attack, -AlX3. 

bromide is carried out in the presence of an equi- 
molar amount of AlC13, cu. 4: 1 mixture of 6-Cl 
and 6-Br derivatives of (1) is obtained, as assessed 
from “B NMR. The observed parallel substitution 
on the cage B(6)Hz group by Cl and Br is consistent 
with a proton attack by H+[AlX,]- at the B(6) 
exo-hydrogen to remove the H- anion and evolve 
dihydrogen. The vacant exohedral molecular 
orbital thus formed is subsequently filled with X- 
(from AlX;) to recover AlX3 and form exohedral 
B(6)H-X bond as in Scheme 1. 

In view of this approach, the substitution process 
outlined above can be regarded as an electrophile- 
induced nucleophilic substitution reaction (EINS). 
This EINS concept, characteristic by hydride 
removal on the attack by the electrophilic particle 
with a subsequent attack by the nucleophilic 
particle, can be applied more generally to other 
“electrophilic” reactions of boron hydrides. The 
difference between these reactions and electrophilic 
FriedelCrafts substitutions on organic aromatic 
substrates’ obviously consists both in the hydridic 
character of the BH bond and in the electron 
deficient nature of the boron atom under attack. 

The same series of compounds (2a-c) is also 
obtained in noncatalyzed reactions of (1) with 
elemental halogens (Cl,, - 30°C; Br,, 5”C, and I*, 
reflux) in hexane or benzene. Spontaneous solid- 
phase reaction of (1) with iodine, finished by heating 
at 90°C results in the formation of 6,8-I,-4,5- 
CzB7HI L (2d). The observed relative ease of the 
noncatalyzed halogenation seems to consist of a 
strong hydridic character of the cage B(6) H2 group. 

NMR spectra of compounds (2a-d) (Tables 1 and 
2) exhibit general features of those published for 
parent 4,5-CzB7H1 3. 5 ‘H NMR spectra show 
1 : 1 : 1 : 2 patterns of singlets due to three CH res- 
onances [C(5)H, C(4)H,,,, and C(4)H,,d,] and two 
coincidentally overlapping bridge proton signals. 
13C NMR spectra of (2b) and (2d), exhibiting one 
doublet and one triplet of equal intensities, clearly 
evidence the presence of one CH and one CHI 
groups. The relevant ’ 'B NMR data of (2a-d) 
unambiguously indicate the presence of seven non- 
equivalent boron environments with three borons 
coupled to hydrogen bridges. The most interesting 
feature is the presence of the doublet of the mono- 
halogenated B(6)Hr group. 

Additional insight was given by 2-D ’ ‘B-l 'B 
measurements on (2a-d). In the scheme presented 
in Table 3, all adjacent borons give rise to observed 
cross peaks expected in 2-D spectra for the 
geometry depicted in Fig. 1 except for those between 
the B(l)-B(9), B(7)-B(8) and B(2)-B(3) nuclei which 
are not observable in a few cases. 

Table 4 reflects the influence of the B(6) halogen 
substitution on the ‘lB NMR shifts in terms of A& 
A& and k2 values. The trends seen in this table for 
substituted borons are similar to those observed 
with other substituted borane systems, e.g. B , 0H 1 4,8 
2,4-C2B,H7,’ and 6,9-C2BsHr4.” Taking unsub- 
stituted boron atoms of (2a-d) into account, a reg- 
ular trend of increase in AZ and a decrease in k2 
values is seen on going through the 6-C& 6-Br, and 
6-I series; similar trends were observed with all 
monohalogenated derivatives of B , oHL 4, * but not 
with 1-haloderivatives of 6,9-C2BsH r4. ‘O To draw 
more general conclusions, more derivatives sub- 
stituted on other cage atoms should be isolated and 
characterized. 
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Abstract-By reaction of MoC13(THF), with NaSH in tetrahydrofuran, followed by 
addition of Me2PCH2CH2PMe2(dmpe), then chromatography on silica-gel, and finally 
addition of NH4PF6, the compound [Mo3S4C13(dmpe)3]PF6*CH30H was prepared in 
moderate yield. X-ray crystallography showed the presence of a chiral cation based on a 
Mo3S4 core with chelating dmpe units arranged like the blades of a ship’s screw. The three 
Cl atoms fill the remaining octahedral sites on each metal atom. The compound crystallizes 
in space group R3c with (hexagonal) cell dimensions of a = 15.310(7) A, c = 30.640(3) A 
and 2 = 6. The [Mo3S4C13(dmpe)3]+ ion and the PF; ion each have crystallographic C3 
symmetry. The principal distances and theirs esds are : Mo-MO, 2.766(4) w ; Mo-(p3-S), 
2.360(9) 8, ; MC+(&), 2.290(7) A, 2.336(7) A ; M+P, 2.534(8) A, 2.605(8) A ; Ma-Cl, 
2.473(7) I& ; P-F, 1.56(2) A, 1.64(3) A. The correct enantiomer was obtained by refining 
both to convergence, which give R = 0.059 and R = 0.064. 

The synthetic chemistry leading to compounds con- 
taining the Mo3S:+ core has recently been devel- 
oping very rapidly. The following types of synthetic 
entry to this field have been reported : 

(1) Those in which the Miiller complex, ’ [MO 3@3- 
S)(&-S2)@2)3]‘- (1) is treated with desulfurizing 
reagents. Examples are : 

1+ 12CN- + [Mo,S,(CN),]~- 

+3SCN- +3S:- (1)’ 

1 +3[SCH2CH2S]2-+ Mo~S~(SCH~CH~S)~]~- 

+ polysulfur species. (2)3 

(2) Desulfurization of 1 without the use of any 
exogenous S-atom acceptor : 4 

1 + 3H3NTA -+ [Mo,S,(NTA)(HNTA),]‘- 

+ S,‘- species 

1+3HzCzO,+ [M~~S~(CZ~~)(HC~~~)Z(HZ~)~I 

+ S,’ - species. 

*Author to whom correspondence should be addressed. 

(3) Degradation of an [Mo4S4r+ unit, which pro- 
ceeds in 60% yield5 under appropriate conditions : 

[Mo~S~(NCS)~ 2]6- + 3[9]aneN3 

+ [Mo3S4([9]aneN3),]“‘. 

(4) Coalescence of [Mo~~-S)~O~(C~S)~~- dimers 
to give an Mo,S, intermediate that degrades in situ 
to Mo~S:+.~ 

We now report a new, convenient, non-aqueous 
method for making [Mo3S414+ derivatives. Because 
the method is non-aqueous it allows access to types 
of compounds not heretofore obtained. We describe 
and illustrate the method by providing full pre- 
parative and crystallographic details for the 
compound [Mo3S4C13(dmpe)3]PF6.CH30H. 

EXPERIMENTAL 

Materials 

NaSH7 and MoC~~(THF)~’ were prepared as 
described elsewhere. 1,2-bis(dimethylphosphino) 
ethane (dmpe) was obtained from Strem Chemicals 
and used as received. 

1741 
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Synthesis of[Mo&Cl,(dmpe),]PF,.CH,OH 

NaSH (40 mg, 0.072 mmol) was added to a sol- 
ution of MoC~~(THF)~ (300 mg, 0.072 mmol) in 15 
cm3 of THF under argon. This mixture was cooled 
to - 78°C and the dmpe (120 I.LL, ca. 0.72 mmol) 
was introduced. Addition of 3 cm3 of MeOH (to 
dissolve the NaSH) followed by slow warming to 
room temperature produced a mixture consisting 
of a dark precipitate and a green solution. 

This green solution was filtered under argon and 
it seemed to be air stable, at least for several days. 
It was taken to dryness in vacuum, the residue redis- 
solved in CH2C12 and the solute adsorbed on a 
silica-gel column. After washing the column with 
acetone, the green band that remained on the top 
was eluted with methanol. The UV-visible spec- 
trum of this green solution showed a band at 625 
nm. Addition of NH4PF, to the above solution 
followed by slow evaporation in air afforded green 
crystals suitable for X-ray diffraction studies. 

and R. LLUSAR 

Yield: ca. 40%. These crystals were characterized 
as [MoJS4C13(dmpe),]PF,*CH30H. 

X-ray d@raction studies 

A green crystal of dimensions 0.1 x 0.15 x 0.15 
mm was mounted on the top of a glass fiber with 
epoxy cement. Data were collected on a CAD-4 
four-circle diffractometer using monochromated 
MO Ka radiation. Preliminary cell parameters were 
determined from 25 reflections and confirmed by 
axial photographs. Data pertaining to the cry- 
stallographic procedures are given in Table 1. Dur- 
ing data collection three intensity standards were 
collected every hour. No decay was observed during 
the 47.5 h of exposure to X-rays. 

Corrections for polarization and Lorentz factors 
were applied to the measured intensities. An 
absorption correction was based on the variation 
in the intensities of reflections at Eulerian angle x 

Table 1. Crystal data for [Mo&Clg(dmpe),]PF,-CH,OH 

Formula 
Formula weight 
Space group 
Systematic absences 

a, A 
c, A 
V,A3 

Z 

dcalo g/cm3 
Crystal size, mm 
p(MoK,), cm- ’ 
Data collection instrument 
Radiation (monochromated in 

incident beam) 
Orientation reflections, 

number, range (20) 
Temperature, “C 
Scan method 
Data col. range, 26, deg 
No. unique data, total 

with F,’ > 3a(F,2) 
Number of parameters refined 
Trans. factors, max., min. 

:,b 
Quality-of-fit indicator’ 
Largest shift/esd, final cycle 
Largest peak, e/A’ 

Mc&Cl,P,P@C,$I,, 
1149.87 
R3c 
(hkiz) = -h+k+Z = 3n; 
(h1;01):h+l=3n,Z=2n; 
(0001) I = 6n 
15.310(7) 
30.640(3) 
6216 
6 
1.84 
0.1 x0.15x0.15 
15.749 
CAD-4 

MoK, (2, = 0.71073 A) 

25,6-25 
15°C 
w-28 
4-45 
1391 
872 
114 
1.27, 0.84 
0.059 
0.064 
1.19 
0.01 
1.12 

b R, = [r, w(lF,I - IF&*/Z w~F,I~]“~; w = l/aZ(IFOl). 
cQuaW-of-fit = P xW,I - IFEl)2/U%,s -J$,,,,,,,,)l I/‘. 
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close to 90” during azimuthal scans (+-scans). Five 
sets of reflections were averaged to produce an 
absorption profile for the crystal with maximum, 
minimum and average experimental transmission 
factors of 1.27,0.84 and 0.99, respectively. 

The crystal belongs to the Laue class 3m. Sys- 
tematic absences limited the possible space groups 
to R3c and R%. The unit cell volume suggested 
Z = 6, which would require the trinuclear unit to 
be located on a special position such that a three- 
fold axis of crystallographic symmetry would be in 
accord with the molecular symmetry. The trinuclear 
unit could be accommodated in an ordered model 
only in the non-centrosymmetric space group R3c 
because in R% the location of the molecule around 
the three fold axis requires the presence of an inver- 
sion center. Since the amount of data was limited 
by the small size of the crystal, Friedel pairs (which 
are independent observations in a noncentro- 
symmetric space group) were collected to improve 
the data to parameter ratio. 

The position of the unique MO atom was 
obtained from direct methods, MULTAN, and the 
remainder of the molecule was located and refined 
by alternating difference Fourier maps and least 
squares cycles, employing the Enraf-Nonius Stmc- 
ture Determination Package. All the atoms in the 
cluster and the anion, except three of the carbon 
atoms in the phosphine were refined aniso- 
tropically. C(2), C(5) and C(6) had to be refined 
isotropically. After location and refinement of the 
cluster and the anion, two peaks, one in a special 
position (3-fold axis) and one in a general position, 
remained in the difference Fourier map. The dis- 
tance between them was suggestive of a methanol 
molecule and they were refined with isotropic ther- 
mal parameters as C and 0 atoms. The Ca distance 
calculated after the last cycle of refinement was 
slightly short (1.22 f 0.12 A), but acceptable under 
the circumstances. 

RESULTS AND DISCUSSION 

The preparative procedure described here differs 
from all others previously used in that it provides 
access to the MO&+ moiety by a non-aqueous 
route, thus making it possible to prepare derivatives 
that are, or contain ligands which are not amenable 
to handling in aqueous media. At some stage the 
Mo(II1) present in the starting material is oxidized 
to Mo(IV) but this, as well as other aspects of the 
procedure, remains to be elucidated. 

The identity and structure of the green product 
were conclusively established by X-ray crys- 
tallography. The trinuclear cation is shown in Fig. 
1. It has a crystallographically imposed three-fold 

C(6) 

Fig. 1. The [Mo,S,C1s(dmpe)3]+ ion viewed approxi- 
mately along the three-fold axis. The labeling scheme 
employs primes and double primes to identify symmetry 

equivalent atoms. 

axis of symmetry. The bond distances and angles 
within it are listed in Tables 2 and 3. 

There are some small but real deviations from 
C3” symmetry in the MO&, core, attributable to the 
arrangement of the two P and one Cl atom in the 
external sites on each MO atom. The M-MO and 
Mo-&-S) distances are, of course all equal, but 
there are two kinds of Mo-&-S) distances and 
some attendant slight differences in the two sorts 
of M*Mo-&-S) angles. The Mal-S) distance 
that is roughly rrans to an Mo-P bond is sig- 
nificantly longer, by 0.046( 10) A, than the one that 
is roughly tram to an Ma-Cl bond. The two types 

Table 2. Table of bond distances in A and their estimated 
standard deviations for the [M~$&l,(dmpe)~]+ ion 

Atom 1 Atom 2 Distance 
- 

MO(~) 
Cl(l) 
S(1) 
S(2) 
S(2)” 
P(1) 
P(2) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(4) 

2.766(4) 
2.473(7) 
2.360(9) 
2.336(7) 
2.290(7) 
2.605(8) 
2.534(8) 
1.89(3) 
1.88(3) 
1.79(3) 
1.88(3) 
1.81(3) 
1.88(3) 
1.58(3) 

Numbers in parentheses are estimated standard devia- 
tions in the least significant digits. 



1744 F. A. COTTON and R. LLUSAR 

Table 3. Table of bond angles in degrees and their esti- 
mated standard deviations for the [Mo,S,Cl,(dmpe),]+ 

ion 

Atom 1 Atom 2 Atom 3 Angle 

MO(~)” 
MO(~)” 
MO(~)” 
MO(~)” 
MO(~)” 
MO(~)” 
Mo( 1)” 
Mo( 1) 
MO(~)’ 
Mo( 1)’ 
Mo( 1)’ 
Mo( 1)’ 
Mo( 1)’ 

Cl(l) 
Cl(l) 
Cl(l) 
C](l) 
Cl(l) 
S(1) 
S(1) 
S(1) 
S(1) 
S(2) 
S(2) 
S(2) 
S(2)c 
S(2>” 

P(1) 
Mo(1) 
Mo(1) 

Mo( 1)’ 

Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
MO(~) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
MO(~) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(1) 
S(1) 
S(2) 

Mo( 1)” 

MO(~) 
Cl(l) 

Mo( 1)’ 

S(1) 
S(2) 
S(2)” 

P(1) 
P(2) 
Cl(l) 
S(1) 
S(2) 
S(2)” 

P(1) 
P(2) 
S(1) 
S(2) 
S(2)” 

P(1) 
R(2) 
S(2) 
S(2)n 

R(1) 
R(2) 
S(2)” 

P(1) 
R(2) 
P(1) 
P(2) 
R(2) 

60.00(O) 
136.7(2) 

71.8(3) 

54.1(2) 

73.4(2) 

98.4(2) 
54.0(2) 
99.1(2) 

140.9(2) 
101.3(2) 
54.1(2) 
52.5(2) 
99.5(2) 

146.6(2) 
134.7(2) 
82.9(2) 
97.9(3) 

158.8(3) 
75.4(3) 
8 1.0(2) 

105.1(2) 
106.6(3) 
92.7(3) 

163.1(3) 
97.8(4) 

160.2(3) 
82.2(3) 
85.0(3) 
87.0(2) 
78.3(3) 

Numbers in parentheses are estimated standard devi- 
ations in the least significant digits. 

Table 4. Comparison of the [Mo,SJ4+ core dimensions, A, in various compounds 

Outer ligands 

Type of bond Cls(dmpe), 9CN (HNTA),(NTA) (SCL-WW% (C204)3(W% (PIaneW 

Mo-MO 2.766(4) 2.765(7) 2.769(l) 2.78 2.738(5) 2.773( 1) 

M-J-S) 2.360(9) 2.363(4) 2.344(5) 2.35 2.33( 1) 2.36( 1) 
Mo-&S) 2.290(7) 2.312(5) 2.298(3) 2.30 2.28(l) 2.278(9) 

2.336(7) 

Ref. This work 9 4 3 10 5 
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of Mo-P distance also differ, by 0.071(11) A, with 
the one tram to the capping sulfur atom being 
shorter. We may also note that in this electron-poor 
type of cluster the Mo-Cl distance is appreciably 
shorter than the Mo-P distances, a quite common 
situation in early transition metal phosphine com- 
plexes. 

Finally, in Table 4, we compare the dimensions 
of the Mo3S4 unit in the present compound with 
those previously reported for other compounds. It 
is clear that despite differences in the sets of external 
ligands, the three principal types of distances that 
characterize this unit are substantially the same in 
all cases. 

In further exploratory work spectroscopic 
measurements (UVvisible) have shown that this 
compound can also be prepared by reaction of 
MoCl, and NaSH with dmpe in MeOH at -78°C 
followed by a workup of the solution similar to the 
one described previously. 

Similar reactions have been observed with other 
halides (MoI,) or other phosphines (dmpm). The 
compounds obtained in those cases appear to be 
less stable. Reactions with monodentate phosphines 
seem to follow quite different pathways. Efforts to 
establish the nature of these products are in pro- 
gress. 
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Abstract-The reactions between W2(0B+ and each of pinacol(3 equiv) and cyclohexanol 
(> 6 equiv) yield the title compounds W2(0CMe2CMe20)3, I, and W2(OCy),, II (Cy = 
cyclohexyl) as yellow needles, which are sparingly soluble in hydrocarbon solvents. In the 
solid-state both compounds form infinite chains. Compound I has three pinacolate ligands 
which span the W=W bond : W-W = 2.2738(8) A, W-Q = 1.90 8, (av) and W-W-O = 99” 
(av). The three bridging ligands lead to a near eclipsed W206 skeleton having C&W-W-O 
torsion angles = 10” (av). The infinite chain is caused by weak intermolecular oxygen- 
to-tungsten bonding, W.. . 0 = 2.9 A. The W2(OCy), molecule has crystallographically 
imposed C2, symmetry and the central WZ06 moiety is staggered (virtual D3d) with 
W-W = 2.340(l) A, W-O = 1.87 A (av) and W-W-O = 107” (av). The infinite chain in 
the solid-state results from the stacking of the cyclohexyl ligands. The intermolecular con- 
tacts are essentially identical to the intramolecular ones. In solution W2(0CMe2CMe20), 
undergoes rapid enantiomerization such that a time-averaged eclipsed W206 moiety is 
seen on the NMR time-scale. The cyclohexyl rings in W2(OCy)h are not inverting 
(chair + boat Z$ chair) on the NMR time-scale. 

Albright and Hoffmann’s’ provocative claim that 
M,X,(M=M) dimers2T3 “should prefer the eclipsed 
conformation” stimulated several theoretical 
appraisals of these molecules (M = MO and W, and 
X = a uninegative ligand).“7 While the other cal- 
culations generally supported the view that there 
should be no electronic preference for either 
geometry, it is easy to see why the original sugges- 
tion was made. If the M2Xs dimers are constructed 
from two MXs fragments then the M-M bonding 
will reflect the geometry of the MX3 fragments. If 
MX3 fragments derived from an octahedron’ are 
brought together, the eclipsed geometry will be pre- 
ferred. However, if two trigonal planar ML3 frag- 
ments are used to form the MzX6 unit then no 
electronic preference is predicted. Calculations 
employing EHMO and other methods naturally 
prefer to employ ligands such as H, Cl or CH3 for 
which there are no known M2X6 (M=M) com- 
pounds.2*3 These compounds are not likely to be 

*Author to whom correspondence should be addressed. 

isolable either, so it was a challenge for the synthetic 
chemist to address the points raised by the theor- 
eticians. 

We recently described in full our comparative 
studies of staggered and eclipsed M2N, moieties 
in M,(NMe,), and M2(MeNCH2CH2NMe)3 
compounds.9 We describe here our preparation 
and characterization of two new compounds 
W2(0CMe2CMe20), and W2(OCy),. These pro- 
vide the appropriate comparison of staggered and 
eclipsed 09W=W03 units and provide the tist 
examples of structurally characterized unligated 
W2(OR)6 compounds.” 

RESULTS AND DISCUSSION 

Syntheses 

Both new compounds were prepared by the 
addition of the alcohol to a hydrocarbon solution 
of W2(0But)6. This obviates problems associated 

1147 
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with oxidative addition reactions and the formation 
of dimethylamine adducts. ’ ’ 

In reactions involving cyclohexanol, the 
W2(OCy)6 compound, II, is precipitated as a pale 
yellow microcrystalline powder. It is only sparingly 
soluble in toluene and benzene and even less soluble 
in aliphatic hydrocarbons. It is more soluble in THF 
and was recrystallized from warm THF/toluene sol- 
vent mixtures. II does not undergo the reversible 
dimerization that we have recently observed for 
W1(0-i-Pr)6 under identical conditions. lo 

In reactions involving pinacol an initial 
dark-purple crystalline compound is formed 
which is formulated as a pinacol adduct 
W,(OCMe,CMe20),(pinacol). Even when only 3 
equivalents of pinacol are used this is formed 
leaving some unreacted W2(0Bt&. The ‘H NMR 
spectrum reveals six inequivalent pinacolate Me 
resonances of equal intensity and a downfield signal 
cu. 6 10 ppm indicative of the hydroxyl group, 
together with a singlet of three times the intensity 
of the other methyl signals. Regrettably it is not 
possible to formulate a unique structure based on 
these data. However, the initially formed pinacol 
adduct slowly loses pinacol in THF or hydrocarbon 
solutions containing pyridine to give W2(0CMe2 
CMe20)), I, as fine yellow needles. [It seems that 
the donor molecules assist in the disruption of 
the hydrogen-bonded pinacolate adduct.] The 
crystals obtained for the X-ray study were ob- 
tained by recrystallization from warm THF. I is 
only sparingly soluble in aromatic hydrocarbon 
solvents and essentially insoluble in alkanes. 

Solid-state and molecular structures 

W2(OCMe2CMe20)3. Crystallizes from THF as 
a 1 : 1 solvent complex, though the THF molecule is 
not coordinated to any tungsten atom. An ORTEP 
view of the W2(OCMe2CMe20)3 molecule is shown 
in Fig. 1 and a view looking down the W-W bond 
with the atom number scheme is given in Fig. 2. 
The molecule has virtual D, symmetry as a result 
of the u-is-bridging pinacolate ligands which form 
M202C2 six membered rings in the skew-boat con- 
formation. The average syn-O-W-W-W-O torsion 
angle is IO”. Selected bond distances and angles are 
given in Table 1. 

W,(OCy),. Has a crystallographically imposed 
mirror plane containing the M-M bond and a C2 
axis perpendicular to this, i.e. CZh molecular sym- 
metry. An ORTEP plot giving the atom number 
scheme is shown in Fig. 3 and a view looking down 
the M-M bond is given in Fig. 4. Pertinent bond 
distances and bond angles are given in Table 2. 
The most striking feature of this structure is the 

Fig. 1. An ORTEP view of the W,(OCMe,CMe,0)3 
molecule looking down one of the virtual C2 axes. A 
space filling drawing of the same view is shown below. 

orientation of the cyclohexyl ligands which are all 
essentially perpendicular to the M-M axis. 

The infinite chains. Compounds containing mul- 
tiple bonds between metal atoms provide interesting 
building blocks for molecular design of new solid- 
state materials and metalloorganic liquid crystal 
phases. (1) The architectural signature of the M- 
M quadruple bond, for example, in M2(02CR)4 
compounds is the four bladed paddle wheel while 
that of the (MEM)~+ moiety (M = MO or W) is 
the staggered or ethane-like X3M=MX3 moiety. 
(2) The subunits tend to stack due to weak inter- 
molecular interactions involving either the metal 
atoms or the ligands. In the two compounds 
reported here we see an example of each phenom- 
enon. 

The pinacolate compound I consists of infinite 
chains of W2(OCMe2CMe20)3 units which are 
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Fig. 2. A view of the W2(0CMe,CMe,0), molecule, with 
the atom number scheme used in the tables, looking down 
the W-W bond emphasizing the near eclipsed 03WW03 
moiety. A space filling drawing of the same view is shown 

below. 

propagated along the a axis. The intermolecular 
0.. . to. . . W distances are ca. 2.9 A. See Fig. 5. In 
the cyclohexoxide, the stacking is caused entirely by 
the hydrocarbon interactions. See Fig. 6. Again the 
infinite chains grow along the a axis but now the 
o...to.. . W distances along the chain are ca. 4.5 
A. Note also the intermolecular and intramolecular 
cyclohexyl ring distances are essentially identical. 

We mention here these interesting fundamental 
stacking properties of M-M multiple bonded com- 
pounds because they have drawn little attention 
this far but are clearly of potential interest 
with respect to the molecular design of linear 
polymers. Note also the cavities within the chain 
may readily accommodate guest molecules as is seen 
for THF in the solid-state structure of 
Wz(0CMe2CMe20)3*THF. 

W(1) W(2) 2.2738(8) 

W(1) O(3) 1.895(7) 

W(1) 00 1) 1.890(7) 

W(1) O(19) 1.931(7) 

W(2) O(6) 1.915(7) 

W(2) O(14) 1.885(8) 

W(2) 0(22) 1.901(7) 

O(3) C(4) 1.473(12) 
O(6) C(5) 1.453(12) 

O(11) C(12) l/447(13) 

O(14) C(13) 1.445(14) 

009) C(20) 1.454(12) 

0(22) C(21) 1.440(13) 

O(30) ~(29) 1.468(23) 

O(30) C(31) 1.422(24) 

A B C Angle 

W(2) W(1) O(3) 99.53(21) 

W(2) W(1) O(11) 98.72(21) 

W(2) W(1) O(19) 100.03(22) 

O(3) W(1) O(11) 117.6(3) 

O(3) W(1) O(19) 117.8(3) 

O(11) W(1) 009) 116.7(3) 

W(1) W(2) O(6) 99.88(2) 

W(1) W(2) 004) 99.19(22) 

W(1) W(2) 0(22) 99.98(21) 

O(6) W(2) O(14) 116.4(3) 

O(6) W(2) 004) 117.0(3) 

O(14) W(2) 0(22) 118.3(3) 
W(1) O(3) C(4) 136.0(6) 

W(2) O(6) C(5) 136.4(6) 

W(1) O(11) C(12) 139.0(6) 

W(2) O(14) C(13) 139.1(7) 

W(1) O(19) C(20) 133.3(6) 

W(2) 0(22) C(21) 135.0(6) 

angles are 141 and 145”. In both molecules the 
W-GC units are aligned along the M-M axis in 
the proximal manner. 

The oxygen lone-pairs which may be termed” (r 
and x are thus orientated in the same way in I and 
II. The n-lone pairs will principally interact with the 
metal dxy and d,z_g orbitals and the o lone-pairs 
will be largely non-bonding. 

Comparisons of molecular parameters for M& In the pinacolate two oxygen o-lone pairs, one at 
moieties. The orientation of the cyclohexyl ligands each tungsten atom, are in fact weakly bonded to 
in II and the pinacolate ligands in I are such that neighbouring W, units, W(1). . .0(19) = 2.83(l) A 
the W2(OC)6 skeletons of the two molecules differ and W(2). , , O(6) = 2.91(l) A. This is the range of 
only significantly with respect to the staggered and M-to-O distances that we have previously termed 
eclipsed W,06 moieties. The W-0-C angles in I semi-bridging. It is worth noting that the oxygen 
span a range 133” to 139” while in II the W-O-C atoms involved in this “intermolecular” interaction 

Table 1. Selected bond distances (A) and bond angles (“) 
for the W,(0,CMe,CMe20), molecule 

A B Distance 
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Fig. 3. An ORTEP view of the W,(OCy), molecule giving 
the atom number scheme used in the tables. A space 

filling drawing of the same view is shown below. 

form somewhat longer intramolecular W-O dis- 
tances, W(1)-0(6) = 1.915(7) 8, and W(2)- 
0(19) = 1.971(7) A. There is little doubt that this 
weak intermolecular W . . . 0 bonding is responsible 
for the formation of the infinite chain structure and 
for the low solubility in hydrocarbon solvents. 

In Table 3 we compare W-W, W-X and proximal 
W-X-C angles for the compounds WZ(NMe&, 
W2(MeNCH,CH2NMe)3, I and II. Three points 
are worthy of note. (1) The M-M distances are 

Table 2. Selected bond distances (A) and angles (“) for 
the W z(OCy) 6 molecule 

A B Distance 

W(1) W(1)’ 2.340(l) 

W(1) O(2) 1.880(4) 

W(1) O(9) 1.856(6) 

O(2) C(3) 1.432(7) 

O(9) C(l0) 1.437(10) 
C C 1.52(l) (av) cyclohexyl 

A B C Angle 

W(1)’ W(1) O(2) 107.22(13) 

W(1)’ W(1) O(9) 107.62(18) 

O(2) W(1) O(9) 111.39(15) 

O(2) W(1) O(2)’ 111.74(27) 

W(1) O(2) C(3) 141.0(4) 

W(1) O(9) C(l0) 144.9(5) 

shorter in the eclipsed X3M-1V’X3 compounds. (2) 
The M-M distances decrease as the M-M-X angles 
decrease for X = 0 and N. (3) The M-X-C proxi- 
mal angles of the bridged molecules are smaller than 
those in the staggered molecules. 

Regrettably it is impossible to separate the steric 
from the electronic factors in this series and the 
effective constraints imposed by the bridging 
chelates. For example, for alkoxides, the bulkier the 
alkyl group the greater the steric repulsion across 
the M-M bond. This will lead to larger M-M-O 
and M-O-C angles both of which will tend to lead 
to a lengthening of the M-M bond as a competition 
for M-M and M-O x-bonding sets in. For M-M- 
O angles equal 90” and M-O-C angles of cu. 120” 
with the M-O-C planes aligned along the M-M axis, 
the oxygen p-to-metal-d x-donation will not be 
mixed with M-M x-bonding. The two e sets, (4, 
4,) and (&., &_& will be involved in M-M A and 
M-O x-bonding, respectively. As the M-M-O 
angle increases the e sets mix and O-to-M z-bond- 
ing competes with M-M n-bonding. The same is 

Table 3. Comparison of selected structural parameters for eclipsed and 
staggered X3M-‘Y’X3 containing molecules 

Compound M-M (A) M-M-X” M-X-C” Ref. 

W@Me& 
W,(MeNCH,CH,NMe), 

W@CY)c 
W2(OCMezCMez0)9 

2.294( 1) 
2.265( 1) 
2.340( 1) 
2.274(l) 

103.8(3) 
101.6(5) 
107.4(2) 
99.8(4) 

132.6(6) a 
130.1(14) 9 
143(2) this work 
136(3) this work 

“M. H. Chishohn, F. A. Cotton, M. W. Extine and B. R. Stults, J. Am. 
Chem. Sot. 1976,98,4477. 



Fig. 4. An ORTEP view of the W,(OCy), molecule looking down the W-W bond emphasizing the 
staggered 03WW03 moiety. A space filling drawing of the same view is shown below. 

1751 

Fig. 5. A view of the unit cell of W2(0CMe,CMe20),*THF looking down the b axis showing the 
stacking of the W2 units along the a axis and the positions of the THF molecules. 
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Fig. 6. A view of the unit cell of W,(OCy), showing chains of the W2 units propagated along the CI axis. 

true as the MUC angle goes from 120” to 180”, 
even though the M-M-O angle remains 90”. A 
specific bridging chelate will have a geometrically 
preferred M-M4 and M-O-C angle which, 
whether eclipsed or staggered, will influence the 
M-M distance. In the present case the pina- 
colate ligand favors the factors which favor short 
M=M distances. 

NMR studies 

The ‘H NMR spectrum of I shows only one 
methyl signal at room temperature at 360 MHz. 
This implies that the enantiomerization must be 
rapid on the NMR time-scale ; i.e. the time averaged 
syn-O-W-W-O torsion angles are zero. A similar 
result was found for M2(MeNCH,CH2NMe)3 com- 
pounds. 9 

W*(OCy), shows a single downfield multiplet at 
ca. 6 5.4 assignable to its methyne proton. This is 
similar to that of the isopropoxy methyne res- 
onances in M,(O-i-Pr), compounds (M = MO, W) 
and presumably reflects the proximity of the 
methyne hydrogen to the M=M bond as indeed is 
seen in the molecular structures in the solid-state. 
The remaining cyclohexyl proton resonances 
appear in the region 2.5 to 1.2 ppm as partially 
overlapping multiplets. It is, however, apparent that 
ring inversion is slow on the NMR time-scale at 360 
MHz, and 25°C. This is not surprising since ring 

inversion in cyclohexanol is also virtually frozen- 
out under these conditions (360 MHz, 25°C). 

Concluding remarks 

The present work shows that little shortening of 
the W=W bond occurs in going from a staggered 
to an eclipsed O,WZWO, moiety, the difference 
being 0.07 8, in compounds I and II. The origin 
in the lengthening could be ascribed to either elec- 
tronic or steric factors (or a combination of both) 
but is unlikely to be associated with the WZ06 
conformation. The reactivity of I is currently under 
investigation. It is noticeably different from 
other W,(OR)6 compounds in having a hydro- 
carbon girth around the WFW bond and uniquely 
exposed tungsten atoms along the metal-metal axis. 

EXPERIMENTAL 

Dry and oxygen-free solvents were used in all 
experiments. All manipulations were carried out 
under inert atmospheres using standard Schlenk 
techniques. W,(OBu), was prepared by the 
addition of Bu’OH to W2(NMeJ6 according to 
literature procedures. ’ 3 

‘H NMR spectra were recorded on a Nicolet NT- 
360 spectrometer at 360 MHz using toluene-ds or 
benzene-d, as solvents. The cyclohexyl resonances 
of II were assigned by a combination of homo- 
nuclear decoupling and 2D ‘H NMR experiments. 
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Single frequency decoupling of the multiplet at 2.39 
ppm collapsed the resonance of H, to a triplet with 
vicinal JH_” = 9 Hz. The resonance at 2.39 ppm was 
therefore assigned to the two H; proton (where the 
superscript represents axial (a) or equatorial (e), 
and the subscript the position on the ring). Decoup- 
ling the multiplet at 1.65 ppm collapsed H, to a 
triplet 3JHmH = 4 Hz. The resonance at 1.65 ppm 
was therefore assigned to Hz. The remaining res- 
onances could be assigned from a 2D ‘H NMR 
chemical shift correlated contour plot assuming 
Jgm 1: JEc > J$ > J;:,. 2D Matrix : 128 x 512, 8 
scans, total acquisition time 27 min. Elemental 
analyses were obtained by Bernhard Analytical 
Laboratories, West Germany. Cyclohexanol was 
dried over, and distilled from finely divided mag- 
nesium. 

W2(OCMe2CMe20)3. W2(0Bt& (500 mg, 
0.62 mmol) was dissolved in hexane (20 cm’) 
and 0.45 M pinacol in toluene (5.6 cm3, 2.5 
mmol) was added. The resulting red solution 
was cooled immediately to 0°C. After 24 h, the 
solution had become deep purple. On reducing the 
volume, deep purple-black crystals were obtained. 
The compound which is formulated as 
W,(OCMe,CMe,O),(HOCMe,CMe,OH) is formed 
nearly quantitively in this reaction. ‘H NMR data 
at 22”, toluene-d, : &Me) 086(3H, s), 1.22(3H, s), 
1.26(3H, s), 1.61(3H, s), 1.75(3H, s), 1.94(3H, s), 
1.36(9H, s), 6(OH) 10.2(1H, no coupling to 183W). 
W2(0CMe2CMe,0),(HOCMe,CMe,0H) (180 
mg, 0.22 mmol) was dissolved in THF (10 cm’). 
After stirring at ambient temperature for cu. 18 h, 
the solution had become pale yellow. The solvent 
was removed in uacuo and the resultant pale yellow 
solid was washed with toluene (5 cm3) to remove 
any residual traces of pinacol. W2(0CMe,CMe,0), 
was recrystallized from THF solution in cu. 80% 
yield. 

‘H NMR data, 22°C in CDC13 : &Me) = 1.46(s) ; 
in toluene-d, : &Me) = 1.43(s). 

Found: C, 30.1 ; H, 5.0. Calc. for W206C,8H36: 
C, 30.2; H, 5.1%. 

W2(OCY)6. To W,(O-t-Bu), (700 mg, 0.87 
mmol), dissolved in 20 cm3 of hexane, 2 cm3 (20.7 
mmol) of dry cyclohexanol was added dropwise. 
The solution darkened as the alcohol was added 
and after about 5 min a yellow precipitate had 
formed. The mixture was stirred for 1 h at 25°C 
filtered, the yellow solid washed with 2 x 6 cm3 por- 
tions of hexane and 575 mg (0.60 mmol) of 
W*(OCy), (II) was recovered in 70.0% yield. Crys- 
tallization of II from toluene resulted in formation 
of long, pale yellow needles unsuitable for X-ray 
diffraction, however, larger crystals were grown from 
an 80% toluene/20% THF mixture at 40°C. 

‘H NMR data, 22°C in toluene-d, : &Ha) = 5.38 
ppm, (t of t) 3H,,,a = 9 Hz, 3J,,;1 = 4 Hz ; 6H; 
= 2.39 (m); SI$ = 1.86 (m); 6H; = 1.65 (m); 6H$ 
= 1.50 (m); 6H; = 1.40 (m); 6Hi = 1.22 (m). r3C 

NMR data, 22”C, toluene-d,: G(Ca) = 87.7 ppm; 
&C/I) = 37.2 ppm ; 6(Q) = 24.6 ppm ; 6(C6) = not 
obs. UV-visible spectrum, 22°C in THF: 1= 347 
nm (E = 23 17 mall ’ cm- ‘), 2 = 420 nm. (sh.) 

Crystallographic studies 

General operating procedures and listings of pro- 
grams have been described previously. I4 A sum- 
mary of crystal data is given in Table 4. 

W2(0CMe2CMe20)3*THF. A suitable sample 
was cleaved from a larger crystal using standard 
inert atmosphere handling techniques and trans- 
ferred to the goniostat where it was cooled to 
- 158°C for characterization and data collection. 
A systematic search of a limited hemisphere of 
reciprocal space revealed a set of diffraction max- 
ima which could be indexed as monoclinic, space 
group P2,/c. Subsequent solution and refinement 
confirmed the choice. 

The structure was solved by a combination of 
direct methods (MULTAN78) and Fourier tech- 
niques, and refined by full-matrix least squares. 
Although hydrogen atoms were visible in a differ- 
ence Fourier phased on the non-hydrogen atoms, 
no attempt was made to refine them. They were 
included as fixed idealized contributors in the final 
cycles. No attempt was made to include hydrogen 
atoms for the THF solvent molecule in the struc- 
ture. 

A final difference Fourier was featureless, the 
largest peak being 1.21 e/A3, located at one of the 
metal sites. 

W2(OCy),. A suitable crystal was located and 
transferred to the goniostat using standard inert 
atmosphere handling techniques employed by the 
Indiana University Molecular Structure Center and 
cooled to - 158°C for characterization and data 
collection. 

A systematic search of a limited hemisphere of 
reciprocal space located a set of diffraction maxima 
with symmetry and systematic absences corres- 
ponding to a C centered monoclinic space group. 
Initial solution was in the noncentrosymmetric 
space group C2, but examination of the structure 
revealed additional symmetry and the space group 
C2/m was selected. Subsequent refinement of the 
structure confirmed this choice. 

Data were collected in the usual manner using a 
continuous 8-28 scan with fixed backgrounds. Data 
were reduced to a unique set of intensities and 
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Table 4. Summary of crystal data 

I II 

Empirical formula 
Color of crystal 
Crystal dimensions (mm) 
Space group 
Cell dimensions 

Temperature (“C) 

a (8) 
b (A) 
c (A) 
beta (deg) 

2 (molecules/cell) 
Volume (A3) 
Calculated density (gm/cm’) 
Wavelength (A) 
Molecular weight 
Linear absorption coefficient (cm-‘) 
Detector to sample distance (cm) 
Sample to source distance (cm) 
Average omega scan width at half height 
Scan speed (deg/min) 
Scan width (deg + dispersion) 
Individual background (s) 
Aperture siti (mm) 
Two-theta range (deg) 
Total number of reflections 

Number of unique intensities 
Number with F > 3.00 a(f) 

RQ 
R,(F) 
Goodness of fit for the last cycle 
Maximum delta/sigma for last cycle 

WZG~H&~~CJW 
yellow 
0.16 x 0.22 x 0.20 

P2,lc 

WZWXL~ 
orange-yellow 
0.13x0.13x0.15 
C2/m 

-158 -158 
11.383(2) 8.128(3) 
21.840(6) 22.314(12) 
11.499(2) 22.602(5) 
114.14(l) 114.27(2) 
4 2 
2608.68 1918.39 
2.007 1.666 
0.71069 0.71069 
788.29 962.61 
90.384 61.591 
22.5 22.5 
23.5 23.5 
0.25 0.25 
4.0 4.0 
2.0 2.0 
6 8 
3.0 x 4.0 3.0 x 4.0 
-5 6-55 
3830 4959 
3413 2277 
2841 1993 
0.0409 0.0336 
0.0476 0.0326 
1.859 0.715 
0.05 0.05 

- 
I = W2(0CMe,CMe,0),.THF. II = W2(OCy),. 

associated sigmas in the usual manner. The struc- 
ture was solved by a combination of direct methods 
(MULTAN78) and Fourier techniques. The pos- 
itions of all hydrogen atoms were clearly visible in 
a difference Fourier phased on the non-hydrogen 
atoms, and the coordinates and isotropic thermal 
parameters for hydrogens were varied in the final 
cycles of refinement. 

The molecule lies at a crystallographic 2/m sym- 
metry site, with the 2-fold axis perpendicular to and 
bisecting the metal-metal bond. 

A final difference Fourier was essentially fea- 
tureless, with the largest peak being 0.85 e/A3, lying 
near the W site. 
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Abstract-[M,Fe(CN),L * xH,O] (M = Mn, Fe, Co, Ni, Cu ; L = pyridine or pyrazine 
derivative) have been synthesized, and their UV-vis and IR spectral characteristics are 
reported. Thermolysis of the solids leads to water release, ligand release and/or decom- 
position, redox interaction between Fe3+ (or Cu*+) with CN- or L, and redox inter- 
action between M2+ (or Cu+) and CN-, yielding elemental metal and metal carbides. 

Mixed metal cyanides have been studied extensively 
from the point of view of the intervalence bands 
appearing in their visible or near infrared spectra. l-6 
Structural characterizations have been also carried 
out, showing that in M,[M(CN)6]n*xH20 two 
types of M’ ions may be found, i.e. hydrated inter- 
stitial cations,7-‘2 and cations coordinated to nitrile 
nitrogen. The thermal behaviour of simple and 
complex cyanides has also been the subject of much 
work. The decomposition has been shown to 
involve cyanogen release, usually with nitrogen 

* Presented in part at 8th International Conference on 
Thermal Analysis, Bratislava, Czechoslovakia, 1985 that 
was published in summary form in Therm. Act. 1985,92, 
835. 

7 Authors to whom correspondence should be addressed. 

evolution, and formation of metal carbides.‘3-‘8 
The characteristics of the resulting solids however 
have not been studied, partly because of their 
“intractable nature”. ’ 3 

In the present paper we report the preparation, 
characterization and thermal behaviour of several 
complexes of the type [M,Fe(II)(CN),L*xH,O], 
where M is a divalent or trivalent transition metal 
cation and L is an aromatic amine derived from 
pyridine or pyrazine. The main questions addressed 
in this paper are : (1) the nature of the water mol- 
ecules of hydration and their corresponding ther- 
mal dehydration behaviour ; (2) spectroscopic 
evidence on the interaction between anions 
and cations, including the possibility of Fe-CN-M 
and/or Fe-L-M bridges ; (3) the unambiguous 
characterization of a Fe(CN)5 derivative as the 
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original decomposition product. In the case of 
ferrocyanides, Fe(CN):- may be formed at rela- 
tively low temperatures (ca. 200°C for Prussian 
Blues) ; I3 (4) the itiuence of the nature of M on 
the thermal behaviour of these compounds ; (5) 

the composition and morphology of the solids 
formed at high temperature (ca. 9OO’C). 

EXPERIMENTAL 

Preparation of the complexes 

Na,[Fe(CN),L] * xHzO complexes for L = 
nicotinamide (nide), isonicotinamide (isonide), 
pyrazinamide (pzide), nicotinate (nit) and 
isonicotinate (isonic) were prepared 
from Na,[Fe(CN),NH,J * 3H20 by literature 
methods. “JO The complexes M,[Fe(CN),L] * 
xH,O [M = Mn(II), Fe(II), Fe(III), Co(II), Ni(I1) 
and Cu(II)] were precipitated by adding a three- 
fold excess of aqueous metal sulphate or nitrate 
solution to an aqueous solution of Na,JFe(CN),L] - 
xH,O]. After stirring for 15 min the solid thus 
obtained was collected, washed with distilled 
water, ethanol and diethylether and then dried 
over CaCl, in a desiccator for several days. In 
some instances, oily products were formed ; in these 
cases, precipitation was achieved by adding NaI 
and working with cooled materials and 
solvents. 

Elemental analysis 

C, H and N microanalyses were performed by 
UMYMFOR, UBA using standard techniques. The 
results, although only of semiquantitative value 
because of carbide formation (see below), con- 
firmed the presence of Fe(CN),L”- moieties. Metal 
contents were determined in a Varian Techtron A- 
A5R atomic absorption spectrometer. About 30- 
40 mg of each complex were treated in concentrated 
sulphuric and/or nitric/or hydrochloric acid and 
diluted with distilled water. The ratio Fe : L was in 
all cases (except for M = Fe) unity, and the ratio 
Fe : M was in agreement with a simple precipitation 
process [i.e. the ratio was two for anionic L- and 
M(II), etc.]. 

Thermogravimetric analysis 

Thermograms were obtained in a Mettler 
Recording Thermoanalyser 1 with samples of 
about 15 mg in Nz atmosphere in the temperature 
range 25-900°C. 

Spectral characterization 

IR measurements were made using a Perkin- 
Elmer 580 B spectrophotometer in KBr disks. 
Reflectance and transmittance UV-visible spectra 
were recorded for solid samples or lo- 4 M solutions 
using a Shimadzu 110 A spectrophotometer. 

RESULTS AND DISCUSSION 

Characterization of the starting solia3 

Amorphous materials were obtained in all 
cases showing no X-ray diffraction peaks. The 
[Fe(CN),L]“- moiety remained intact as apparent 
from chemical analysis and spectral data. For all 
cations other than Fe(II1) and Cu(I1) the electronic 
spectra in the visible range is dominated by the 
metal to ligand charge transfer (MLCT) band 
typical of the anion. These bands are located in the 
range 374401 nm for nide, 415-460 nm for isonide, 
479-543 nm for pzide, 338-385 nm for nit and 391- 
440 nm for isonic. The nature of the counter cation 
does not alter the energy sequence of the MLCT 
bands as the ligand L is charged ; the wavelength 
increases in the order nit < nide < isonic < isonide 
< pzide. This is a well known effect of the electron- 
accepting properties of the heterocycles.2’*22 For 
Fe(II1) and Cu(II), an intervalence band is also 
observed, in the ranges 65G670 and 480-540 nm 
respectively. Co(I1) complexes also exhibit a second 
maximum in addition to the MLCT at ca. 600- 
620 nm characterized by a rather low absorptivity 
(E= 116M-‘cm-‘)thatisassignedtoad-dtran- 
sition of Co(I1) in a quasi-tetrahedral environ- 
ment.23’24 

In the IR spectra, cyanide stretching values for 
M(I1) salts are very similar to those for hexa- 
cyanoferrate(I1) complexes.” In several cases the 
absorption profiles exhibit faint shoulders or humps 
in the range 2130-2170 cm- ‘, but the lack of res- 
olution prevents any further elaboration (symmetry 
splitting, or distinct cis- and trans-CN). The fre- 
quency increases from ca. 2045-2050 cm- ’ (sodium 
salts) following the sequence Mn < Fe < Co c Ni 
< Cu, the highest values for divalent M being in 
the range 2093-2100 cm-‘. This trend follows the 
Irwing-Williams series and reflects the forma- 
tion increasingly stronger of Fe(H)--CN-M(I1) 
bridges. 2G28 For Fe(II1) complexes cyanide stret- 
ching frequencies are in the same range (2065-2075) 
cm- ‘, as found earlier by F1uck2’ for L = H20, 
NH, and CO. Hydration water does not influence 
appreciably the value of vcN ; upon dehydration 
at ca. lOO”C, the observed frequency remains 
unchanged. 
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Table 2. Ligand release or decomposition temperature 

Na 277 252 320 401 436 

Mn 309 331 400 428 415 

Fe(I1) 290 305 300 400 390 

co 358 362 392 391 390 

Ni 291 316 388 397 370 

I CU 
Fig. 1. TGA (-.-.--) and DTA ( -) curves for 

Ni,[Fe(CN),(isonidalz* 13.5H20. Fe(II1) 

210 235 b 

325 315 

295 275 b 

180 230 
335 320 

270 250 
360 340 

The possibility of chelation of M by carboxylate ‘Those values within the rectangular field correspond 
or amide groups is ruled out by the values of the to reasonably neat ligand evolution without decom- 
symmetric and antisymmetric CO2 stretching, the osition ; other values indicate release of gases arising from 
c---O stretching and NH2 deformation, that are decomposition of ligand that can be resolved from peaks 
similar to those of the sodium salt. Similar results corresponding to cyanide decomposition. 

have been reported for sodium and copper nico- b Not measured. 

tinate and isonicotinate, and for copper iso- 
nicotinamide and nicotinamide complexes. 2g*30 

Thermal behaviour 

A typical thermogram, obtained in N2 atmos- 
phere is shown in Fig. 1. Thermograms for other 
compounds are similar in general, except as noted 
below. Dehydration, ligand L release and cyanogen 
plus dinitrogen evolution occur at stages reasonably 
well delimited. A summary of the observed peaks is 
given in Tables 1 and 2. 

Dehydration 

The differentiation between physisorbed and con- 
stituent water molecules is difficult to establish. 
Different hydration numbers are obtained by ther- 
mal analysis, depending on the previous drying pro- 
cedure of the sample. Samples dried in a desiccator 
over CaCI, for 24 h or more yield solids that usually 
show H20 : M ratios between 3 and 5. Samples pre- 
viously dried for 24 h or more in vacuum at 40°C 

Table 1. DTG/DTA water release peak maxima (“C) and Hz0 : M ratio (in parentheses) 

Ligand 

M nide isonide pzide lliC isonic 

Mn 120 (1.8) 120 (1.9) 116 (2.3) 106 (2.7) 133 (1.6) 

Fe(I1) 110 (1.3) 107 (1.7) 
105* (2.1) 110 (2.0) 100 (1.9) 120 (1.6) 

107 (2.2) 94 (1.3) 
95* (3.1) 116 (2.7) 83 (2.5) 98 (1.1) 

Ni 94 (2.0) 107 (2.7) 
127* (4.5) 94 (2.0) 103 (3.5) 115 (1.8) 

cu 90* (3.5) 105* (3.7) - 1;;: (3.5) 120* (3.8) 

Fe(II1) 100* (5.0) 100* (5.0) - 100* (4.1) loo* (4.1) 

Solids previously dried in vacuum at 40°C for 24 h, except those noted by *, corresponding 
to samples dried over CaCI, in vacuum at room temperature. Selected cases showing the 
result of applying both procedures on the same sample are included. 
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lose water upon heating that corresond typically to 
HzO: M ratios between one and three (see Table 
1). The difference is probably related to the initial 
formation of solids containing partially hydrated 
cations, and the existence of cation hydration and 
crystallization water molecules. Thermograms run 
at 5°C min- ’ do not resolve both types of water 
molecules, although humps are usually apparent 
in the DTA and DTG peaks. The usual release 
temperature for all the water molecules, in samples 
dried by either procedure, is 90-l 20°C. Experiments 
under static air atmosphere give indication of 
sequential (although not completely resolved) water 
loss. 

Ligand release 

IR spectra of samples heated up to 150°C dem- 
onstrate that the complex anion suffers no change 
during dehydration. Ligand L release takes place in 
the temperature range 280-4OO”C, except for 
Cu(I1) ; it is a simple process in the case of neutral 
L species in salts of all cations other than Fe(II1) 
and Cu(I1). In favourable cases weight loss and 
peak profiles are in good agreement with the 
stoichiometry (I), but usually separation from 
following peaks is not complete. 

M JFe(CN) &I As) 
-, M,[Fe(CN),l,(s)+2L(g). (1) 

Operation of process (1) is demonstrated also by IR 
characterization of the condensed evolved gaseous 
products : neutral L ligands remain undercomposed 
during release. The behaviour is similar to that of 
sodium salts3’ although ligand release from Fe(II1) 
complexes is characterized by a rather broad peak 
that may reflect a more complex process (or the 
overlap with ensuing cyanide release). 

Table 2 shows a summary of the temperatures of 
the DTA-DTG peaks, under the constant condition 
of our measurements ; both neutral and anionic 
ligands are included. For neutral L, the temperature 
generally increases in the sequence : nide < isonide 
< pzide. This indicates that the thermolysis is 
governed by the breaking of the Fe(IItL bond in 
the anion, as the bond strength increases in the same 
order.22.3’ The reverse order nide > isonide found 
in the sodium salts,3’ in disagreement with the gen- 
eral trends, was related earlier to an exothermic 
peak that produced local heating in the isonide com- 
plex. Our present observations reinforce the idea 
that the order of release of isonide and nide in the 
sodium salts is anomalous. In all the thermograms 
of isonide complexes an exothermic peak is 
observed, but in the present cases this unexplained 

feature takes place only after ligand L release (see 
Fig. 1 for a typical example). 

M-L interactions are secondary in determining 
thermal stability. There is however also an ordering 
for the decomposition temperatures of the various 
M salts of a given Fe(CN),L”- anion, that is gen- 
erally valid for the studied neutral ligands ; the 
decomposition temperature increases in the order : 
Na < Fe < Ni < Mn < Co. 

As can be seen from Table 2, anionic L ligands are 
decomposed and released at higher temperatures : 
carbon dioxide is one of the evolved products, as 
shown by the formation of BaC03 upon bubbling 
in Ba(OH), solution ; the other decomposition 
products of the organic ligand were not char- 
acterized. This process overlaps with cyanogen 
release (see below). 

For Cu(II), neutral L are released at substantially 
lower temperatures, in a complex process that 
shows typical “ripples” in the DTA curve prior to 
the main weight loss. This suggests a redox process, 
with possible generation of Cu(1). In iron(III) com- 
plexes neutral ligands loss may also overlap with 
redox processes (see above), but this is not clearly 
demonstrated by the thermograms. In fact, for 
Cu(I1) and Fe(II1) solids the thermal behaviour in 
this temperature range is governed by the redox 
chemistry of the metal centre, and there are no 
substantial differences between neutral and anionic 
L ligands. Depending on the nature of L and M 
electron transfer may take place either solely from 
cyanide or both from cyanide and L. Thus, either 
(CN), or mixtures (CN), + CO*+ other decompo- 
sition products are expected in the evolved gas. The 
presence of (CN), and CO2 was detected through 
the formation of AgCN upon bubbling in AgN03 
solution, and the formation of BaCO, upon bub- 
bling in Ba(OH), solutions. For Cu(II) the 
decomposition takes place at lower temperatures 
and involves essentially cyanogen release, e.g. 

-, Cu3Fe2(CNhL2 + WWNMgh (2) 

The milder oxidizing power of Fe(II1) is reflected 
in higher decomposition temperatures. In this 
range, ligand L decomposition overlaps with CO2 
release. Oxidation of carboxylates by Cu(I1) and 
Fe(II1) are known to proceed with a rather low 
activation energy and in the temperature range 22s 
400°C. 33 

The nature of the decomposition products of L 
in our Fe(II1) and Cu(I1) complexes is not known ; 
ligand loss takes place over a wide temperature 
range, with some indications of more than one step 
and this is probably related to fragmentation of the 



Series of pentacyanoligandferrate(I1) complexes 1761 

ligand. For example, for L = isonicotinate, 
M = Fe(III), weight loss analysis and chemical 
characterization of the evolved gas suggest that CO2 
is the main (if not only) released product at ca. 
250°C. Also, carbonization is suggested by the 
chemical analysis of the solid residues obtained 
upon calcination at 900°C : the carbon percentage 
is too high to be compatible with complete release of 
the ligand. The same situation is found for L = nide 
and M = Fe(II1). 

The nature of the solid phases formed upon 
ligand release was investigated in more detail in 
experiments carried out with controlled heating up 
to previously selected temperatures and subsequent 
isothermal decomposition until nearly constant 
weight was achieved. The behaviour of the solids in 
these experiments was sensitive to the nature of M 
but was very similar for different L complexes of a 
given M. In the case of M = Cu, as explained above 
vcN decreased alongside with L bands ; VCN shifts at 
first to lower wavenumbers (i.e. from 2070 to 2040 
cm- ’ for L = nide) and its intensity decreases rela- 
tive to the intensity of ligand L bands in agreement 
with (2). The shift to lower wavenumbers may be 
attributed to the replacement of Cu(I1) by Cu(1) in 
the solid. At longer heating times, vcN shifts to 
higher wavenumbers (for instance, to 2100 cm- ’ in 
the noted L = nide case) ; this effect may be related 
to an increasing Cu(1 )-NC interactionz6 (for poly- 
meric CuCN, featuring Cu-CN-Cu bridges, 
vcN = 2172 cm- ’ has been reported26). 

For M = Ni, after nearly complete removal of L, 
in the vcN region two bands were apparent, the more 
intense one being centred at 2168 cm-‘, and the 
weaker one at 2036 cm- ’ ; cobalt complexes behave 
similarly. For M = Mn, the most intense band in 
the ligand-free residue is located at 2036 cm- ’ and 
a much weaker band is seen at 2150-2180 cm- ‘. 
The high frequency band is attributable to bridged 
Fe-CN-M groups32 but may also be explained 
through other processes involving the rupture of 
the Fe(CN), moiety (note that 2176 cm-’ is the vcN 
frequency in Ni(CN),‘“). Thus, there is no con- 
clusive evidence regarding the nature of the ther- 
molysis product in Ni complexes. On the other 
hand, the low frequency value of 2036 cm- ’ can be 
reasonably attributed to Fe(CN), moieties where 
Fe interacts most weakly with a sixth ligand ; no 
evidence of ligand scrambling is apparent, and thus 
the solid is best formulated as Mn,[Fe(CN),],. 

Cyanide release 

Cyanide ions start to break down at temperatures 
that in some cases overlap with ligand L release 
temperatures. These temperatures, for Cu(I1) are as 
low as 200°C. In the usual case, cyanide decomposes 
in a wide temperature range starting around 400°C 
or higher. In agreement with previous work,‘3-‘6 
weight loss is indicative of metal carbide and 
elemental carbon formation in varying degrees. X- 

Fig. 2. SEM picture (1700 x ) of the pyrolysis (700°C) product of Co,[Fe(CN),nide], - 9H,O. Circles 
indicate Co-rich regions according to EDAX ; other regions are Fe-rich. 
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ray diffraction of the solid residues indicates the 
presence of mixtures of both metals and cementite. 
For neutral L the overall stoichiometry arises from 
the overlap of (3) and (4) : 

M,Fe,(CN),, + 3M+2Fe 

+2xC+xNZ+(5-x)(CN)2 (3) 

M,Fe,(CN) r0 + 3M + (2/3)Fe$ 

+(2x-2/3)C+xN,+(5_x)(CN),. (4) 

Eventually metal M carbides may also form. 
Cyanogen is detected in the evolved gas by reaction 
with AgN03. Carbide formation in general and 
cementite formation in particular is well docu- 
mented in the literature.‘6,‘8,33 

The prevalence of (3) or (4) may reflect the influ- 
ence of M on the stability of the carbide. In the case 
of Fe(II1) solids, X-ray diffraction and iron analysis 
of the residues indicates that cementite Fe& is the 
main reaction product. On the other hand, in Cu 
solids, the residue is made up essentially of pure 
copper and iron in the expected ratio, with little 
carbon in it; again, weight losses are compatible 
with X-ray diffraction and chemical analysis. In the 
case of other M(I1) cations, intermediate situations 
are found, corresponding to the formation of both 
carbides and elemental metals. Weight loss data in 
all cases indicates substantial carbon contents in the 
residual solid. 

In some cases (M = Co) the nature of the solid 
residue was characterized by SEM and EDAX, see 
Fig. 2. It is apparent that both metals are segregated 
in the process, and complex morphologies arise. 
Thus, the thermolysis of mixed metal cyanides, 
although potentially suited to produce high area 
intermetallics, in fact yield the individual metals in 
an intimate mixture. Segregation is possible because 
the absolute temperature of the process is as high 
as OS-O.6 times the melting point of the metals. 

The following competing events may therefore 
be visualized : (a) cyanide oxidation by Fe(I1) and 
M(I1) (or Cu(1)) to yield Fe(O) + M(0) + cyanogen ; 
(b) cyanide decomposition to yield cementite, M(0) 
and N2. Depending on the nature of M, either (a) 
or (b) may be favoured. In general, only M = Fe 
favours strongly carbide formation. The initial solid 
product of pathway (a) should be an intermetallic 
FeM, that then evolves to yield Fe+mM. 
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Abstract-TaCl, reacts with two equivalents of lithium 2,6-di-t-butylphenoxide in benzene 
to give paC1,(2,6-di-t-butylphenoxide)d (1) in 70% yield and with three equivalents of the 
lithium phenoxide in diethyl ether to give [TaC1,(2,6-di-t-butylphenoxide),] (2) which can 
also be prepared by reaction of (1) with one equivalent of the lithium phenoxide. Three 
equivalents of lithium 2,6-di-isopropylphenoxide react with TaCl, to give [TaCl,(diethyl- 
ether)(2,6-di-isopropylphenoxide),] (4) which, on attempted recrystallization in the 
presence of air, gave [Ta2Cl(~-Cl)2(2,6-di-isopropylphenoxide),(~-0)] (5). Complexes (l), 
(2), and (4) were characterized by elemental analysis, IR, and ‘H and 13C NMR spectra. 
Coordination of the phenoxide ligand in (2) is accompanied by downfield shifts of the 
phenyl ring ipso, ortho and para carbon resonances of 9.6, 3.6 and 3.1 ppm respectively, 
compared with the free ligand. For complex (4) the relative shifts are 5.9, 6.1 and 2.9 
ppm. The structures of (2) and (5) have been determined by single-crystal X-ray diffrac- 
tion methods. Crystals of (2) are monoclinic, space group P2,/c with a = 18.902(6) A, 
b = 10.815(8) A, c = 20.259(4) 8, and fi = 92.62(2)‘; crystals of (5) are monoclinic, 
space group P2 ,/c with a = 11.174(l) A, b = 20.402(4) & c = 27.143(3) A and 
B = 94.58(l)“. Both structures were solved by Patterson and Fourier methods and 
refined to R values of 0.063 for the 1690 observed data for (2) and 0.062 for the 3693 
observed data for (5). Complex (2) is monomeric with a square pyramidal coordination 
geometry about Ta. Observed distances are : Ta-Oaxial 1.83(2) A ; Ta-Obasal each 1.90(2) 
A ; Ta-Clbasal each 1.37(l) A. Complex (5) is binuclear with a distorted octahedral 
geometry about each tantalum atom. The structure consists essentially of TaC1,(2,6- 
di-isopropylphenoxide), and TaC1,(0)(2,6-di-isopropylphenoxide), units bridged through 
the oxygen and Cl atoms. Observed distances are Ta-Obridge 1.69(l) and 2.10(l) 8, ; Ta- 
Clbfidge 2.498(7), 2.396(8), 2.634(7) and 2.781(7) 8, ; Ta-Clt-i,,l2.309(8) A. The Ta-O+,i, 
distances range from’1.77(2) to 2.19(2) A. In both (2) and (5) the phenyl rings are orientated 
such as to minimise interactions between the 2- and 6-substituents. In both molecules 
electron counts are maximized using n-electron density from the terminal ligands. 

There are now many examples of early transition 
metal complexes which contain the phenoxide 
ligand (-OPh). ‘7’ Recent interest has centred on 
complexes containing alkyl substituents at the 2,6 
positions of the phenoxide phenyl ring, as unusual 
coordination geometries and coordinatively un- 
saturated molecules can result.3-‘0 In general, the 

*Author to whom correspondence should be addressed. 

structures of complexes containing bulky ligands 
cannot be rationalised on steric grounds alone, as 
there is always a subtle interplay of both steric and 
electronic factors. ’ L” However, where a series of 
related complexes can be prepared in which the 
steric size of a particular ligand is able to be varied 
structural changes may be related more specifically 
to steric effects. 

For tantalum(V), a variety of phenoxide com- 
plexes have been synthesised. The pentaphenoxide 
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[Ta(OPh),], and the mixed chloro-phenoxides 
[TaCl,_,(OPh),] have been prepared from TaCl, 
and phenol.‘3*‘4 Reactions between a series of lith- 
ium 2,6-disubstituted phenoxides and TaCl, have 
given the penta phenoxide complex using lithium 
2,6_dimethylphenoxide, the tris phenoxide complex 
using lithium 2-t-butyl-6-methylphenoxide and 
his-phenoxide complexes using lithium 2,6-di- 
isopropylphenoxide and lithium 2,6-di-t-butyl- 
phenoxides. ’ 5 Of the complexes prepared, only 
[TaC13(2,6-di-t-butylphenoxide),] has been char- 
acterised by X-ray crystallography. ’ 5 

As part of our studies of the chemistry of group 
V transition metals we have prepared complexes 
containing three sterically demanding phenoxide 
ligands. We report here the preparation and charac- 
terisation of tris 2,6-di-isopropylphenoxide and tris 
2,6-di-t-butylphenoxide complexes of tantalum(V) 
and the X-ray crystal structures of [TaC1,(2,6-di-t- 
butylphenoxide),] and [Ta2Cl(,u-C1)2(2,6-di-iso- 
propylphenoxide),@-O)]. 

RESULTS AND DISCUSSION 

2,6-Di-t-butylphenoxide complexes 

It has previously been reported that tantalum 
pentachloride reacts with an excess of lithium 
2,6-di-t-butylphenoxide in benzene to give the 
bis phenoxy complex [TaCl,(2,6-di-t-butylphen- 
oxide),] (1) in 3040% yield.” We have found 
however that the complex can be obtained in an 
improved yield of up to 7 1% if two equivalents of 
the lithium phenoxide are employed. 

The 13C NMR spectrum of (1) shows that on 
coordination of the phenoxide the ipso carbon sig- 
nal shifts downfield by 9.9 ppm compared with the 
free ligand, the ortho and para carbon resonances 
each shift by 5.5 ppm, while the meta carbon res- 
onance shifts by 1.1 ppm. 

Deshielding of these carbons indicates electron 
withdrawal from the aromatic ring.16 The methyl 
carbons of the t-butyl group show a single reson- 
ance, shifted 2 ppm downfield from the free ligand, 
while the quaternary carbon resonance position is 
unchanged. 

When tantalum pentachloride was reacted with 
slightly more than three equivalents of lithium 2,6- 
di-t-butylphenoxide in diethyl ether for up to 24 h, 
an orange coloured solution formed from which the 
bis phenoxy complex (1) could again be obtained. 
However, when the reaction was carried out for 
longer periods, the solution colour paled to yellow. 
After a total reaction period of 3 days, isolation 
of the product gave a gummy material containing 
the tris phenoxy complex [TaC1,(2,6-di-t-butyl- 

phenoxide)J (2). This complex could also be 
obtained by reacting the bis phenoxy complex (1) 
with slightly more than one equivalent of the lith- 
ium phenoxide reagent. 

The gummy tris phenoxide product obtained 
from these reactions failed to solidify and we have 
been unable to crystallise the product directly from 
hydrocarbon solvents in which it is very soluble. 
However it is only slightly soluble in acetonitrile, 
addition of which causes the complex to precipitate 
out analytically pure, in a yield of approximately 
40%. Further complex can be obtained from the 
washings, bringing the total yield to ca. 50%. The 
success of this procedure results from the complex 
being suitably non-polar whereas the lithium phen- 
oxide reagent, the phenol and the bis phenoxy com- 
plex (1) are all sufficiently polar to dissolve in 
acetonitrile. 

Pure [TaCl,(2,6-di-t-butylphenoxide),] (2) de- 
composes slowly in air but more rapidly in 
solution. It is soluble in hydrocarbon solvents and is 
best crystallised from benzene solution from which 
large yellow crystals are obtained. In the infrared 
spectrum the OH absorption of the free ligand is 
absent, and in the 1300-1000 cm- ’ region where 
v(C-0)Ta is characteristically observedI there are 
two strong absorptions at 1160 and 1088 cm- ‘. In 
addition, the spectrum contains absorbances at 880, 
875, 690,463 and 320 cm-’ which are not present 
in the free ligand. The bands at 463 and 320 cm-’ 
are assigned to Ta-0 and Ta-Cl vibrations respec- 
tively on the basis of tentative assignments made 
for similar bands in the bis-phenoxy complex (1). ’ 5 

The ‘H NMR spectrum of (2) (Table 1) shows 
only one resonance for the methyl protons of the t- 
butyl group, no phenol OH proton resonance and 
an aromatic multiplet similar to that found for the 
free ligand. In the 13C NMR spectrum only one set 
of resonances for the three phenoxide ligands is 
observed. The ipso carbon resonance is shifted 
downfield 9.6 ppm compared with the free ligand 
while the ortho, para and meta carbon resonances 
show downfield shifts of 3.6, 3.1 and 1.3 ppm 
respectively. The ortho and para carbon shifts are 
smaller than those observed for the bis phenoxide 
complex (1) which suggests slightly less electron 
withdrawal from the aromatic rings when three 
phenoxide ligands are present. This feature may be 
related to the overall x-bonding properties of the 
ligands (see later). 

Crystal structure of [TaC1,(2,6-di-t-butylphen- 
oxide) 3] (2) 

A crystal structure determination of [TaC1,(2,6- 
di-t-butylphenoxide),] (2) was carried out to com- 



C
om

pl
ex

 

2,
dd

i-
t-

bu
ty

lp
he

no
l 

[T
aC

l,(
2,

6d
i+

bu
ty

lp
he

no
xi

de
)d

 
(1

) 

T
ab

le
 

1.
 N

M
R

 
sp

ec
tr

a”
 

z 

‘H
 N

M
R

b 
13

C
 N

M
R

b*
= 

8.
 

0 = Y
 

su
bs

tit
ue

nt
 

ar
om

at
ic

s 
su

bs
tit

ue
nt

 
ip

so
 

or
th

o 
m

et
a 

pa
ra

 
8 C
E

 
1.

45
(s

,lS
H

,6
M

e)
 

5.
19

(s
,lH

,O
H

) 

1.
34

(s
,3

6H
,1

2M
e)

 

6&
l-

7.
0(

m
,lH

,H
P,

J 
7.

05
-7

.3
5(

m
,2

H
,H

W
,J

 

6.
66

7.
0(

m
,2

H
,H

PJ
 

7.
00

-7
.3

5(
m

,4
H

,H
,,,

,,)
 

6.
63

-7
.0

(m
,3

H
,H

PJ
 

7.
02

-7
4O

(m
,6

H
,H

,,J
 

6.
82

-7
.3

1(
m

,3
H

,H
,,,

,,)
 

30
.3

(M
e3

) 
34

.3
(C

) 

32
.9

(M
e3

) 
35

.8
(C

) 

15
3.

8 

pa
C

1,
(2

,6
-d

i-
t-

bu
ty

lp
he

no
xi

de
),

] 
(2

) 
1.

36
(s

,5
4H

,1
8M

e)
 

13
5.

8 
12

4.
8 

14
1.

3 
12

5.
9 

(+
5.

5)
 

(+
l.l

) 

13
9.

4 
12

6.
1 

11
9.

6 
g ii 

2,
6d

L
is

op
ro

py
lp

he
no

l 

pa
C

l,(
di

et
hy

le
th

er
)(

2,
6-

di
-i

so
pr

op
yl

ph
en

ox
id

e)
,]

 
(4

)d
 

1.
23

(d
,1

2H
,4

M
e)

 
3.

15
(s

ep
,2

H
,2

C
H

) 
4.

90
(b

,lH
,O

H
) 

lJ
O

(d
,3

6H
,1

2H
) 

3.
78

(b
se

p,
6H

,6
C

H
) 

33
.1

(M
e3

) 
36

.3
(C

) 

22
.7

(M
e,

) 
27

.O
(C

H
) 

16
3.

6 
12

5.
1 

s.
 

(+
9.

9)
 

16
3.

4 

(+
5.

5)
 

E
 

12
2.

7 
g 

(+
9.

6)
 

(+
3.

6)
 

(+
1.

3)
 

(+
3.

1)
 

E
 

14
9.

8 
13

3.
6 

12
3.

3 
12

0.
5 

1 z 

25
.q

M
e.

J 
25

.9
(C

H
) 

15
5.

7 
13

9.
7 

12
3.

4 
12

3.
4 

E
 

o 
(+

5.
9)

 
(+

6.
1)

 
(+

O
.l)

 
(+

2.
9)

 
; 

‘S
pe

ct
ra

 
ob

ta
in

ed
 

in
 d

ry
 C

D
C

13
, v

al
ue

s 
in

 p
pm

 d
ow

nf
ie

ld
 

fr
om

 i
nt

er
na

l 
T

M
S.

 
‘A

ss
ig

nm
en

ts
 

in
 p

ar
en

th
es

es
, 

b 
= 

br
oa

d,
 

d 
= 

do
ub

le
t, 

m
 =

 m
ul

tip
le

t, 
s 

= 
si

ng
le

t, 
se

p 
= 

se
pt

et
. 

’ F
ig

ur
es

 
in

 p
ar

en
th

es
es

 
sh

ow
 d

ow
nf

ie
ld

 
sh

if
t 

(+
 v

e 
va

lu
es

) 
co

m
pa

re
d 

w
ith

 f
re

e 
lig

an
d.

 
dD

ie
th

yl
 

et
he

r 
re

so
na

nc
es

: 
‘H

 N
M

R
, 

1.
24

 (
tr

ip
le

t, 
6H

, 
2M

e)
, 

3.
45

-4
.2

0 
(o

bs
cu

re
d 

qu
ar

te
t, 

4H
, 

2C
H

,)
; 

“C
 

N
M

R
, 

12
.7

 (
C

H
,)

, 
66

.6
 (

C
H

,)
. 

3 



1768 G. R. CLARK et al. 

(2131 

Fig. 1. Molecular geometry and atomic numbering for 
[TaCl,(2,6-di-t-butylphenoxide),] (2). 

pare its geometry with those of the bis phenoxy 
complexes [TaC13(2,6-di-t-butylphenoxide),] (1)15 
and [Ta(Me),(2,6-di-t-butylphenoxide),] (3).” The 
molecular structure of (2) is shown in Fig. 1 and 
bond lengths and angles are contained in Table 2. 
The molecule adopts a square pyramidal geometry 
about the tantalum atom with one 2,6-di-t-butyl- 
phenoxide ligand occupying the axial position and 
the other two occupying opposite sites of the square 
pyramid base. The two chloro ligands fill the 
remaining basal positions. The geometry is thus 
similar to that observed for the bis phenoxy complex 
(1) but it differs from the trigonal bipyramidal 
geometry of [Ta(Me),(2,6-di-t-butylphenoxide),] 
(3).‘8 

The axial Ta-0 bond length (1.83(2) A) is con- 
siderably shorter than the two basal Ta-0 bond 
lengths (each 1.90(2) A), as was found in the bis 

phenoxy complex (2) (Table 3 compares data for 
complexes (1) and (2).) The axial Ta-0-C bond 
angle 162(2)” is larger than the two basal Ta-&C 
bond angles (153(2)” and 148(2)“). All these angles 
are significantly smaller than those observed for 
the bis phenoxy complex (1). The two Ta-Cl bond 
lengths are slightly longer than the equivalent bond 
lengths in [TaC1,(2,6-di-t-butylphenoxide)2] (1) but 
lie within the range found for other tantalum(V) 
complexes. 

Several features relating to z-bonding arise from 
the molecular dimensions observed. The Taa and 
Ta-Cl bond distances are all shorter than expected 
for single bonds and this is apparently a conse- 
quence of the low formal electron count for the 
molecule. If the chloro and phenoxide ligands are 
regarded formally as one-electron donors for pur- 
poses of the 18-electron rule then the molecule has 
an electron count of 10. Adoption of the square- 
pyramidal geometry increases the ability for ligand 
to metal z-bonding, l8 thus increasing the formal 
electron count. In general, -OR ligands are better 
rc-donors than are chloro ligands.lg In complex (2), 
where three phenoxides are capable of donating rr- 
electron density to the metal, the TaaCl bonds are 
slightly longer than those in the bis phenoxy com- 
plex (1) (see Table 3). An l&electron count can 
theoretically be attained if three phenoxides and 
just one of the chloro ligands act as 3-electron 
donors, with the remaining chloride acting as a 
l-electron donor. However, the structure shows 
that all of the TaaO and Ta-Cl bonds are rela- 
tively short, indicating that all are involved in rr- 
bonding to the metal. The Ta-O(3) bond (1.83(2) 
A) is sufficiently short to suggest that the axial 
phenoxide acts as a full 3-electron donor with the 
basal ligands sharing the remaining contribution 

Table 2. Selected bond lengths and angles for [TaCl,(2,6-di-t-butylphen- 
oxide) J (2) 

(a) Bond lengths (A) 

Ta-Cl( 1) 
Ta-Cl(2) 
Ta-O( 1) 
Ta-O(2) 

2.37( 1) Ta-O(3) 
2.37(l) O(l)-C(ll) 
1.90(2) 0(2>--c(21) 
1.90(2) 0(3)-C(3 1) 

(b) Bond angles (“) 

1.83(2) 
1.38(4) 
1.42(4) 
1.47(4) 

Cl( l)-Ta-Cl(2) 
Cl( I)---Ta-O( 1) 
Cl( l)-Ta-O(2) 
Cl(l)---Ta-O(3) 
C1(2)-Ta-O( 1) 
C1(2)--Ta-O(2) 
C1(2)-Ta--O(3) 

156.4(4) 
84.9(7) 
89.7(6) 

102.9(6) 
86.0(7) 
85.6(6) 

100.5(7) 

0( l)-Ta-O(2) 
0( I)-Ta-O(3) 
O(2)---Ta--O(3) 
Ta-O(I)-C(ll) 
Ta-O(2)-C(21) 
Ta-O(3)--C(3 1) 

145.3(8) 
106.2(8) 
108.4(8) 
153(2) 
148(2) 
162(2) 



Sterically congested tris phenoxide complexes of tantalum(V) 

Table 3. Comparison of selected structural data for [TaCl,(2,6-di-t-butylphenoxide)J (1)” and 
paCl,(2,6-di-t-butylphenoxide),] (2)’ 
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(1) (2) 
Wl) C(31) 

A (20) A (3) 

4 
O(5)’ a\cl(3) 

4 
O(1)’ a\O(2) 

C(6) 
/ I\ / I\ \ 

Cl(2) Cl(4) C(l1) Cl( 1) Cl(2) C(21) 

Ta-Cl(2) 
Ta-Cl(3) 
Ta-Cl(4) 
Ta-O(20) 
Ta-O( 5) 

- 

C1(2)-Ta-Cl(4) 
Cl(3)-Ta-O(5) 
O(5 jTa-O(20) 
Cl(3)-Ta-O(20) 
Cl(2)--Ta-O(20) 
Cl(4)-Ta--O(20) 
Cl(2)-Ta-O(5) 
Cl(2)-Ta-Cl(3) 
Cl(3)-TaXl(4) 
Cl(4)-Ta--O(5) 

(a) Bond distances (A) 

2.339(2) 
2.358(2) 
2.335(2) 
1.836(4) 
1.872(5) 

Ta-Cl( 1) 

Ta-Cl(2) 
Ta-O( 3) 
Ta-O( 1) 
Ta-O(2) 

143.8( 1) Cl( l)-Ta-Cl(2) 
155.8(l) O(2)-Taa( 1) 
104.2(2) 0( l)-Ta-O(3) 
lOO.O( 1) O(2)-Ta-O(3) 
105.8(l) Cl(l)-Ta-O(3) 
110.1(l) Cl(2)-Ta-O(3) 
87.5(l) Cl(l)--Ta-O(l) 
84.0( 1) Cl( l)-Ta-O(2) 
85.1(l) Cl(2)-Taa(2) 
88.6(l) Cl(2)----Ta-O( 1) 

(b) Bond angles (“) 

2.37(l) 

2.37( 1) 
1.83(2) 
1.90(2) 
1.90(2) 

156.4(4) 
145.3(8) 
106.2(8) 
108.4(8) 
102.9(6) 
100.5(7) 
84.9(7) 
89.7(6) 
85.6(6) 
86.0(7) 

[+ 12.61 
[ - 10.5] 
[+2.01 
[+8.41 
[-2.91 
[-9.61 
[-2.61 

1+5.7l 
[+0.5] 
[-2.61 

LI Data taken from Reference 15. 
b Data from present work. 
‘Values in square parentheses show change in bond angles (2) compared with those of (1). 

Positive values-indicate 
butylphenoxide)J (1). 

angle opens, negative values a&e closes relative to [TaCl,(2,6-di-t- 

to the x-bonding through a series of PhO=ITa angle by 12.6” and decreases the equivalent C1(2)- 
and Cl+Ta canonicals. The basal Ta-C&C bond 
angles are smaller in complex (2) compared with (1) 
but the bond lengths are not sufficiently different 
to confirm less n-donation from the phenoxide 
oxygens in (2). 

While the overall geometries of the his and tris 
phenoxy complexes are similar, it is of interest to 
examine the effect of adding the third bulky phen- 
oxide ligand. Bond angles for the two complexes 
are compared in Table 3. The 0(1 jTa-O(3) bond 
angle in (2) is similar to the equivalent bond angle 
in (1). In both molecules the t-butyl groups of the 
axial phenoxide are positioned over the basal chlo- 
rine ligands while the plane of the two phenyl rings 
is approximately perpendicular (for (2) the angle 
made by the two planes is 115( 1)“). Addition of the 
third phenoxide ligand opens up the Cl-Tax1 bond 

Ta-O(3) bond angle by 9.6” while the O(2)-Ta- 
O(3) bond angle (equivalent to the C1(3)-Ta-O(20) 
bond angle in (1)) opens up by 8.4” resulting in a 
decrease of the equivalent O(l)-Ta-O(2) bond 
angle by 10.5”. Changes in the other bond angles 
are comparatively small. 

The phenyl rings in complex (2) are positioned to 
minimise steric interactions between t-butyl sub- 
stituents. The aromatic ring of the third phenoxide 
lies somewhat below the basal plane at an angle of 
57” to the plane made by the axial phenoxide phenyl 
ring. As observed in the bis phenoxy complex the 
t-butyl group attached to C(12) in (2) occupies the 
“open” site tram to the axial Ta-0 bond. We have 
been unable to refine the positions of the hydrogens 
on the methyl groups but a non-bonded metal- 
proton interaction similar to that found in (1)" 
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is likely to be present. However 
spectrum indicates that in solution 
equivalent. 

the ‘H NMR 
all protons are 

2,6-Di-isopropylphenoxide complexes 

Tantalum pentachloride reacts with three equiv- 
alents of lithium 2,6-di-isopropylphenoxide in 
diethyl ether to give a yellow-orange coloured solu- 
tion which pales considerably when the reaction 
period is extended to 20-36 h. The product isolated 
persisted as a yellow gum and we have so far been 
unable to obtain reliable analytical data. However, 
on the basis of the chlorine analysis and spec- 
troscopic data, the product was characterised as 
[TaCl,(diethylether)(2,6 - di - isopropylphenoxide),] 
(4). The complex is very soluble in hydrocarbons 
and in polar solvents such as MeCN or MeN02, 
but resisted crystallisation from these media. 

The infrared spectrum does not contain OH 
absorptions and there are bands at 1262 and 1200 
cn- ’ characteristic of v(C-O)M. ’ In the far infra- 
red the Ta-Cl stretch occurs at 295 cm- I. In the ‘H 
NMR spectrum the methyl protons of the isopropyl 
group appear as a slightly broadened doublet, the 
methine proton as a broadened septet shifted 0.6 
ppm downfield compared with the free ligand and 
the spectrum does not contain an OH proton res- 
onance. In addition, the spectrum contains a quar- 
tet and a triplet which integrate as one diethyl ether 
molecule for every three phenoxide ligands. In the 
13C NMR spectrum there is only one set of phen- 
oxide resonances. The ipso carbon resonance 
shows a downfield shift of 5.9 ppm compared with 
the free ligand, while the ortho, para and meta car- 
bon resonances show downfield shifts of 6.1, 2.9 
and 0.1 ppm respectively. The methyl and methine 
carbons of the isopropyl groups show small down- 
field shifts of 1.7 and 1.1 ppm. 

During attempts to crystallise [TaCl,(di- 
ethylether)(2,6-di-isopropylphenoxide)3] (4) from 
petroleum ether, air was inadvertently admitted 
into the crystallisation flask. After several weeks a 
small quantity of yellow crystals was obtained, 
which are identified as [Ta,Cl(,n-Cl),(2,6-di-iso- 
propylphenoxide)&-O)] (5) by X-ray crystallog- 
raphy. 

Crystal structure of ~a2Cl(~-Cl)2(2,6-di-iso- 
propylphenoxide)&O)] (5) 

The crystal structure determination shows the 
complex to be binuclear (Figs 2 and 3) in which 
the two tantalum atoms are in distorted octahedral 
geometries and are bridged by 0x0 and two chloro 
ligands. The 0x0 ligand lies trans to a chloro ligand 

Fig. 2. Molecular geometry for [Ta,Cl(&1),(2,6-di-iso- 
propylphenoxide)&O)] (5). 

on one tantalum atom and trans to a 2,6-di-iso- 
propylphenoxide ligand on the other. Both bridging 
chlorides lie trans to phenoxide ligands. Bond dis- 
tances and angles for the molecule are contained in 
Table 4. 

The short Ta(l)--O(l) bond distance (1.69(l) A) 
and long Ta(2)-0( 1) bond distance (2.10( 1) A) indi- 
cate an asymmetric bridge in which oxygen forms 
a double bond to Ta(1) and a 2-electron sigma 
bond to Ta(2). The two Ta-Cl-Ta bridges are also 
asymmetric, the Ta-Cl bond lengths indicating that 
both Cl(l) and Cl(3) form essentially single bonds 
to Ta(1). The Ta(l)-C1(3) bond length at 2.781(7) A 
is extremely long and probably represents the 
limit of lone pair donation from chlorine to a tan- 
talum(V) centre. By comparison, in [TaCl&- 
Cl)(NPh)(SMe,)]r the Ta-Cl bond length trans to 
the phenylimido ligand (which exerts a strong trans 

Fig. 3. Inner coordination geometry for [Ta,Cl@- 
C1),(2,6-di-isopropylphenoxide),@-O)] (5). 
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Table 4. Selected bond lengths and angles for [Ta,Cl@Cl),(2,6-di-iso- 
propylphenoxide),@-O)] (5) 
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TaW-W) 
‘WlFV) 
WlFW) 
WV--W) 
TW-O(2) 
Wl)--0(3) 
w)--c(21) 
0(3)-C(3 1) 

CW-WU--W) 
Cl(l)-Ta(l)-C1(3) 
Cl(l)-Ta(l)---C1(2) 

Cl(l)-Ta(lW(2) 
CW-Ta(lFW3) 
a(2)--Ta( l)-C1(3) 

Cl(2)-Ta(lW(1) 
(J(2)---Ta(lHX2) 
Cl(2)_Ta(lt-0(3) 
CK3)-Ta(lFW) 
Cl(3)-Ta( 1 FW2) 
Cl(3>-Ta(lHX3) 
O(l)-Ta(1W(2) 
0(l)_Ta(lHX3) 
O(2)-Ta(lFX3) 
Ta(l)-Cl(l)-Ta(2) 

Ta(lFWFTa(2) 
Ta(lFX2)-C(21) 
Ta(lHX3)--C(31) 

(a) Bond lengths (8) 

2.634(7) 
2.309(8) 
2.781(7) 
1.69(l) 
1.99(2) 
1.81(2) 
1.50(3) 
1.41(2) 

Ta(2)--Cl(l) 2.498(7) 

Ta(2FW3) 2.396(8) 

Ta(2WU) 2.10(l) 

Ta(2FW4) 1.83(l) 

Ta(2F%5) 1.77(2) 

Ta(2>--0(6) 2.19(2) 

0(4)-C(41) 1.29(2) 

O(5HX51) 1.32(3) 

0(6FC(61) 1.58(6) 

(b) Bond angles (“) 

83.3(5) 
73.1(2) 
73.2(3) 
95.4(5) 

170.1(5) 
74.4(2) 

150.0(5) 
103.0(5) 
107.3(5) 
81.1(5) 

168.6(5) 
97.4(5) 
97.5(7) 
92.7(7) 
94.0(6) 
71.5(2) 

104.4(7) 
174.5(14) 
162.8(12) 

Cl(l)-Ta(2)--0(1) 
Cl(l)-Ta(2)--C1(3) 

Cl(l)-Ta(2FW5) 
Cl( 1 F-Ta(2>--0(6) 
Cl(l)--Ta(2W(4) 
Cl(3)-Ta(2)-W6) 
O( 1 )-Ta(2)--0(6) 
O(5)-Ta(2W(6) 
O(4)-Ta(2H(5) 
C1(3)_Ta(2FW) 
C1(3)-Ta(2)-W5) 
C1(3)--Ta(2H(4) 
W)-_Ta(2>-0(5) 
O( 1 )_Ta(2W(4) 
0(4)-Ta(2)-W6) 
Ta(l)-C1(3FTa(2) 

Ta(2W(5)--C(5 1) 
Ta(2>-0(6>-C(6f ) 
Ta(2)-0(4)-C(41) 

79.5(5) 
82.5(2) 
86.5(5) 
85.6(4) 

168.7(5) 
78.7(5) 

158.5(6) 
110.0(6) 
101.8(7) 
84.1(5) 

165.5(5) 
88.0(5) 
84.6(6) 
93.5(6) 
98.6(6) 
70.4(3) 

158.7(13) 
161.5(12) 
161.9(13) 

influence) is shorter at 2.751(3) A.*’ The two Ta- 
Cl-Ta bond angles in the phenoxide dimer are 
70.4(2) and 71.5(2)’ which are considerably smaller 
than those observed in [TaCl,&-Cl)(NPh)(SMe,)], 
(103.6”). 2o The Cl-Ta-O( 1) bond angles are similar 
on both sides of the dimer, while the Cl(l)-Ta(l)- 
Cl(3) bond angle is 11” smaller than the Cl(l)-- 
Ta(2)--C1(3) bond angle. 

For the 2,6-di-isopropylphenoxide ligands, the 
Ta-0 bond lengths range from 1.77(2) to 2.19(2) A, 
a wider range than that found in the tris 2,6-di-t- 
butylphenoxide complex (2) (1.83(2) to 1.90(2) A). 
The ligands about each tantalum atom are con- 
siderably distorted from ideal octahedral geometry 
(see Table 4) as a result of the two halves of the 
molecule being chemically distinct. For example, 
the O(2)-Ta(lw(3) angle is 94.0(6)’ whereas the 
three 0-Ta(2p bond angles average 103.5” ; 
Cl(l)--Ta-Cl(3) is 73.1(2)0 whereas Cl(1 jTa(2 j 
Cl(3) is 82.5(2)“. 

The Ta-O-C bond angles range from 161( 1)” to 

174(2)0 and on average are larger than the Ta-C- 
C bond angles observed for the tris 2,6-di-t-butyl- 
phenoxide ligands in complex (2). At Ta( 1) the angles 
are such as to push the phenyl rings away from the 
bridge structure. At Ta(2) the Ta-GC angles are 
such that the equatorial phenoxides bend away 
from each other while the axial phenoxide ligand 
bends into the space between them. In this way the 
isopropyl substituents at the 2,6-positions of the 
phenyl rings are able to minimise steric repulsions. 

All the phenyl rings orientate on either side of 
the molecule so as to minimise interactions between 
the isopropyl groups (see Fig. 3). The isopropyl 
groups themselves are rotated so that all the methyl 
groups project away from the metal centres. A cor- 
ollary is the methine hydrogens in each case project 
towards the metal centres. However none of these 
hydrogens make particularly close approaches to 
Ta, Cl or 0 atoms. 

The structural features thus show that the mol- 
ecule is able to maintain a + 5 oxidation state for 
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each tantalum atom as it consists essentially of 
TaCl(phenoxide),(O) and TaCl,(phenoxide), frag- 
ments which form a binuclear structure using lone 
pairs from the 0x0 and chloro ligands. As such, the 
Ta( 1) fragment is formally a 1Celectron species and 
the Ta(2) fragment is a 12-electron species, but 
the ligands about each metal centre contribute 
additional electron density through n-bonds. The 
Ta(lwl(2) bond length of 2.310(7) A is sig- 
nificantly shorter than the two Ta(2)-Cl bonds in 
which the chloro ligands can only act as one-elec- 
tron donors to Ta(2). Thus Ta(1) uses x-electron 
density from Cl(2) (as well as that from the two 
phenoxide ligands) to increase its electron count. It 
is interesting to note that the terminal chlorine can 
x-bond to the metal when lying trans to the 2- 
electron donor bridging 0x0 group. In high-valent 
monomeric complexes containing the terminal 0x0 
ligand or the isoelectronic organoimido ligand, 
both of which act as 4-electron donors to the central 
atom, only lone pair donation from a ligand in the 
tram position has been observed.20-23 However, in 
lower-valent complexes, chlorides are found trans 
to such ligands but in these cases the M-Cl bonds 
are considerably lengthened.24,25 

A formal electron count for Ta(2) gives 12 elec- 
trons but this also is increased by z-electron density 
from the phenoxide ligands. The Ta(2)-0(6) bond 
distance (2.19(2) A) is however significantly longer 
than the Ta(2p(4) and Ta(2)-0(5) distances 
(1.83( 1) and 1.77(2) A) so that the n-electron con- 
tribution comes mainly from O(4) and O(5). 

The effect of phenoxide rc-bonding on the tram 
ligand is also apparent in the molecule. About each 
tantalum centre the phenoxides are placed trans to 
ligands co-ordinating by a-electron density only. 
The phenoxides orientate cis to one another which 
allows the metal atoms maximum use of oxygen 
n-electron density. trans-Orientated phenoxides 
would result in a competitive n-bonding situation 
leading to less effective use of the electron density 
available. This feature is similarly found in di- 
alkylamido complex of tantalum(V). Crystal struc- 
ture determinations of [Ta(NMe2)3C13(NHMe2)], 

[{Ta(NMe2)C12(NHMe2)}01 and [Ta(~e2)3C1212 
show the dimethylamido ligands are orientated 
cis.26 

CONCLUSION 

The studies show that when three of the chloro 
ligands in TaCl, are replaced by 2,6-di-alkyl- 
phenoxide ligands, octahedral geometry is possible 
when the alkyl substituents are isopropyl groups. 
However, when three or even two of the chloro 
ligands are replaced by 2,6-di-t-butylphenoxide 

ligands the steric size of the t-butyl substituents is 
sufficient to force a square-pyramidal geometry on 
the molecule. The results thus suggest that elec- 
tronic effects are less important, the change in 
geometry apparently arising from steric factors 
alone. 

EXPERIMENTAL 

Lithium phenoxides were prepared by adding one 
equivalent of n-butyllithium to the phenol in pe- 
troleum ether and stirring for 2 h. Tantalum pen- 
tachloride was sublimed prior to use. Acetonitrile 
was dried over and distilled from calcium hydride. 
Petroleum ether (bpt range 40-60”), benzene and 
diethyl ether were distilled over sodium. All dis- 
tillations were carried out under N2 treated to 
remove oxygen and water, as were manipulations, 
using bench-top air sensitive techniques.27 Infrared 
spectra were recorded on a Perkin-Elmer 597 spec- 
trometer, ‘H NMR on a Varian T60 Model spec- 
trometer and 13C NMR spectra on a Jeol FX60 
spectrometer. Analytical data were obtained by 
Prof. A. D. Campbell and Associates, University of 
Otago, New Zealand. Melting points were deter- 
mined in sealed tubes under N2 on an Electro- 
thermal melting point apparatus and are uncor- 
rected. 

Trichlorobis(2,6 - di - t - butylphenoxo)tantalum( V) 

(1) 

Lithium 2,6-di-t-butylphenoxide (3.2 g, 15.1 
mmol) in benzene (50 cm’) was added to a sus- 
pension of tantalum pentachloride (2.6 g, 7.3 mmol) 
in benzene (80 cm’) and the mixture was stirred for 
20 h. The orange solution was separated from the 
precipitate by centrifuging and the solvent removed 
to give an orange-red gum which was washed sev- 
eral times with petroleum ether. On drying in vacua 
the complex was obtained as an orange powder. 
Yield: 3.6 g (71%). (Found: C, 48.6; H, 5.7%. 
Cz8H4&1302Ta requires C, 48.2 ; H, 6.1%.) 

IR(Nujo1) bands at 157Ow, 137Os, 1358s, 1252s, 
1192s 1175s, 1150s 1104s, 108Os, 102Ow, 915s, 
895s, 864m, 819m, 790s 780m, 732s 688m, 67Ow, 
63Ow, 568w, 538w, 519w, 46Ow, 44Ow, 354s, 345s 
and 300m cm- ‘. 

Dichlorotris(2,6 - di - t - butylphenoxo)tantalum( V) 

(2) 

(a) A suspension of lithium 2,6-di-t-butyl- 
phenoxide (4.2 g, 19.8 mmol) in diethyl ether (100 
cm’) was added slowly to a suspension of tantalum 
pentachloride (2 g, 5.6 mmol) in diethyl ether (200 
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cm3) and the reaction mixture was stirred for 3 days. 
The yellow solution was filtered and the solvent 
removed giving a yellow crystalline solid which was 
contaminated with an orange gummy substance. 
The product was extracted several times with pe- 
troleum ether (200 cm3 in all) until the residue was no 
longer coloured yellow, the extracts were combined 
and the solvent removed. The resulting yellow 
orange gum was washed with acetonitrile (3 cm3) 
leaving the complex as a yellow solid which was 
dissolved in petroleum ether (150 cm3). The com- 
plex was obtained as yellow micro-crystals on reduc- 
ing the solution volume and standing at -20°C. 
Yield : 2.3 g (48%). [M.p. 12&122”C] (Found : C, 
57.8; H, 7.3; Cl, 7.8%. C42H63C1203Ta requires C, 
58.1 ; H, 7.3; Cl, 8.2%.) 

IR(Nujo1) bands at 157Ow, 1465m, 1420m, 138Os, 
1358s, 131Ow, 1258m, 1225m, 1194m, 116Os, 1088s, 
102Ow, 88Os, 875s, 820m, 804w, 785m, 74Os, 72Ow, 
69Om, 635w, 565w, 522w, 464w, 442w, 418w, 378w, 
and 320m cm- ‘. 

(b) A suspension of lithium 2,6-di-t-butyl- 
phenoxide (1 g, 1.43 mmol) in diethyl ether (50 cm’) 
was added to trichloro&s(2,6-di-t-butylphenoxy) 
tantalum(V) (0.35 g, 1.64 mmol) in diethyl ether 
(100 cm3) and the mixture was stirred for 2 days. 
The yellow solution was filtered, the solvent 
removed, and the residue extracted with petroleum 
ether (120 cm’). The solution was filtered, the sol- 
vent removed, and the residue washed with aceto- 
nitrile (5 cm”) leaving the complex as a yellow solid. 
Yield: 0.54 g (43%). The complex had identi- 
cal m.p., IR, 13C NMR spectra to the sample pre- 
pared under (a). Recrystallisation from benzene 
gave the complex as large yellow crystals. 

Dichlorodiethylethertris(2,6 - di - isopropylphenoxo) 
tuntahun( v) (4) 

Lithium 2,6-di-isopropylphenoxide (4.0 g, 21.6 
mmol) in diethyl ether (100 cp3) was added to tan- 
talum pentachloride (2.5 g, 7.0 mmol) suspended in 
diethyl ether (150 cm3) and the mixture was stirred 
for 36 h. The solution was filtered and the solvent 
removed to give a gum which failed to solidify. 
The product was dissolved in petroleum ether, the 
solution filtered, and the solvent removed to give 
the complex as a gummy material which failed to 
completely solidify even when held under vacuum 
for extended periods. Yield : 5.2 g (87%). (Found : 
Cl, 8.0%. C4,,H6Q204Ta requires: Cl, 8.3%.) The 
complex was further characterised by spectral prop- 
erties. 

IR (Nujol) bands at 16OOw, 149Os, 1335s, 1262s, 
12OOs, 1152m, lllOm, 1065w, 1050m, 102Ow, 93Os, 

902m, 985w, 830m, 8OOs, 755s, 72Os, 66Ow, 61Ow, 
55Ow, 51Ow, 44oW, 320m and 295m cm-‘. 

Chloro(p - dichloro)penta(2,6 - di - isopropylphenoxo) 
(p - oxo)ditanfuZum( v) (6) 

Air was admitted to a solution of dichloro- 
diethylethertris(2,6 - di - isopropylphenoxy)tanta- 
lum(V) in petroleum ether. The flask was stop- 
pered and allowed to stand at -20°C whereupon 
a small quantity of yellow crystals was formed. 
The complex was filtered, washed with petroleum 
ether, chilled to ice temperature and dried in vucuo. 
Characterisation was made by X-ray crystallog- 
raphy. 

Crystallographic studies 

Single crystals of [TaC1,(2,6-di-t-butylphen- 
oxide),] (2) and [Ta2C1(p-C1)2)(2,6-di-isopropyl- 
phenoxide)&-0)] (5) were grown from benzene 
and toluene solutions respectively and sealed under 
nitrogen in glass capillaries. They were mounted on 
an Enraf-Nonius CAD-4 diffractometer. 

Crystal data : Complex (2). C42H63C1203Ta, 
M = 866.8, monoclinic, u = 18.902(6) A, b = 
10.815(g) A, c = 20.259(4) A, b = 92.62(2)“, U = 
4137.1; space group P2,/c, Z = 4, D, = 1.392 g 
cm-‘, F(OOO) = 1784, ~(Mo-Km) = 29.6 cm- ‘. 

Crystal data : Complex (5). C&,H,,C1506Taz, 
M= 1440.2, monoclinic, a = 11.174(l) A, b = 
20.402(3) A, c = 27.143(3) A, /I = 94.57(l)“, U = 
6168.2; space group P2Jc, Z = 4, D, = 1.551 g 
cm- ‘, F(OOO) = 2896, ~(Mo-K,) = 40.0 cm-‘. 

Data collection. Accurate unit cell parameters 
were determined by least-squares fits to the setting 
angles of 25 reflections measured using MO-K, 
(A = 0.71069 A) radiation. Data collection was by 
20/o scans with a background/peak count-time 
ratio of l/2. For complex (2) reflections were 
counted for 60 s or until a(l)/1 was 0.02, a total of 
6258 reflections being measured to t&,, of 22”. The 
intensity of three reflections monitored throughout 
the collection showed an isotropic decline with time. 
For complex (5) decomposition in the X-ray beam 
was more severe and the maximum count time was 
reduced to 40 s. Even so, it was necessary to use 
four crystals to measure 2567 reflections to 8,, of 
19”. 

The data were corrected for Lorentz, polar- 
isation, crystal decay and absorption.” Each crys- 
tal for (5) was treated separately and the data placed 
on a common scale by comparison of common 
reflections. Subsequently separate scale factors were 
refined for each crystal. 



1774 G. R. CLARK 

Structural solutions and refinements. Both struc- 
tures were solved by Patterson and Fourier methods 
and refined by the full-matrix least-squares tech- 
nique. Computing was carried out using the SDP 
suite of programs on a PDP-11 computer and 
SHELX-76 in an IBM 4341 computer. The function 
minimised was C w(lFOI - IF&*. Atomic scattering 
factors and dispersion corrections were for neutral 
atoms. After initial isotropic refinement, aniso- 
tropic thermal parameters were refined for the 
heavier atoms. Final residuals R and R, were 0.063 
and 0.061 for the 1690 observed data of complex 
(2) and 0.062 and 0.068 for the 3693 observed 
data of complex (5). 

Final atomic coordinates for both complexes, 
tables of thermal parameters, and listings of 
observed and calculated structure factors have been 
deposited with the Editor as supplementary 
material.* 
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Abstract-The crystal structure of the racemic dihydrated ammonium salt of the tris- 
pentasulfidorhodate(II1) anion is compared with those of salts of the tris-pentasulfido- 
platinate(IV) ion. 

Notwithstanding growing interest in transition 
metal polysulfides,’ the homoleptic polysulfides of 
rhodium have hardly been examined, despite an 
early report’ by Hofmann of the iridium system 
(NH4)3[IrS15]. Two reports by Krause remain the 
only studies of such homoleptic systems,3T4 
although Malatesta and Turner characterized’ the 
mixed complex of rhodium(II1) formed from 
“dimethylglyoxime” H2DMG and yellow 
ammonium sulfide as H[Rh(HDMG)2S6],. We have 
repeated Krause’s preparation of (Nh,) 3RhSL s and 
obtain only the dihydrate (NH4)3RhS1 5 - 2H20. We 
have also been able to prepare unsolvated 
p(C,H 5)3H] 3RhSI 5 by using CH ,CN-THF solu- 
tions. We report here these preparations, and the 
crystal structure of (NH,),Rh(S,),* 2H20. 

EXPERIMENTAL 

Ammonium tris-pentasulfidorhodate(II1) dihy- 
drate, (NH,),Rh(S,), * 2H20, was prepared by bub- 
bling H2S through 50 cm3 of concentrated (“880”) 
ammonia solution, which contained sulfur (20 g) 
until all dissolved. Na3RhCl6* 12H20 (2.35 g) in 

* Author to whom correspondence should be addressed. 

water (10 cm’) was added, causing a darkening of 
the solution. The system was well stirred and then 
filtered through celite. The dark brown red pris- 
matic crystals formed from the filtrate during a few 
days at room temperature. Yield (1.5 g) was about 
57%. Found: H, 2.2; N, 5.9; H20, 5.5. Calc. for 
(NH4)3RhS,s*2H20: H, 2.4; N, 6.2; H20, 5.3%. 
(Thermogravimetric analysis gave 15.0% residue 
at lOOO”C, calculated for metal 15.3%.) However, 
sulfur analyses for this compound gave consistently 
low values ca. 64% versus the calculated value 7 1% . 
The analyses were done by oxidizing S to SOi- by 
OH-/H202, a method which had given good 
results6 in ammonium and other salts of [PtS,]*- 
anions. 

The crystals of this compound are very soluble 
in water, DMF and DMSO, but sparingly soluble 
in methanol, ethanol, acetonitrile, THF and NH3 
solution, and insoluble in hydrocarbons. The com- 
pound was unstable in water and DMF. After dis- 
solving it in water, a yellow precipitate rapidly 
appeared. In fresh DMF solution, the salt had A,,, 
at 320 nm (e = 14670 1 mol- ’ ctr- ‘, this molar 
extinction coefficient calculated from the mass of 
(NH4)3[RhS,5]2H20 used) and 24 h later I,,, was 
still at 320 nm, but the apparent value of E was 9660 
1 mol-’ cm-‘. 
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As the above properties might suggest some kind 
of polymer structure for (NH,),RhS,s - 2H,O, a 
single crystal X-ray study was undertaken, as a 
precursor to our work on optical resolution. 

Preparation of tri-ethylammonium tris(penta- 
sulfido)rhodate(IH), [NEt3H13RhS1 5 

The preparation of the above salt was undertaken 
making two important solvent changes. The poly- 
sulfide (S:-) solution was prepared by weighing 
2.55 g sulfur into a 3 necked flask, adding 6 cm3 
NEt,, 35 ml dry MeCN, 35 cm3 dry THF (dried by 
reflux over Na benzophenone). H2S was bubbled 
slowly through until all sulfur dissolved. (Prior 
degassing of solutions was performed.) 

The Rh(II1) complex used was prepared by stir- 
ring 660 mg RhC13 - 3H20 in 50 cm3 ethanol for 
45 min, filtering off any undissolved material and 
evaporating the filtrate to dryness, taking up the 
residue in the minimum amount of ethanol (20 cm3). 
Three 5 cm3 portions were taken and (1) 6.7 cm3, 
(2) 11.2 cm’, (3) 22.4 cm3 S:- solution (i.e. a 3-fold, 
5-fold, lo-fold excess respectively of polysulfide 
solution) was added. 

From (1) a very dark crystalline material formed 
after 15 min which was filtered off and washed with 
ether. After 2 h (2) had some small red needle-like 
crystals, and the flask was left in the refrigerator 
overnight. Unfortunately, the red crystals had 
become a dark crystalline material after 18 hours, 
(400 mg) which was filtered off and washed with 
toluene and ether. Flask (3) after 3 days yielded 100 
mg of very nice acicular red crystals which were 
collected by filtration and washed with toluene and 
then ether. 

Another similar S:- solution and Rh(II1) solu- 
tion in 18 cm3 ethanol were prepared. To two bat- 
ches of 9 cm3 of the Rh(II1) solution were added 
(1) 22.6 cm3 S:- (5-fold excess), (2) 45.2 cm3 S:- 
(lo-fold excess). After 90 min 470 mg of red micro- 
crystals were filtered from (l), washed with tolu- 
ene and ether. After 48 h nice acicular red crystals 
(150 mg) were collected from flask (2), and washed 
first with toluene, then with ether. 

The materials are very soluble in DMF, DMSO, 
quite soluble in MeCN, CH3N02, slightly soluble 
in MeOH, CHCl,, Hz0 and insoluble in EtOH, 

*Final atomic coordinates, tables of thermal par- 
ameters and observed and calculated structure factors 
have been deposited with the Editor as supplementary 
data ; atomic coordinates have also been deposited with 
the Cambridge Crystallographic Data Centre. 

acetone, THF. The red crystals seem to be light 
sensitive decomposing to a blackish substance over 
a few weeks in “lab. light”. 

The TG of the products are similar, as are the 
infrared spectra and indicate no solvent of 
stallization. 

cry- 

Crystal data 

Dark brown red prismatic crystals of 
(NH.J3Rh(S5)3*2Hz0 (M, = 673.95) are mono- 
clinic, space group CZ,~, a = 2597.8(6), 
b = 1182.7(3), c = 1591.6(2) pm, ,!I = 109.69(2); 
Z = 8, D, = 1.94 g cm-3. Single crystal, X-ray 
diffraction data were collected on an Enraf-Nonius 
CAD4 diffractometer using Mo-K, radiation. The 
data were corrected for Lorentz and polarization 
effects. The structure was solved by direct methods 
and refined by least-squares techniques to an R 
value of 0.047 (R, = 0.056) for 1228 independent 
reflections having I > 30(I).* Hydrogen atoms were 
not included in refinements and two oxygen atoms 
were refined with lower population parameters giv- 
ing the calculated number of water molecules as 
1.25 though thermogravimetric analyses of bulk 
samples had clearly indicated that the salt is a dihy- 
drate. 

DISCUSSION 

The structure is made of water molecules, 
ammonium and tris-pentasulfidorhodate(II1) 
[Rh(S,),13- ions. The crystal is held together by 
ionic interaction and by hydrogen bonds from N- 
H and O-H hydrogens to S and 0 atoms. Water 
molecules are in the large holes between the ions. 
This water of crystallization is easily lost from the 
crystals. 

The anion is illustrated in Fig. 1. Each rhodium 
atom is surrounded by six sulfur atoms and these 
form a distorted octahedron around rhodium. Rh- 
S bond distances are from 234.7(4) to 240.5(5) pm, 
the mean being 237.4. In rhodium(III)-thiolate and 
-thioether structures Rh-S bond Iengths are’s8 in the 
range from 231.4 to 236.9 pm. The present S-S 
bond distances are from 202.1(9) to 207.9(8) pm. All 
RhSS rings have a chair conformation. 

There is a three-fold axis through the rhodium 
ion, relating the three chelate rings, so that the 
complex ion has the symmetry C3. There is, of 
course, another possible conformer, with C, sym- 
metry. Both conformers were indeed detected, in the 
case of [Pt(S,),12-, by the temperature variation’ of 
the ‘95Pt magnetic resonance spectrum. The C,- 
isomer, judging on a statistical basis alone, would 
be the more probable. Nevertheless, in the present 
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Fig. 1. Ortep drawing of Rh(S& anion showing the 
labelling scheme. 

case for the [Rh(S5),13- ion and in the 3 known 
structures’&” of solid salts of the [Pt(S,),]‘- anion, 
the more symmetrical C3 conformer is found. It 
may well be that efficient packing is easier to achieve 
with the more compact C3-isomer. 

There is, by virtue of the relative sizes of the 
sulfide atoms and of the rhodium(II1) ion, one 
unusual feature in the t&chelated anions, which is 
that the angles within the chelate rings (we use the 
general symbol a) are all greater than 90”. As shown 
in Table 3, the angles S&l&, &RhS,,, and 
S, ,RhSls are 92.7(2), 92.4(2) and 93.1(2) respec- 
tively. For the recently discovered’ * and analyzed 
dimorph of the platinum(IV) analogue, 
(NH,),jPt(S,)3]2H20, also crystallizing in the C,,c 

space group, the three intra-chelate ring angles a 
are S,PtS,, S6PtSI0, SllPtSls 90.9(2), 92.6(2), and 
92.8(2) respectively. 

Most of the examples of homoleptic compounds 
whose structures are known in detail have angles a 
within their chelate rings less than 90”. Currently, 
the nature of the electronic transition giving rise to 
the observed Cotton effects for tris-chelated octa- 
hedral ions is uncertain. Several theories13 utilize 
the “trigonal splitting parameters” (or an equi- 
valent quantity) which describes the effect on octa- 
hedral (0,) levels (for example, ‘T,, of spin-paired 
cobalt(II1) in [Co(NH3)J3+) of imposing a trigonal 
field, as in [Co(en)3]3+, where en = 1,2-diamino- 
ethane. Where the intra-chelate angles a at the metal 
ion are c 90”, the trigonal splitting for example, 
between A and E components of IT,, in Co(II1) is 
of one sign, and where these angles a are > 90”, it 
is of the opposite sign. That is, the circular dich- 
roism of 2 tris-chelated molecules of the same absol- 
ute stereochemistry-say D or S(C,)-will appear 
enantiomeric if the intra-chelate angle a is < 90” 
in one case and > 90” in the other. 

The test cannot yet be made for the present mol- 
ecule [Rh(S,),13- (with a > 90’) as against say 

( - )[Rh(en) 31 3+ or [Rh(C,0,)3]3p (with a < 90°) 
because we have not yet succeeded in resolving the 
racemic-tris-pentasulfidorhodate(II1) into its 
enantiomers (although attempts continue). For the 
platinum(IV) analogue, where we do have the 
enantiomers,6 the lowest energy absorptions are not 
t&d in character. 

As a final point, whereas most racemic solid tris- 
chelated species crystallize in space groups such 
that neighbouring three-bladed propellers are of 
opposite hands (stacking -DLDLDL-), the pre- 
sent case (NH4)3[Rh(S5)3]2H20, with its C,,, space 

Table 1. Microanalysis of samples of [(C,H,),NH],[Rh(S,),] 

Prep (1) 3 x excess 

5 x excess 
10 x excess 

Prep (2) 5 x excess 

10 x excess 

Calculated Found 

% TG” % TG” 
C H N residue C H N residue 

14.3% to 24.1 5.7 3.5 13.5 

Rh@, 
24.3 5.4 4.7 11.6% to 24.0 4.9 3.6 13.8 

metal 22.1 4.1 3.8 14.5 

14.3% to 
24.3 5.4 4.7 Rh,G, 24.9 5.8 3.4 15.0 

11.6% to 
metal 23.5 5.7 3.7 

“Thermogravimetric analyses were carried out in a dynamic nitrogen atmosphere, heating rate 20°C 
min- r, up to 900°C. 
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Table 2. Bond distances (A) for (NH,),Rh(S,), *2Hz0 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Rhl Sl 
Rhl S5 
Rhl S6 
Rhl SlO 
Rhl Sll 
Rhl s15 
Sl s2 
s2 s3 
s3 S4 
S4 s5 
S6 s7 
s7 S8 
S8 s9 
s9 SlO 
Sll s12 

2.405(5) 
2.361(6) 
2.385(6) 
2.373(6) 
2.347(4) 
2.375(6) 
2.038(9) 
2.067( 10) 
2.055(7) 
2.024(8) 
2.034(7) 
2.056(9) 
2.046( 11) 
2.036(8) 
2.025(9) 

s12 s13 
s13 s14 
s14 s15 
Rhl S2 
Rhl S4 
Rhl s7 
Rhl S9 
Rhl s12 
Rhl s14 
01 s12 
01 s12 
01 N3 
01 N3 
01 02 
01 02 

2.037( 11) 
2.079(8) 
2.021(9) 
3.724(6) 
3.640(7) 
3.689(7) 
3.637(6) 
3.615(6) 
3.704(7) 
3.32(2) 
3.32(2) 
3.04(2) 
3.04(2) 
3.00(4) 
3.00(4) 

Nl Sl 
Nl S5 
Nl S6 
Nl s15 
N2 S4 
N2 S5 
N2 SlO 
N2 SlO 
N2 02 
N3 Sll 
N3 s13 
N3 s15 
N3 01 
N3 01 

3.39(2) 
3.34(2) 
3.401(15) 
3.46(2) 
3.50(2) 
3.47(2) 
3.38(2) 
3.46(2) 
3.00(4) 
3.26(2) 
3.48(2) 
3.33(2) 
3.04(2) 
3.04(2) 

Numbers in parentheses are estimated standard deviations in the least significant digits. 

Table 3. Bond angles (“) for (NH,),Rh(S,), - 2H,O 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

Sl Rhl S5 92.7(2) 
Sl Rhl S6 83.0(2) 
Sl Rhl SlO 91.5(2) 
Sl Rhl Sll 174.5(2) 
Sl Rhl s15 82.7(2) 
s5 Rhl S6 173.8(2) 
s5 Rhl SlO 92.2(2) 
s5 Rhl Sll 91.1(2) 
s5 Rhl s15 92.5(2) 
S6 Rhl SlO 92.4(2) 

S6 Rhl Sll 
S6 Rhl s15 
SlO Rhl Sll 
SIO Rhl s15 
Sll Rhl s15 
Rhl Sl s2 
Sl s2 s3 
s2 s3 s4 
s3 s4 s5 
Rhl S5 S4 

92.9(2) Rhl S6 S7 
82.5(2) S6 S7 S8 
92.4(2) S7 S8 S9 

172.7(2) S8 S9 SlO 
93.1(2) Rhl SlO s9 

113.6(3) Rhl S11 s12 
105.6(4) Sll s12 s13 
102.4(3) s12 s13 s14 
105.4(4) s13 s14 s15 
112.0(3) Rhl s15 s14 

Numbers is parentheses are estimated standard deviations in the least significant digits. 

112.9(3) 
104.5(3) 
103.0(4) 
107.6(4) 
110.9(3) 
111.3(3) 
107.5(4) 
101.3(4) 
105.5(4) 
114.6(4) 

group is exactly similar to the second dimorph l2 of 
(NH4)JPt(Ss)J2H20 (space group C,,,) where the 
8 molecules of the unit cell are made up of 4 in one 
half cell of one hand of propeller (say D) and the 
other 4 in the other reflection related half cell of the 
other hand (L), so that the stacking is -DDLLD- 
DLLDDLL-. These are the only known cases of 
such stacking. 

The structural parameters of the present anion 
have nearly the same values as found in the 
Pt(S& anion. lo For example, the average Rh-S 
distance is 237.4 pm as the average Pt-S distance 
is 239.0 pm. The average S-S bond distance in the 
rhodium compound is 204.1 pm and in the platinum 
compound 204.9 pm. 

In general, the Pt(S,)i- anion seems to be more 

stable (or at least easier to handle) than the 
Rh(SJ- anion. In the light of the similar structural 
results, the differences are due to kinetics. Anionic 
Rh(II1) complexes are often labile, but anionic 
Pt(IV) complexes are inert. The redox couples 
Rh(I)/Rh(III) and Pt(II)/Pt(IV) may play an 
important role in the stabilities of the above anions : 
we hope to evaluate this possibility through optical 
activity studies. 
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Abstract-New heterotrimetallic complexes were isolated by reaction of M(CO),(NN)L 
(M = MO, W; NN = bipy, phen; L = thioureas) either with HgX, (X = Cl, Br, I) giving 
complexes of the formula [M(CO),(NN)(X)],Hg or with M’(CO),(NN’)(Cl)(HgCl) 
(M’ = MO, W ; NN’ = bipy, phen) producing compounds of the type (Cl)(NN)(CO),M- 
Hg-M’(CO),(NN’)(Cl). These new photosensitive substances were characterized through 
IR spectroscopy and conductivity measurements. Structures involving X-M-Hg-M’-X 
bonding are proposed and the reactions are discussed in terms of an insertion of the 
fragment M(CO),(NN) into the Hg-X bonds. 

Mixed derivatives of the formula fuc- 
M(CO),(NN)L (M = MO, W; NN = 2,2’-bipyri- 
dine (bipy), 1, IO-phenantroline (phen) L being a 
wide range of unidentate Lewis bases are well 
known, l-6 but their reaction with mercuric halides, 

HgCl2, has been reported when L is tri- 
phenylphosphine or derivative,7’8 pyridine’ and 
thiourea, lo giving tricarbonyl complexes containing 
either M-Hg or M-Hg-M bonds. 

The formation of the metal-mercury compounds 
above has been considered to be a Lewis acid-base 
reaction, the metal complex being the nucleophilic 
centre, yielding HgCl or HgC12 complexes. The 
reaction would occur without elimination of the 
ligands in the complexes M(C0)3(NN)PPh3,7 due 
to the soft character of the phosphorus atom in 
PPh3 and the chelate nature of the bipy or phen,’ ’ 
but when L is a p-substituted triphenylphosphine it 
would be displaced,8 the same would pass with the 
thiourea” while the pyridine complexes would 
show both types of behavior. 9 

The aim of this work is to clarify the way of 
the reaction offic-M(CO),(NN)L complexes with 
mercuric halides, HgX, (X = Cl, Br, I). In this 
regard we chose L to be several N-substituted thio- 

*Authors to whom correspondence should be addressed. 

ureas. The results of this investigation show that 
the active species towards the Hg-X bonds are the 
M(CO),(NN) fragments. 

RESULTS AND DISCUSSION 

The only known complex of the type 
M(CO),(NN)L (M = MO, W; NN = bipy, phen) 
in which L is thiourea is the Mo(CO), 
(NN)(thiourea)6*‘o procedure prepared by Houk 
and Dobson.6 In this work the above synthesis 
route was modified, using less drastic conditions, 
introducing the thioureas through a substitution 
reaction in the complex M(CO)3(NN)(CH3CN),6 
by refluxing in methanol. 

The reaction of the complexes M(CO),(NN) 
(thioureas) with mercury halides, HgX, (X = Cl, 
Br, I), in the molar ratio l/l or more in acetone 
gave, in all cases, complexes of the formula [M 
(CO),(NN)],HgX,. Nevertheless, in some cases the 
quoted reaction products were obtained contami- 
nated with the mercury thiourea compounds, HgX, 
(thiourea)2. 

The new compounds are air stable, orange or red 
colored microcrystalline solids, but they undergo 
rapid decomposition on exposure to sunlight or on 
heating, as manifested by mercury deposition. They 
are insoluble in non-polar organic solvents and very 
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slightly soluble in methanol or acetone. In DMFA 
no conductivity was detected, but an increase with 
the time was observed probably due to the dis- 
placement of the halide by the solvent. ’ * 

When the reaction was carried out in the presence 
of a large excess of the mercury halide, the seven- 
coordinate metal complexes M(CO),(NN)(X) 
(HgX) were precipitated. These have been pre- 
pared by other authors’3”4 through the reaction 
of HgX2 with the tetracarbonyls M(CO),(NN). 
The crystal structure of one of them, Mo(CO), 
(bipy)(Cl)(HgCl), shows the presence of the 
Mo-HgC1 and MoCI bonds. I5 

The IR spectra of the compounds [M(CO), 
(NN)],HgX, reveals the absence of the thioureas 
but the presence of the bipy and phen. The position 
of these latter bands show no significant differ- 
ences compared to those of the parent complex 
M(CO),(NN)(thioureas). 

The CO stretching region (Table 1, compounds 
1-12) shows two strong absorptions ; that of lower 
frequency is broad and in some cases split into two. 
Furthermore, no significant displacements of their 
positions occur by changing the halide. On the other 
hand, in the [M(CO),(NN)(X)(HgX)J complexes 
these bands are shifted to higher frequencies. ‘3S’4 A 
similar behaviour was observed in comparing the 

complexes [(q-C,HJM(CO),],Hg and (@ZSH5) 
M(CO),(HgX), which are connected by an ex- 
change process with HgX2.16 

Accordingly, these antecedents permit us to sug- 
gest the existence of a new tricarbonyl complex 
system related by the reaction : 

There are two possible structures for the halides 
[MWMNNM-kJb : DW~MW12HgX2 or 
[M(CO),(NN)(X)],Hg. In both situations M-Hg- 
M bonding would be present and the mercury atom 
would have a coordination number of four in the 
first case and of two in the second one. Nevertheless, 
in related compounds co-ordination numbers higher 
than two for the mercury atom were not observed. ’ 6 
Hence, the second possibility seems to be more 
plausible. Moreover, in this way the seven-coordi- 
nate metal atom would reach the inert gas con- 
figuration. 

With the above discussion, the structure for the 
complexes [M(CO),(NN)(X)],Hg implies the exis- 
tence of the X-M-Hg-M-X system. Hence, it seems 
reasonable to interpret the mechanism of formation 
of these compounds as the insertion of the fragment 

Table 1. Analytical and infrared spectra for the complexes [(X)(NN)(CO),M-Hg-M’(CO),(NN’)O()] 

Compound 
Analysis (%) 

x NN M M’ NN C H N v(CO)b 

1” Cl bipy 
2 Br 
3 I 
4 Cl phen 
5 Br 
6 I 

7 Cl bipy 
8 Br 

9 I 
10 Cl phen 
11 Br 
12 I 

13 Cl bipy 
14 Cl bipy 
15 Cl bipy 
16 Cl phen 
17 Cl phen 
18 Cl phen 

MO MO by 

MO MO phen 

w w bipy 

w w phen 

w w 
W MO 
W MO 
W MO 
W MO 
MO MO 

phen 

bipy 
bipy 
phen 

bipy 

33.4(33.1) 
30.1(30.2) 
28.1(27.7) 
35.9(36.3) 
33.2(33.3) 
30.9(30.7) 
27.6t27.9) 
25.9(25.8) 
24.1(24.0) 
30.7(30.9) 
28.7(28.7) 
26.6(26.7) 
29.3(29.4) 
32.2(31.9) 
30.3(30.3) 
31.7(31.9) 
33.4(33.4) 
34.9(34.7) 

1.9(1.7) 
1.5(1.6) 
1.6(1.4) 
1.8(1.6) 
1.7(1.5) 
1.6(1.4) 
1.5(1.4) 
1.3(1.3) 
1.2(1.2) 
1.5(1.4) 
1.4(1.3) 
l.l(l.2) 
1.3(1.4) 
1.6(1.5) 
1.5(1.6) 
1.6(1.5) 
1.4(1.5) 
1.8(1.7) 

6.1(5.9) 1938, 1833 
5.5(5.4) 1940, 1832 
4.9(5.0) 1939, 1830 
5.7(5.6) 1933, 1837 
5.3(5.2) 1940, 1823 
4.9(4.8) 1930, 1818 
Kl(5.0) 1936, 1824 
4.7(4.6) 1935, 1820 
4.2(4.3) 1937, 1822 
4.9(4.8) 1939, 1826 
4.5(4.5) 1934, 1823 
4.2(4.1) 1940, 1825 
4.8(4.9) 1932, 1825 
5.4(5.3) 1934, 1822 
5.5(5.4) 1937, 1826 
5.2(5.3) 1929, 1817 
5.3(5.2) 1936, 1816 
5.8(5.8) 1935, 1820 

u Required values are given in parentheses. 
b Nujol mulls, in cm- ‘, all bands are strong. 
’ Compound prepared before ; see ref. 8. 
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M(CO),(NN) between the atoms of the Hg-X 
bond : 

M(CO),(NN)L+X-Hg-X 

= M(C0) ,(NN)(X)(Hg - X) + L (2) 

M(C0) ,(NN)L + M(C0) ,(NN)o<)(Hg - X) 

= ]M(CO) dNWOC)I ,Hg + L. (3) 

The concept of the insertion behavior of the 
groups M(CO),(NN) enabled us to isolate a series 
of new asymmetric trimetallic M-Hg-M’ com- 
plexes just based in the eqn (3) (M’ = MO, W; 
NN’ = bipy, phen) : 

M(CO),(NN)L+M’(CO),(NN’)(Cl)(HgCl) 

= (Cl)(NN)(CO),M-Hg-M’ 

-(CO),(NN’)(Cl) + L. (4) 

The IR spectra of these asymmetric trimetallic 
complexes (Table 1, compounds 13-18) do not 
show any noticeable difference with those of the 
symmetric ones, except in the fact of the simul- 
taneous appearance of the bands of the bipy and 
phen ligands. 

In addition, the insertion fragment M(CO)3NN 
was made to react with the complex Fe(CO), 
(HgC1)2,‘7 yielding [M(CO),(NN)(Cl)],Hg and the 
polymeric [HgFe(CO)&. This result may be ex- 
plained by the insertion between the Hg-Cl bonds, 
giving an unstable complex in which Hg(1) dispro- 
portionates. 

The behavior of the system under study showed 
that the thioureas are good leaving ligands, but they 
can cause contamination of the reaction products. 
This prompted us to find a clean source of 

M(C0) ,(NN) fragments, and so the 
M(CO),(NN)(CH,CN) complexes achieved suc- 
cessfully all the requirements. 

EXPERIMENTAL 

All the reactions were carried out under nitrogen 
and with de-aerated solvents. The compounds 
M(CO),(NN)(CH,CN) (M = MO, W; NN = bipy, 
phen)’ and M(CO),(NN)(X)(HgX)‘39’4 were pre- 
pared by similar methods to those described in the 
literature. Mercury salts and substituted thioureas 
(e.g. thiourea, N-methylthiourea, N,N-dime- 
thylthiourea, N-phenylthiourea, N,N-dimethyl N’- 
phenylthiourea, tetramethylthiourea) were of com- 
mercial origin and used without further puri- 
fication. The M(CO),(NN)(thioureas) compounds 
were characterized by their elemental analysis and 
their IR spectra. The shapes and positions of these 

latter bands are in agreement with literature data 
for sulphur bonded ligands.6 The IR spectra were 
obtained using a Perkin-Elmer 577 spec- 
trophotometer. The conductivity was measured at 
room temperature in DMFA with a direct lecture 
L. Pus1 instrument. 

Synthesis of[M(CO),(NN)(X)IzHg (X = Cl, Br, I) 

These compounds were synthesised by reaction 
of the complexes M(CO),(NN)L (L = thioureas or 
acetonitrile) and HgX, in acetone. All these sub- 
stances were either orange or red colored micro- 
crystalline solids. The following synthesis is 
described as a typical one. 

[Mo(CO),(bipy)(Cl)],Hg : A solution of MO 
(CO),(bipy)(tetramethylthiourea) (0.241 g ; 0.51 
mmol) and HgClz (0.70 g; 0.25 mmol) in 10 cm3 
acetone was vigorously stirred in the dark for 30 
min. The solution became yellowish and an 
orange precipitate was formed. It was then filtered 
and washed 3-4 times with 5 cm3 portions of 
acetone. 0.14 g of an orange colored microcrys- 
talline solid were obtained. The results of the 
elemental analysis are presented in Table 1. 

Synthesis of [(C1)(NN)(CO)3M-Hg-M’(CO)3 
(NN’)(Cl)] (M’ = MO, W ; NN’ = bipy, phen) 

The general procedure was the addition of 
half of the stoichiometric quantity of solid 
M’(CO),(NN’)(Cl)(HgCl) to a solution of 
M(CO),(NN)(CH,CN) in acetonitrile. All these 
reaction products were orange-red colored micro- 
crystalline solids. The following reaction is given as 
an example. 

[(Cl) (bipy) (CO) 3 Mo-Hg-W (CO) 3 (bipy) (Cl)1 : 
W(CO),(bipy)(Cl)(HgCl) (0.14 g ; 0.2 mmol) was 
added to a freshly prepared solution of Mo(CO), 
(bipy)(CH,CN) (0.15 g ; 0.4 mmol) in acetonitrile 
and was vigorously stirred for 2 h. The orange-red 
precipitate was filtered and washed 3-4 times with 
5 cm3 portions of acetonitrile and finally with 
acetone. 0.15 g of the microcrystalline compound 
was obtained. The elemental analysis of these com- 
pounds are given in Table 1. 
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Abstract-The mononuclear complexes [M(CO),(CH~E),CH4_,] (n = 2, M = Cr and W, 
E=SandSe;n=3,M=CrandW,E=S;n=4,M=Cr,E=S)havebeensynthesized 
and characterized. In addition to the facile atomic inversions of the metal co-ordinated 
sulphur and selenium atoms, there are intramolecular 1,3-metallotropic shifts among all 
the available co-ordination sites on each ligand. From dynamic NMR studies activation 
energies have been determined for these metal commutations. 

The metal complexes of organosulphur and sel- 
enium ligands have been shown to possess a striking 
array of fluxional phenomena. ’ Cyclic sulphide 
ligand complexes of pentacarbonyl-chromium, 
-molybdenum and -tungsten have been observed to 
undergo 1,3-metallotropic shifts,2-5 as also have the 
complexes of the acyclic 2-selena-4-thiapentane.6 
We have now sought to extend the complexity of 
these motions by presenting to metal pentacarbonyl 
moieties the opportunity to commute over either 
two, three or four isosteric sulphur atoms in the 
ligands bis(methylthio)methane, (CH&CH2, tris- 
(methylthio)methane, (CH3S),CH, and tetrakis 
(methylthio)methane, (CH,S)&, and between 
two selenium atoms in bis(methylseleno)methane 
(CH3Se&H2. We report herein the synthesis and 
characterization of pentacarbonylmetal derivatives 
of these ligands. These complexes all display 1,3- 
metal chalcogen shifts, and we have determined 
accurate energy barriers for all of these processes 
utilizing well developed spectral line-shape analysis 
techniques. 7 

* Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Materials andpreparations 

Metal hexacarbonyls were used directly as 
obtained commercially. (CH3S)2CH2,8 (CH3S)3 

CH,’ (CH&Cg (CH3Se)2CH2,10 [(C2HJ3Ql+ 
BF; ” and [WBr(CO),]-N(C,H,): ” were pre- 
pared as previously reported. All reactions and 
purification procedures were carried out under 
nitrogen. 

Pentacarbonylbis (methylthio) methanetungsten (0) 
[(CO)SWS(CH3)CHzSCH3]. Tetraethylammonium 
bromopentacarbonyltungstate (1.32 g, 2.91 mmol) 
and bis(methylthio)methane (0.36 g, 3.3 mmol) 
were dissolved in dichloromethane (5 cm3). A solu- 
tion of triethyloxonium tetrafluoroborate, 
(C,HJ30BF4 (0.57 g, 3.00 mmol) in dichlo- 
romethane (2 cm3) was added with stirring causing 
an immediate clearing of the cloudy solution, and 
a change of colour to light orange. Solvent was 
removed under reduced pressure to leave a yellow 
residue which was extracted with hexane (2 x 30 
cm3). The combined hexane extracts were filtered 
through a medium glass frit, reduced in volume 
(low pressure) at 20°C and then left at -20°C for 
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Table 1. Characterization of the complexes [M(CO),L], M = Cr or W and L = (CH&CH2, (CH3Se)&H2, 
(CH,S)&H and (CH&C 

Elemental analysis (%) 
C H I.R. data v(C0) cm- ’ 

Complex Colour Yield F$ Calc. Obt. Calc. Obt. (Hexane solution) 

[W(CO),(CH,S),CHZI orange 67 56 22.2 22.1 1.9 1.7 
[Cr(CO)s(CH&CHZI yellow 71 42 32.0 31.8 2.7 2.6 2080 w, 1948 m, 1944 sh 
[wW%(CH,~WHl orange 43 44 22.6 22.0 2.1 1.9 
[Cr(CO) 5(CH $) &HI yellow 31 oil 31.2 32.0 2.9 3.2 2065 w, 1944 m, 1935 w 
DWW~H3%~l yellow 28 dec. 30.4 29.9 3.1 3.2 2075 w, 1953 m, 1935 w 
W(COWH3W2CW yellow 54 73 16.6 16.4 1.4 1.5 
KWOMCH&WI-U yellow 58 46 21.7 22.2 1.8 1.9 2063 w, 1945 m, 1935 w 

three days to produce yellow crystals of [(CO),WS- 
(CH,)CH2SCH3] (0.84 g, 1.9 mmol) (67% yield). 

Pentacarbonyltungsten and pentacarbonyl- 
chromium complexes of (CH&CH2, (CH$e), 
CH2, (CH&CH and (CH,S),C were all prepared 
in analogous ways and are characterized in Table 
1. 

NMR spectra. All of the compounds studied were 
sensitive to decomposition by air in solution, hence 
solutions were made up in standard 5 mm bore 
tubes with Taperlock joints (Wilmad Glass Co. 
Inc.). Reference material and solvent were distilled 
under vacuum onto the sample, and tube and con- 
tents were subsequently flushed with nitrogen. 
Variable temperature ‘H NMR spectra were re- 
corded using a JEOL PS/PFT-100 spectrometer 
operating at 100 MHz. Sample temperatures were 
controlled by a standard JES-VT-3 accessory and 
measured with a digital thermometer (Comark 
Ltd). Temperatures recorded are accurate to at least 
+ 1°C over the reported range. NMR bandshape 
analyses were carried out as described I3 previously. 

RESULTS 

’ H NMR studies 

[M(CO),(CH,E),CH,] complexes, M = Cr and 
W, E = S and Se. The NMR spectra of all four of 
these complexes (Table 2) consist of three separate 
signals with integrated peak intensities of 2 : 3 : 3. 
This would be the anticipated spectrum for such 
compounds with a methylene group along with one 
metal co-ordinated methylthio/seleno group and 
one pendant methylthio/seleno group as in Fig. 1. 
As illustrated, however, the two protons of the 
methylene group should be anisochronous due to 
the chiral nature of the co-ordinated sulphur/ 
selenium atom. In view of the extensive data al- 
ready reported on inversion barriers in sulphur/ 
selenium co-ordinated metal pentacarbonyls it is 
reasonable to assume that rapid inversion about 
the co-ordinated pyramidal sulphur/selenium atom 
is causing equilibration of the protons in the pro- 
chiral methylene group. On cooling the solutions 

Table 2. Room temperature ‘H NMR chemical shifts” for M(CO),L complexes, M = Cr or W and L = 
(CH$)&H,, (CH,Se)K!H, (CH&CH and (CH,S),C 

Complex 

[W(CO),(CH,S),CHZI 
[WCOMCH3%CW 
[w(CO),(CH&CHl 
PWMCW%CHl 
lCr(CO)&H&Cl 
l?WW5(CH3W2CH21 
]Cr(CO)S(CHXSe)&HZ1 

‘Relative to (CH,),Si. 

&CH 2) 

3.83 
3.62 

3.84 
3.66 

S(CH) 

4.45 
4.45 

G(SCHJ 6(M + SCH,) G(SeCH,) 6(M + SeCH,) 

2.27 2.72 
2.22 2.39 
2.22 2.70 
2.28 2.48 
2.29 2.61 

2.18 2.59 
2.15 2.34 
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Fig. 1. [M(CO),(CH,S),CH,], illustrating the pendant 
CH$ group and the prochiral methylene group of the 

ground state. 

of the complexes [M(CO),(CH,Se),CH,], M = Cr 
and W to - 60°C the room temperature methylene 
singlet resolves to the expected AB quartet with 
the slowing/cessation of inversion about the co- 
ordinated selenium atom. We were, however, un- 
able to bring about the geminal proton chemical 
shift distinction at reduced temperature for the com- 
plexes [M(CO),(CH,S),CH,]. This may be attribu- 
table to either (or both) of the following reasons : 
(i) accidental chemical shift degeneracy, or (ii) still 
rapid equilibration of proton environments by sul- 
phur atom inversion. Despite our best efforts, we 
have been unable to resolve these protons, but we 
still believe co-ordinated chalcogen atom inversion 
to be one of the fluxional characteristics of each of 
these complexes. 

On recording NMR spectra at above room tem- 
perature, lineshape changes become evident at 
about 70°C whence the two methylthio/seleno sig- 
nals in each complex are observed to broaden and 
proceed towards coalescence at ca 120°C. The 
absence of inter-broadening of complexed ligand 
and free ligand signals, or any concentration effects 
on the bandshape indicate that an intramolecular 
process is responsible for the observed methyl equi- 
librations. This we interpret as a shuttling of the 
metal between two chalcogen atoms as depicted in 
Fig. 2. The exchange broadened SMe/SeMe band- 
shapes due to this 1,3-shift process may be simu- 

Fig. 2. 1,3-Metal commutation illustrated for the complex W(COMCH,%CHJ 

H3C 
‘\ 

; ,CH3 

‘s-‘Cts 

1 ,C” ‘H 

Table 3. Free energy of activation for 1,3-metallotropic 
shifts in the complexes [M(CO),L] 

Complex 

WWMCH,%CHl 
l?VC%(CHs%CHJ 
tCrWMCH&W 
[w(CO),(CH ,S) Q.-II 
tWW5(C~3%Cl 

AC *(298)/kJmol- ’ 

84.3 f 0.8 
85.8 f0.5 
72.9 +0.5 
78.6+2.5 
67.0 + 3.7 

lated as a simple 2-site exchange problem with no 
scalar coupling. 

Due to the high temperatures required for obser- 
vation of the phenomenon, some complexes under- 
went partial decomposition, and consequently the 
recorded spectra were not always ideal for computer 
simulation. Only cases where the spectral fittings 
produced reliable values of AG * for the 1,3-com- 
mutation process are reported in Table 3. 

The graph diagram in Fig. 3 illustrates inter- 
change pathways by atomic inversion and by 1,3- 
shift for the four co-ordination topomers of the 
complexes [M(CO),(CH,E),CH,]. 

[M(CO),(CH,S),CH] complexes, M = CrundW. 
The NMR spectra of these two complexes (Table 
2) consist of three separate signals with integrated 
peak intensities 1: 3 : 6 corresponding to methine, 
ligand co-ordinated methylthio and two unco-ordi- 
nated methylthio groups respectively. It can be 
assumed, at room temperature, that metal co-ordi- 
nated sulphur atom inversion is rapid, thus ren- 
dering the potentially anisochronous unco- 
ordinated methylthio groups equivalent. Between 
60 and 110°C the signals of the co-ordinated and 
unto-ordinated methylthio groups coalesce with an 
absence of any exchange with the signal of the free 
ligand present in solution. This observation is the 
result of intramolecular commutation of the metal 
pentacarbonyl moiety among all three methylthio 

oc -lit-co 
oc/I 

0” 

\ 

“,C, 
‘\ 

L 

0 
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Fig. 3. Graph diagram illustrating the four topomers of 
[w(CO),(CH,S),CHd and their exchange pathways. 

groups of the ligand. This results in a total of six 
possible topomers, and Fig. 4 illustrates how each 
topomer may access four others by the 1,3-metal- 
lotropic shift and the other by sulphur atom inver- 
sion. Simulation of the spectra was straightforward 
as the rapid sulphur inversion rendered the spin 
problem for the exchanging methylthio groups as 
A Z$ BZ, and the energy barriers so obtained are 
recorded in Table 3. 

[Cr(CO),(CH,S),C]. Pure samples of [w(CO), 
(CH,S),C] could not be obtained, but we were 
able to prepare, characterize and investigate the 
chromium analogue fully. The NMR spectrum 
shows a 1 : 3 signal ratio in its methylthio region, 
resulting from one only of the four methylthio 
groups being co-ordinated to the chromium penta- 
carbonyl moiety. The temperature collapse of the 
methylthio signals indicates the onset of the intra- 
molecular 1,3-metallotropic shift which moves the 
chromium pentacarbonyl group over the surface of 
the ligand. The eight sites of attachment yield the 
eight topomers of this species. The graph diagram 
of Fig. 5 illustrates their interconversion pathways 
either by sulphur atom inversion or by 1,3-metal 
commutation. 

DISCUSSION 

1,3-Metallotropic shifts have been extensively 
reported2-5 for cyclic ligands, and the cor- 

A M:s 
- Inversion 

----- 1,3-shift 

Fig. 4. Graph diagram illustrating the six topomers of 
[M(CO),(CH,S),CH] and their exchange pathways. 

Nok refer to the 
lone poir bonded to 
the metol in 
C(OC), M C(SMe!, 1 

- Inversion 

-_-- 1,3-shift 

Fig. 5. Graph diagram illustrating the eight topomers of 
[M(CO),(CH,S),C]. Numbers at the cube comers iden- 
tify the topomer corresponding to the metal penta- 
carbonyl moiety co-ordinated at the corresponding 
numbered position on the ligand illustration. It is not 
possible in such a graph digram to give identical processes 
the same geometrical values. Thus all edges and face- 
diagonals represent 1,3-commutations and the remaining 
trans-cube diagonals represent interchange of topomers 

by ligand atom inversion. 
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responding process in the acyclic 2-selena-4-thi- the decreasing activation energy for the 1,3 shifts 
apentane has been studied.6 Now, the complexes with increasing methylthio groups is due to steadily 
reported herein have either two, three or four com- increasing ground state energies in [M(CO), 
pletely identical ligand sulphur/selenium atoms for (M%CH21, [WWOWdJHl and MW5 
co-ordination to a metal pentacarbonyl moiety in (MeS),C] rather than changes in the transition 
an acyclic ligand. state energy. 

In all cases we observe temperature variable ‘H 
NMR spectra which we associate with 1,3 metal 
commutation between all available co-ordination 
sites on the molecule. In all species we find the 
rates to be independent of concentration. This fact 
coupled with an absence of any exchange between 
the signals of complexed ligand and free ligand, 
suggest a completely intramolecular process. In the 
transition state we envisage the M(C0)5 moiety as 
being equally bonded to the two methylthio/seleno 
groups between which it commutes. In such an 
intermediate, the metal may be thought of as pseudo 
seven co-ordinate and as such be stereochemically 
non-rigid, with a resultant possibility for scram- 
bling of the carbonyl groups. A recent report I4 on 
the 1,Zmetallotropic shifts of metal pentacarbonyls 
on organic disulphides, however, indicates that in 
these commutations the M(C0)5 group remains 
rigid, with non-exchanging axial and equatorial car- 
bony1 groups. The stereochemistry of the M(C0)5 
moiety in a wide range of 1,3-commutations in both 
cyclic and acyclic ligands is now under investi- 
gation, and will be reported later. 
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Abstract-A magnesium-aluminum product, which can be used to form spinel, is prepared 
by the simultaneous hydrolysis of magnesium acetylacetonate and aluminum isopropoxide. 
Infrared spectrum and X-ray diffraction analyses show that the product is a magnesium 
substituted y-alumina-like amorphous material. Spine1 is formed slowly at x 700-1250°C 
at a heating rate of 10°C mm-‘. A marked increase in crystallite size occurs between 1100 
and 1200°C. Spine1 powders consist of aggregates of plate-like particles. The kinetics of 
crystallization of spine1 have been studied by X-ray measurements. The initial stage at each 
temperature proceeds rapidly in a short time. The final stage can be described in terms of 
the contracting square equation 1 - (1 -f)“’ = kt, the activation energy being 164 kJ mol- ‘. 

Magnesium aluminate spine1 MgA1204 is usually 
prepared by solid state reaction between MgO and 
A1203. Preparation conditions require heating for 
100 h at 1302°C even when submicron reactants are 
used. ’ In contrast, chemical methods2-7 permit 
the preparation of spine1 at lower temperatures. 
Bratton2,3 showed that the coprecipitate prepared 
from aqueous solutions of MgCl, * 6H20 and 
AlCl, * 6Hz0 by ammonium hydroxide was an inti- 
mate mixture of 2Mg(OH)2.Al(OH)3 and gibbsite 
AI(O Sugiura and Kamigaito7 reported that 
the hydrolysis products of magnesium aluminum 
double alkoxide MgA12(0C3H& depended on the 
atmosphere ; thus, under inert gas, an AlO 
boehmite-like compound was formed, but in air, a 
variety of compounds were formed because of the 
influence of carbon dioxide. However, no kinetic 
study of the formation of spine1 has been carried out 
using the specimens prepared by chemical methods. 

In the present study, the simultaneous hydrolysis 
product of magnesium acetylacetonate and alumi- 
num isopropoxide was amorphous. The present 
paper deals with the formation of spine1 from metal 
organic compounds. 

* Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Magnesium acetylacetonate Mg(C ,H 702)2 
(> 99% pure) as-received was dissolved in 2-pro- 
panol. Aluminum isopropoxide Al(OC,H,), was 
synthesized by heating 99.9% aluminum metal in an 
excess of analytical-grade 2-propanol with mercury 
(II) chloride (10e4 mol/mol of metal) as a catalyst 
for 10 h at 82°C.’ The mixed solution prepared in 
the mole ratio Mg*+ : 2A13+ was refluxed for 10 h 
and then hydrolyzed at room temperature in air by 
adding drops of ammonia water (28%) with 
stirring. After the termination of dropping, the 
resulting suspension was further stirred for 30 min 
at room temperature. The hydrolysis product was 
separated from the suspension by filtration, washed 
10 times in conductivity water, and dried at 80°C 
under reduced pressure. The powder obtained is 
termed “starting powder”. 

Thermal analyses (TG, DTA) were conducted in 
air at a heating rate of 10°C min- ’ ; a-alumina was 
used as the reference for the DTA. The starting 
powder and specimens heated at a rate of 10°C 
min- ’ and then quenched were examined by X-ray 
diffraction using Ni-filtered CuKcl radiation. The 
kinetics of crystallization of spine1 were followed by 
X-ray measurements. The starting powder was pre- 
heated as will be described. The specimens were 
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placed in an electric furnace equipped with a tem- 
perature regulator, heated for the desired time, and 
then quenched rapidly to room temperature. The 
fraction of crystallization was determined from 
the intensity ratio of the spine1 line (311) to the 
spine1 +CaF, line (220) as an internal standard, 
using a calibration curve prepared with known 
compositions. Powders for electron microscopic 
observation were dispersed in amyl acetate by 
an ultrasonic treatment for 5 min. The dispersed 
drops were dried on carbon film, and observed 
under a 35 keV beam. Infrared spectroscopy was 
performed on a dispersion in potassium bromide 
using the pressed-disk technique. 

RESULTS AND DISCUSSION 

Characterization of starting powder 

X-Ray diffraction analysis showed that the start- 
ing powder was amorphous. The average particle 
size, determined by electron microscopy, was z 60 
nm (Fig. 1). Figure 2(A) shows the IR spectrum of 
starting powder. The absorption bands at 3450 
and 1630 cm-’ are due, respectively, to the O-H 
stretching and bending vibrations of H209 and, on 
the preparation history, represent adsorbed water 
and water of hydration. The bands resulting from 
CO:- stretching vibrations were present at 1545, 
1415 and 1055 cm- ’ ;I0 this is probably due to CO2 
absorbed in the aqueous ammonia. Two main spec- 
tral bands for ammonia (gas, solid) are located in 
the vicinity of 3380 and 1640 cm-‘.“,” They may 
be overlapped with the bands due to water described 
above. No bands due to NH,f were observed. 
According to the Deo et al. I3 data for 2-propanol 
adsorbed on y-alumina, six bands are located at 
2960,2930,2870, 1465, 1170 and 650 cm- ‘. There- 
fore, the bands at 2925,2850,1465 and 1160 cn- ’ 
must be assigned, as shown in Fig. 2(A), by ref- 
erence to their data. The spectrum pattern below 
1000 cm-’ is similar to that of y-alumina* (spinel- 
type structure) shown in Fig. 2(B). On the basis of 
the y-aluminaI data, a broad band at 530 to 845 
cm-’ in starting powder is assigned to the Al-0 
stretching vibration. From the results of X-ray 
diffraction, no species other than spine1 were 
observed throughout the heating process. Thus, it 

Fig. 1. Scanning electron micrograph for starting 
powder. 

can be considered that the starting powder is Mg’+- 
substituted y-alumina-like amorphous containing 
water, ammonia, 2-propanol, and carbon dioxide. 

Thermal analysis 

Thermogravimetric examination of starting pow- 
der showed that the weight decrease was essentially 
completed at 540°C [Fig. -3(A)]. This can be attri- 
buted to the release of ammonia, water and organic 
residues from the parent alcohol. In addition, the 
weight decrease of 2.5% was recognized at 540- 
900°C ; IR spectrum data suggested the release of 
water and carbon dioxide. A DTA curve is shown 
in Fig. 3(B). Except for an endothermic peak due 
to the release of ammonia and water, and an exo- 
thermic peak to the combustion of organic residues, 
no peak due to the crystallization of spine1 was 
clearly detected in the DTA, although it was 
observed above z 700°C as will be described. 

Formation of spine1 

* Boehmite gel, prepared by the hydrolysis at room 
temperature of aluminum isopropoxide using con- 
ductivity water, was heated to 900°C at a heating rate of 
lO”C/min. 

Figure 4 shows the X-ray diffraction patterns of 
specimens with increasing temperature. The start- 
ing powder did not change up to 650°C. The (3 11) 
and (400) lines for spine1 began to appear after 
heating at 700°C. Other lines were recognized when 
heated at 800°C. The intensity of the lines increased 
gradually with increasing temperature. Well-crys- 
tallized spine1 was obtained by heating at 1250°C. 
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Fig. 2. Infrared spectra for (A) starting powder and (B) y-Alz03. 
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Fig. 3. (A) TG and (B) DTA curves for starting powder. 
Fig. 4. X-ray diffraction patterns for specimens heated at 

(A) 700, (B) 1000, (C) 1100 and (D) 1250°C. 
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Fig. 5. Infrared spectral patterns for 
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specimens heated at (A) 700, (B) 1000, (Cl 1100 and (D) 1250°C. 

The infrared spectral patterns of specimens 
heated to various temperatures are shown in Fig. 5. 
In accordance with the results of X-ray diffraction, 
IR spectrum data indicated that the characteristic 
bands of spine1 at 690 and 525 cm- ’ come to appear 
at 700°C ;I5 however, the specimen contained car- 
bon dioxide. The intensity of both bands increased 
with further increase in the heating temperature. 
The characteristic pattern of spine1 with a shoulder 
at 765 cm- ’ was observed above 1100°C. 

From the above mentioned results, the crys- 
tallization of spine1 was found to proceed slowly at 
z 70&l 250°C. The variation of crystallite size with 
increasing temperature was determined from X-ray 
line-broadening measurements. I6 The formula 
D = KA/j? cos 9 was used, where D is the mean crys- 
tallite dimension, K the crystalline-shape constant, 
1 the X-ray wavelength, j? the corrected line 
breadth, and 0 the Bragg angle. A spine1 standard, 
which was prepared by solid state reaction between 
MgO and A1203 for 12 h at 15OO”C, was used to 
obtain unbroadened line widths of the (311) and 
(400) reflections. A mean crystallite size was cal- 

culated by using an averaged broadening i?i2 
defined as & where fi, = B-b and j?$ = 
B2- b2 ; B is the width of a broadened line and b 
is the width of a standard line. Figure 6 shows the 
curve for crystallite growth of the spine1 powders. A 
marked increase in crystallite size occurred between 
1100 and 1200°C. Spine1 powders consisting of 
aggregates of plate-like particles are shown in Fig. 
7 ; the morphology is in agreement with that of 
particles reported. ‘9’ The lattice constant of spine1 
obtained by heating for 3 h at 1250°C was estimated 
as a = 0.8084 nm, comparing with the value of a 
standard (a = 0.8083 nm)’ prepared by solid state 
reaction between MgO and A1203. 

Kinetics of crystallization of spine1 

The fraction of crystallization of spine1 was deter- 
mined as a function of time at different tempera- 
tures. The starting powder had been heated pre- 
viously up to 540°C at a rate of 10°C min- ‘. A well- 
crystallized specimen was obtained by heating the 
starting powder for 3 h at 1250°C. As shown in 
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Fig. 6. Crystallite size of spine1 with increasing tem- Fig. 8. Isotherms for crystallization of spine1 at (0) 960, 
perature. (0) 1020, (a) 1100 and (a) 1160°C. 

Fig. 8, the initial stage of crystallization at each 
temperature proceeded rapidly in a short time ; this 
may represent the process of nucleation. The data 
in the final stage can be described in terms of the 
contracting square equation (1) ” (Fig. 9) : 

1 -(l-f)“’ = kt (1) 

Fig. 7. Scanning electron micrograph for spine1 powder. 

0 
0 20 40 60 80 100 * 

wheref, t and k are the fractional crystallization, 
time, and rate constant, respectively. Equation (l), 
which has been employed to explain the kinetics of 
thermal decomposition of solids, is equivalent to 
one of the limiting forms of the Mampel equation. ‘* 
In the present case, it indicates that crystallization 
is controlled by the rate of advance of interfacial 

0.7 - 
- 0.9 

0 20 40 60 80 100 120 

Fig. 9. Plots of 1 -(I -f)“* vs time t of the data shown 
in Fig. 8. fis the fraction of spine1 crystallized in time t. 

See Fig. 8 for key. 
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growth. An Arrhenius plot of the rate constants 9. 
gave an activation energy of 164 kJ mol- ‘. 
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4. 

5. 
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8. 

10. 

REFERENCES 
11. 

J. Beretka and T. Brown, .I. Am. Ceram. Sot. 1983, 
66,383. 12. 
R. J. Bratton, Am. Ceram. Sot. Bull. 1969,48, 759. 
R. J. Bratton, Am. Ceram. Sot. Bull. 1969,48, 1069. 13. 
M. Dimitrov and I. Bakalova, God. Vissh. Khimi- 
korekhnol. Inst., Sofia 1971, 16, 171. 14. 
D. R. Messier and G. E. Gazza, Am. Ceram. Sot. 15. 
Bull. 1972, 51, 692. 16. 

P. W. D. Mitchell, J. Am. Ceram. Sot. 1972,55,484. 
M. Sugiura and 0. Kamigaito, Yogyo Kyokai Shi 
1984, 92, 605. 17. 

0. Yamaguchi, K. Sugiura, A. Mitsui and K. 
Shimizu, J. Am. Ceram. Sot. 1985,68, CM. 18. 

M. L. Hair, Infrared Spectroscopy in Surface Chem- 
istry, p. 198. Marcel Dekker, New York (1967). 
M. P. Rosynek and D. T. Magnuson, J. Catal. 1977, 
46,402. 
R. D. Waldron and D. F. Homig, J. Am. Chem. Sot. 
1953,76, 6079. 
M. M. Mortland, J. J. Fripiat, J. Chaussidon and J. 
Uytterhoeven, J. Phys. Chem. 1963,67,248. 
A. V. Deo, T. T. Chuang and I. G. D. Lana, J. Phys. 
Chem. 1971,75,234. 
G. A. Dorsey, Jr., Anal. Chem. 1968,40,971. 
P. Tarte, Spectrochim. Acta 1967,23A, 2127. 
N. F. M. Henry, H. Lipson and W. A. Wooster, 
Interpretation of X-Ray Dzpaction Photograph, p. 
212. Van Nostland, New York (1951). 
J. S. Sharp, G. W. Brindley and B. N. N. Achar, J. 
Am. Ceram. Sot. 1966,49,379. 
K. L. Mampel, Z. Phys. Chem. Abt. A 1940,43,235. 



Polyhedron Vol. 6, No. 9, pp. 1797-1802, 1987 
Printed in Great Britain 

0277-5387/87 $3.00+.00 
0 1987 Pergamon Journals Ltd 

THE DIMERIZATION OF 
DIPHENYL(CYCLOPENTADIENYL)PHOSPHINE 

DIELS-ALDER ADDITION 
LIGANDS BY 

GREGORY G. GARVIN, TIMOTHY J. SLOAN and RICHARD J. PUDDEPHATT” 

Department of Chemistry, University of Western Ontario, London, Canada N6A 5B7 

(Received 5 March 1987 ; accepted 10 April 1987) 

Abstract-Reaction of diphenyl(cyclopentadienyl)phosphine, 1, with [PdCl,(PhCN),], 
[PtCl,(SMe&] or [M(CO),(norbornadiene)], where M = MO or W, gave the complexes 
[PdCl*{(Ph2P)2C,,H,,}l, [PtClz{(PhzP)lC1oHIO}l or [M(CO)q{(Ph2P)*C,0H,0}l rev= 
tively, in which the ligand underwent dimerization by Diels-Alder addition. The reaction 
occurs in a very selective way and this is rationalized in terms of a template effect, in which 
two ligands 1 in mutually cis positions undergo the Diels-Alder reaction. In contrast, the 
complex [Fe(CO),(Ph,PCsH,)] is stable to Diels-Alder addition. The structures of the 
complexes were deduced by ‘H, 13C and 31P NMR spectroscopy. The major product 
contains a six-membered chelate ring while a minor product, formed in the palladium and 
platinum systems only, contains a five-membered chelate ring. 

Cyclopentadienyldiphenylphosphine, 1, has been 
shown to exist as a mixture of isomers la (85%) 
and lb (15%), with none of the third possible isomer 
lc. Exchange between la and lb was shown to be 
slow on the NMR time scale at room temperature. ’ 

Ph,P 
-0 \I 

la lb lc 

The phosphine 1 did not undergo dimerization 
by Diels-Alder addition of cyclopentadienyl groups 
but, on oxidation to the phosphine oxide or sulfide 
or the methylphosphonium ion, dimerization did 
occur to give the Diels-Alder adduct identified as 
2a or 2b (A = Ph2P0, PhzPS or Ph2PMe+).’ Both 
2a and 2b would be formed from the major isomeric 
form of the oxidized phosphine la. 

A 

2a 2b 

* Author to whom wrrespondence should be addressed. 

The ligand 1, in its deprotonated form 
[Ph2PC5H.+-, has proved to be very useful for 
bridging between two different metal atoms. The 
preferred synthetic method has been to coordinate 
the CSH4 unit first to give an $-C5H4PPh2 complex 
and then to coordinate a second metal through 
the phosphine group. * In ferrocene, the phosphino 
groups can be added later and [Fe@-C5H4PPh2)2] 
and its derivatives have been used to great effect 
as bidentate diphosphine ligands. 3 An alternative 
approach would be to coordinate the phosphine of 
1 first, followed by deprotonation and coordination 
to a second metal via the cyclopentadienyl group. 
This article shows that this approach is likely to be 
limited to a single bridging ligand, since rapid Diels- 
Alder addition occurs when two of the ligands 
1 are coordinated in mutually cis positions. The 
nature of this reaction is of considerable interest 
and gives two new bidentate diphosphine ligands 
(Ph2P)&,H10. 

RESULTS 

Reaction of two equivalents of cyclopenta- 
dienyldiphenylphosphine, 1, with [pdCl,(PhCN)d 
or [PtC12(SMe&] gave the corresponding 
complexes [PdC12{(Ph2P)2CIoH,,}], 3, and 
[PtC12((Ph2P)2C,0H,,,}], 4, respectively. Simi- 
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larly, reaction of [M(CO),(NBD)], NBD = nor- 
bornadiene, with two equivalents of 1 gave 
[Mo(C%{(Ph2P)K IoH 1 dl, 5, or [WCO,) 
{(Ph,P),C r oH,,}], 6, respectively. It was im- 
mediately apparent that the ligands had under- 
gone Diels-Alder addition. Thus a complex 
M(Ph2PCSH5)2, with the ligand in either isomeric 
form la or lb, should give a ‘H NMR spectrum 
with integration of olefinic : aliphatic protons = 
3 : 2, whereas either 5 or 6 gave this integration = 
3 : 7 as previously found for the Diels-Alder 
adduct 2. ’ The situation was more complex for 3 
and 4 as discussed below, but it was still clear 
that Diels-Alder addition had occurred. The struc- 
tures were studied by ‘H, 13C and 3’P NMR spec- 
troscopy and the data are given in Tables l-3. 

If a template effect is assumed in the Diels-Alder 
coupling then, because of the constraints imposed 
by the dicyclopentadiene bridge, only five- or six- 
membered chelate rings are possible, and the coup- 
ling must be different from that observed in forming 
2.’ The size of a diphosphine chelate ring can be 
determined from the 31P chemical shifts and from 
the magnitudes of the coupling 2J(PMP), using 
established empirical correlations. 

The 31P NMR spectra of the complexes 5 and 6 
showed them to be single isomers, each giving an 
“AX” spectrum containing two doublet resonances. 
The chemical shifts were characteristic of a six- 
membered ring (Table 3). In addition, the mag- 
nitudes of 2J(PP) of > 20 Hz are characteristic of a 
six-membered chelate ring (Table 3) but much too 
large for a five-membered ring.4 

The nature of the dicyclopentadiene bridge was 
studied by i3C and ‘H NMR spectroscopy (Tables 
1 and 2), by comparison with the known spectra of 
endo- and exo-dicyclopentadiene, 7a and 7h.’ The 
spectra are complex and assignments for the mo- 
lybdenum complex 5 were confirmed by recording 
the 2D r3C-‘H chemical shift correlated spectrum 
and the 2D ‘H-‘H correlated spectrum. The ‘H- 
‘H correlation identified HZ and H3 as a coupled 
pair and hence H8 was identified as the remaining 
olefinic hydrogen. The corresponding carbon atoms 
were identified from the r3C-‘H correlation and the 
signal for Cg identified as the only remaining olefinic 
carbon. The aliphatic carbon and hydrogen signals 
could be assigned similarly and hence the overall 
connectivity determined. The NMR data thus 
determine the skeleton as I or II, formed by endo- 
or exo-addition respectively. The positions of the 
phosphorus atoms are confirmed by the magnitudes 
of the couplings ‘J(PC’) and ‘J(PC’). Con- 
sideration of molecular models indicates that both 
I and II are possible structures, with neither having 
significant ring strain. The spectra of the tungsten 
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Table 2. “C NMR data for the complexes 
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Wppm (JWI/W 

Complex 

F’dCl W-)I 

[Mo(W.W-)I 

w(Co)wAI 

endo-Dicp 
exo-Dicp 

C’ c* c? c4 cs c? C’ c* c9 C’O 

53.0 135.7 147.0 46.5 51.7 44.5 36.3 134.6 126.5 59.1 

(36) (11.5) (9) (6.5) (6.5) (5,7) (11.5) (11.5) (55,14) (15,6) 

55.8 135.7 145.0 45.1 51.2 43.4 35.5 134.2 137.0 60.1 

(23) (11) (6) (7) (6) (537) (9) (9) (3524) (18711) 

56.3 135.6 145.0 45.2 51.4 43.4 35.6 134.2 136.7 60.1 

(28) (11) (5) (8) (5.5) (538) (9) (9) (31) (17710) 

45.3 131.9 132.2 46.3 50.3 41.3 34.7 132.1 135.6 54.8 
45.5 137.2 137.0 48.0 41.3 41.8 36.5 132.9 132.0 51.4 

and molybdenum complexes are almost identical 
and clearly indicate the same structure for both 
compounds ; this chelate ligand is labelled LL in the 
tables and has structure I as shown below. 

The situation was more complex for the pal- 
ladium and platinum complexes 3 and 4. The 3 ‘P 
NMR spectra showed the presence of two isomers 
in each case, each giving an “AX” spectrum. The 
3’P chemical shifts of each (with chelate ligands 
labelled LL’ and LL) showed that both five-mem- 
bered (LL’) and six-membered (LL) chelate rings 
were formed,4 with the ratio of LL : LL’ being 
approximately 70 : 30 in each case. For the pal- 
ladium complex 3, the major isomer [PdCl,(LL)] 
could be separated by fractional crystallization but 
the minor isomer was not isolated pure. However, 
multiple partial separations using thin layer chro- 

matography followed by recrystallization gave 
a sample containing N 75% [PdCl,(LL’)/25O/, 
pdCl,(LL)] and the ‘H NMR spectrum of 
[PdCl,(LL’)] (Table 1) was obtained from this 
impure sample. Separation was also difficult for the 
platinum complexes, but in one case a small amount 
of [PtCl,(LL’)] was isolated in pure form. The spec- 
trum of [PtCl,(LL)] was obtained on a sample con- 
taining m 15% lPtCl,(LL’)], as determined by 31P 
NMR. The coupling constants ‘J(PtP) for these 
compounds are also characteristic of chelate ring 
size4 and confirm the conclusion based on the 31P 
chemical shifts. 

The ‘H and 13C NMR spectra of the major pal- 
ladium complex, containing the six-membered che- 
late ring [PdCl,(LL)] (Tables 1 and 2), were assigned 
using 2D NMR as described for the molybdenum 

Table 3. “P NMR data for the complexes 

Complex” 6(P) ‘J(MP) *J(PP) Complex” b(P) ‘J(MP) ‘J(PH) 

WWdppe)l 68.3 - PdCL(dmp)l 12.9 

IPdCl,(J-L’)I 85.3 - 2 FdCl ,WII 30.6 - 2 
59.4 2 13.5 2 

[PtC12bQ-Wl 45.3 3618 - FtCl ddppp)l -5.6 3420 - 

lPtCl*(J-L’)I 58.1 3644 11 Pt~Mwl 10.9 3555 18 
34.5 3558 11 -4.8 3496 18 

PfWW@wd 54.7 - 5 WWOMQ-v)l 21.0 28 

[Mo(CO),(WI 35.7 - 25 
21.8 - 25 

W(W4(dppell 40.1 231 4 DVW.@wp)l 0.0 222 22 

w~coMwI 17.9 230 20 
4.4 229 20 

“dppe = Ph2PCH2CH2PPh2, dppp = Ph,PCH,CH,CH,PPh,. Values for dppe and dppp taken from ref. 4. 
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strained than the endo structures III and V and 
are therefore considered unlikely. In the ‘H NMR 
spectra of both [PdCl,(LL’)] and [PtCI,(LL’)], the 
signal for H’ appears as a broad doublet of doublets 
with *J(H’H”) = 18-19 Hz and a second coupling 
of 8 Hz, as expected for isomer III due to the vicinal 
coupling 3J(H6H7) (Table 1) but not for structure 
V. The signal due to H6 is partially obscured but 
also appears as a doublet with J(HH) N 8 Hz. It is 

c3 therefore tentatively concluded that the structure is 
Fig. 1. Ball and stick diagram of the structure of III for the l&and LL’. 
[PdCl,{(Ph,P)#ZlOH 1,}], 3-I. Atoms are shown as sph- Reaction of PPh,(CSH,) with [Fe(CO),] gave 
eres of arbitrary size; carbon atoms are closed spheres ; [Fe(C0)4{PPh,(CSHS)}1, which did not readily 
only ipso carbon atoms ofphenyl rings are shown. Typi- 
cal distances (A) : C2-C3, 1.32( 1) ; C8-C9, 1.35( 1) ; other 

dimerize by intermolecular Diels-Alder addition. 
Th e 

C-C distances of CloHlo unit, 1.49(1)-1.56(l); P-C, 
complex existed as a single isomer (3 ‘P NMR 

1.793(6b1.8 16(7) ; P-Pd, 2.260(2), 2.263(2) ; Pd-Cl, 
evidence) with the ligand present in form la or 

2.341(3), 2.349(2). 
lb (‘H NMR evidence) and the cyclopentadienyl 
group could be deprotonated reversibly. 

DISCUSSION 

There are a number of interesting features of the 
above reactions. The increased rate of Diels-Alder 
addition on complexation of the ligand 1 could be 
due simply to an electronic effect, just as oxidation 
of the phosphorus atom of 1 to the oxide, sulfide or 
methylphosphonium derivative leads to increased 
reactivity to dimerization. ’ However, the complex 
[Fe(C0)4{PPh2(C5H5)}] does not readily dimerize, 
whereas all of the complexes containing two phos- 
phine ligands underwent rapid dimerization of the 
cyclopentadienyl substituents. This indicates clearly 
that a template effect is primarily responsible for the 
increased reaction rate of the Diels-Alder addition. 
Such an effect is expected since the entropy term is 
usually a major component of the activation energy 
for Diels-Alder additions, which have a highly 
ordered transition state.’ 

The selectivity of the observed Diels-Alder reac- 
tions is impressive. The free phosphine ligand exists 
as a mixture of 85% la and 1.5% lb, and the prob- 
abilities of pairs of phosphines la * la, la * lb and 
lb- lb are therefore 72%, 26% and 2% respec- 

complex. The close similarity in spectra strongly 
suggest the same structure I or II for the diphos- 
phine ligand LL in all cases, and the endo structure 
I was established by X-ray crystallography for the 
palladium complex (Fig. 1).6 

Satisfactory 13C NMR spectra of the minor com- 
plexes [pdCl,(LL’)] and [PtCl,(LL’)] shown by 31P 
NMR to contain a five-membered chelate ring, 
could not be obtained and the structure of the di- 
cyclopentadiene bridge is deduced only from the ‘H 
NMR spectra. In these complexes four olefinic pro- 
tons were identified, consistent with the structures 
III-VI. The exo structures IV and VI are more 

tively. ’ The complexes formed contained the 
coupled ligands, LL, in structure I which is formed 
by coupling of la * lb pairs as either the major or 
only product (eqn 1). The diene is la and the dieno- 
phile is lb. The minor products with ligands LL’ 
are thought to have structure III which is also for- 
med by coupling of la* lb pairs (eqn 2). These 
observations can only be understood if hydrogen 
migration, which is necessary to interconvert 
la e lb (in either free or complexed form), is faster 
than the Diels-Alder addition reaction. Otherwise 
the major products should be formed by coupling 
of la - la pairs. 
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Why are the isomeric forms I and III formed? 
We note that both are formed by endo-addition, 
which is the favored mode of Diels-Alder addition 
of cyclopentadiene itself.7 There is still some debate 
in the organic literature about the reasons for endo 
rather than exo addition.7 In the present case, it is 
clear that the template effect is primarily responsible 
for the selectivity of the addition. Molecular models 
clearly show that the diene in the Diels-Alder 
addition must be in form la, as is observed exper- 
imentally. In form lb the diphenylphosphino group 
would be at C2 in the product and chelation would 
not be possible. Now, the six-membered chelate ring 
can only be formed if the dienophile is in form lb 
(eqn 1) rather than la. Form lc would be allowed, 
but this appears to be of too high energy to be 
formed. The formation of I thus follows naturally 
from the template effect. 

The five-membered ring could be formed with the 
dienophile in either form la or lb, but it seems that 
the product is formed selectively from the form lb. 
Since the ligand structure III is tentative in this case, 
no further comment is justified. The preference for 
formation of the six-membered ring I, rather than 
the five-membered ring III, is probably due to a 
slightly less strained transition state. In the absence 
of such effects, the five-membered ring III would be 
expected to be thermodynamically more stable than 
I. 

EXPERIMENTAL 

‘H NMR spectra were recorded using Varian 
XL100 or XL200 spectrometers. Chemical shifts 
are given with respect to Me,Si (‘H, 13C) or 85% 
H,PO, (3’P). 

The ligand PPh2(C5H5) was prepared by the 
literature method. ’ 

[PtCl2(Ph2PC,oH,,PPh,l, 4 

A solution of [PtC12(SMe2)J (0.83 g) in CH2Clz 
(25 cm3) was added dropwise to a solution of 

PPh2(C5H5) (1.08 g) in tetrahydrofuran (40 cm3). 
The mixture was allowed to stir for 2 h, the solvents 
were evaporated under vacuum and the residue was 
crystallized from CH,Cl,/MeOH to give colorless 
crystals of the product (1.26 g) m.p. 220°C 
(decomp.). Found : C, 53.1; H, 4.0 ; Cl, 9.1. Calc. 
for C34H3,,C12P2Pt: C, 53.3 ; H, 3.9; Cl, 9.3%. The 
pure isomer 4-III was obtained by repeated recrys- 
tallization. 

[PdCl2(PhzPC I 8 ,oPPhdl, 3 

This was prepared similarly from [PdC12 
(PhCN)d (1.00 g) and PPh2(CsH,) (1.30 g) and 
purified by crystallization from CHC13/MeOH. 
M.p.210°C(decomp.).Found:C,59.8;H,4.3;C1, 
10.7. Calc. forC34H3,C12P2Pd: C, 60.3; H, 4.4; Cl, 
10.5%. 

The pure isomer 3-I was obtained by repeated 
recrystallization from CH2C12/MeOH. Found : C, 
55.2; H, 4.0. Calc. for C34H30C12P2Pd*CH2C12: C, 
55.4 ; H, 4.2%. 

[Mo(CO)4(Ph2PGH ~J’PhzII, 5 

A solution of [Mo(CO),(NBD)], NBD = nor- 
bornadiene (0.72 g) in CH2C12 (10 cm3) was added 
to a solution of PPh2(C5H5) (1.68 g) in CHCl, (10 
cm3). The mixture was stirred for 2 h, the solvent 
was evaporated and the product was purified by 
recrystallization from CHCl,/pentane at 0°C. Yield 
0.96 g. Found: C, 64.2; H, 4.2; P, 8.4. Calc. for 
C,,H3,04P,Mo: C, 64.4; H, 4.2; P, 8.8%. 

A solution of [W(CO),(NBD)] (0.20 g) and 
PPh2(C,H5) (0.33 g) in CH2C12(10 cm3) was stirred 
at room temperature for 20 h. The solvent was 
evaporated and the product was purified by recrys- 
tallization from CHCl,/pentane (0.35 g). Found : 
C, 57.3; H, 3.6; P, 7.2. Calc. fOrC38H&4PZW: C, 
57.3 ; H, 3.8 ; P, 7.8%. 

Fe(CO)S (3.92 g) was added to a refluxing solution 
of PPh2(C,H5) (2.50 g) in toluene (50 cm3) con- 
taining CoBr, * 3H20 (0.08 g) as catalyst. After 1 h 
the volume was reduced and the product was 
purifled by chromatography on 5 g/2Og/2Og 
CoBr, - 6H20/alumina/silica column with benzene 
eluent. Recrystallization from CH&l,/hexane gave 
the product as a red solid. Yield 91%. ‘H NMR : 
6 = 6.90,6.75,6.60 (m, 3H,=CH); 3.20 (m, CH2). 
3’P NMR: 6 = 55.8 (s, 31P). IR: 2040, 1980, 1940 
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[v(CO)]. Found : C, 60.3 ; H, 3.7. Calc. for 
C2,Hi5Fe04P: C, 60.3; H, 3.6%. 

Reaction of the above complex with TlOEt in 
toluene gave a precipitate of [Fe(C0)4(Ph2PCs 
H,Tl)] as a brown powder. The complex was too 
insoluble for characterization by NMR, but ad- 
dition of CFsCOZH to a suspension of the complex 
in C6D6 gave [Fe(CO),(Ph,PC,H5)], charac- 
terized by its NMR spectrum. 
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CRYSTAL STRUCTURE OF [Pt2C12(eHTP)“+][PFJ2 
(eHTP = (Et2PCH2CH2)2PCH2P(CH2CH2PEt2)2 
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Abstract-The reaction of two equivalents of K,PtCl, with the hexaphosphine ligand system 
(Et2PCH,CH,),PCH,P(CH 2CH2PEt2)2, eHTP, quantitatively yields the diamagnetic dimer 
species, P@,(eHTP) , *+ 3. The single-crystal X-ray structure of the PF; salt of 3 reveals 
a distorted square-planar environment about the metal atoms with the eHTP ligand adopt- 
ing a symmetrical bischelating/bridging, partially closed-mode coordination geometry with 
a Pt-Pt distance of 4.6707(9) A. 

Our studies of the coordination chemistry of the 
powerful binucleating hexatertiaryphosphine 
ligand, (Et2PCH2CH2)2PCH2P(CH2CH2PEt2)2, 
eHTP, have revealed that the ligand’s ability to both 
bridge and his-chelate two metal centers has so far 
produced only open-mode complexes of the general 
type lb’ or lc,* while the closed-mode conformer la 
has not yet been crystallographically characterized. 
Van der Waal energy calculations on the nickel 
complex Ni,Cl,(eHTP) *+, 2, have revealed that the 
closed-mode configuration should be inaccessible 
for an eHTP arrangement in which two terminal 
phosphine groups are truns to one another, i.e. for 
square-planar coordination geometries2 In light of 
these results, we would like to report the synthesis 
and structural characterization of the platinum(I1) 
complex, ~t2C12(eHTP)2+]~F;]2, 3, in which the 
eHTP ligand has adopted a square-planar coor- 
dination and a partially closed-mode conformation. 

The reaction of two equivalents of K2PtCl, with 
eHTP’ in ethanol under inert atmosphere 
conditions, followed by addition of NaPF,, pro- 
duces the air-stable, colorless, diamagnetic binuclear 

*Author to whom correspondence should be addressed. 

complex pt2C12(eHTP)*+][PF;12, 3, in very high 
yields. A single-crystal X-ray structure (Fig. 1, selec- 
ted bond distances and angles are listed in Table 1) 
on 3 shows that the eHTP ligand adopts a triden- 
tate, distorted square-planar geometry about each 

la 

lb 

1803 
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of the two platinum centers.? The distortion from 
square-planar coordination about each platinum 
atom is considerable, as indicated by the truns 
P-Pt-P angle of 163.6(2)“. This distortion is 
undoubtably related to the strain induced by the 
placement of two fused 5-member chelate rings in 
a transoidal geometry. The presence of ethylene 
bridges in eHTP favors confacial rather than meri- 
dional type coordination for each tridentate half 
of the ligand.3 Although other mononuclear Pt(I1) 
halide complexes with two-carbon bridged tri- 
dentate phosphine ligands have been reported, this 
represents the first structurally characterized 
complex.“7 

What is immediately evident from the structure 
is that the eHTP ligand adopts a rather different 
rotomeric conformation about the central 
P-CH,--P linkage from anything we have pre- 
viously seen. The related nickel complex, 
[Ni,C12(eHTP)2+][BF;]2, for example, has a struc- 
ture that corresponds to lc, while the chloride salt 
has a structure midway between lb and lc.’ The 
platinum structure, however, is approaching that 
of a closed-mode configuration, la, with a Pt-Pt 
distance of 4.6707(g) A. The rotational orienta- 
tion of the eHTP ligand can be clearly seen in 
Fig. 1 which also shows an orthogonal view of 
the molecule looking down the Pl . *. P4 vec- 
tor. The Ptl-PI ... P4-Pt2 torsional (dihedral) 
angle is 62”, where O”, represents the closed-mode 
form la. 

A remarkable feature of the structure of 3 is 
that the central P-CH2-P angle has a value of 

TX-ray analysis : Compound 3 crystallizes in the 
orthorhombic space group P2,2,2, with a = 13.418(3) 
A; b = 17.795(6) A; c = 18.906(4) A; V= 4514(4) A’; 
Z = 4.5930 Friedel pair reflections were collected at 25°C 
on a Nicolet P3 diffractometer using MO Kcr radiation 
and the w scan data collection technique with a maximum 
20 angle of 45”. The structure was solved using the MUL- 
TAN direct methods programs and refined using 2529 
reflections with Fi > 3o(F@ to give discrepancy indices 
of R = 0.035 and R, = 0.047 for 352 variables repre- 
senting 37 anisotropic non-hydrogen atoms (the flourine 
atoms on the PF; groups were refined isotropically). An 
empirical absorption correction using Friedel pair reflec- 
tions and program DIFABS was performed. 

Supplementary Materials Available. Tables of frac- 
tional coordinates and thermal parameters have been 
deposited with the Cambridge Crystallographic Data 
Centre. Tables of data collection and structure solving 
details, full listings of bond distances and angles, and 
observed and calculated structure factor tables have been 
deposited with the Editor at Indiana University and are 
also available from the author. 

Fig. 1. ORTEP plots of Pt,C12(eHTP)*+ showing views 
parallel and perpendicular to the central Pl . . . P4 vector. 
Ethyl groups on the external phosphorus atoms have 
been omitted for clarity. Probability ellipsoids are shown 
at a 33% level. 

129.7(g)“. This can be contrasted to typical 
P-CH2-P angles seen in other bis(phos- 
phino)methane bridged structures which are in the 
range of 109-118”.* This angle is also 8” greater 
than that seen in the analogous isoelectronic nickel 
complex, 2,2 and even surpasses the P-CH,-P 
angle of 127.7(3)’ seen in Co2(C0)4(eHTP)2+.’ 
Indeed, this is one of the largest angles observed 
about a methylene bridge, on par with that observed 
for bis(9-triptycyl)methane which has a 
C-CH,--C angle of 129.3”.’ The M-M bond 
distances in eHTP complexes are, of course, related 
to the rotational orientation of the ligand with the 
cobalt complex having the maximum M-M sep- 
aration of 6.697(l) A, while the nickel systems show 
M-M bond distances of 5.9333(8) A and 5.7505(6) 
A. 3, with its partially closed-mode structure, has 
the shortest M-M distance observed in an eHTP 
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Table 1. Selected bond distances and angles for Pt&l,(eHTP)‘+ - 2PF; a 

Bond distances (A) 

IVU-Pt(2) 4.6707(g) IV2)-P(5) 2.320(5) 

Pt(l)-P(l) 2.197(4) Pt(2)--P(6) 2.317(5) 

Pt(l)-P(2) 2.302(5) Pt(2)-Cl(2) 2.348(5) 

Pt(l)-P(3) 2.325(5) P(l)--c 1.82(2) 

Pt(l)--Cl(l) 2.352(5) P(4)--c’ 1.83(2) 
2.200(4) 

Bond angles (“) 

177.5(2) P(4>-Pt(2)--cl(2) 
85.3(2) P(4tPt(2bP(5) 
86.9(2) P(4)_Pt(2+P(6) 

163.7(2) P(5)-Pt(2FP(6) 
P(l)---C-P(4) 

176.8(3) 
86.7(2) 
85.0(2) 

163.5(2) 
129.7(9) 

“Numbers in parentheses represent esd’s. A complete set of bond distances and 
angles is given in supplementary material. 

Tmplex so far with a Pt-Pt distance of 4.6707(9) 

An important question one must ask is why 3 
adopts such a large P-CH,-P angle allowing 
access to the partially closed-mode eHTP orien- 
tation. One possible answer is that crystal packing 
forces are responsible, just as they cause rotational 
differences in the nickel structures.’ Although it is 
rather difficult to predict the effects or magnitudes 
of crystal packing forces, it would appear unlikely 
that they represent the sole factor in determining 
the extremely large P-CH,-P angle and unusual 
(for a square-planar complex) eHTP conformation 
observed. It is very difficult at this point to deter- 
mine whether it is the flexibility of the P-CH,-P 
bond angle that allows access to the partially closed- 
mode conformation or whether there is some driv- 
ing force favoring this conformation that is forcing 
the methylene bridge angle open to its remarkable 
value. As with most physical explanations it is most 
probably a subtle mixture of several features. We 
feel that some of the important factors that work 
together to influence the molecular conformation 
are: considerable low-energy flexibility of the 
P-CH2-P linkage ; increased intramolecular 
steric contacts due to chelate ring puckering differ- 
ences caused by the larger terminal Pt-P bond 
distances (approx. 0.1 A greater than the nickel or 
cobalt systems) ; and the possible presence of a weak 
Pt-Pt bonding interaction which could help over- 
come the steric and electrostatic factors favoring 
the open-mode conformations. We plan to further 
explore these points through van der Waal energy 

calculations and solution NMR experiments to 
study the conformational preferences of 3. 
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Abstract-VOCI, formed six-coordinated complexes with N-aryl-N’-2(4,5,6-mono- 
substituted pyridyl)thioureas of the general formula ~OCl,(RNH~SNHR’)], where 
R = pyridyl, 5-nitropyridyl,4_methylpyridyl, 6-methylpyridyl groups and R’ = -C6H5, o- 
C6H5(CH3) andp-C6HI(CH3). The complexes have been characterized by means of elemen- 
tal analysis, molar conductance, magnetic susceptibility, IR, UV-VIS, and ‘H NMR spec- 
tral data. The thermally stimulated depolarization effect was studied in samples polarized 
under different conditions. The results indicate two distinct transitions in the temperature 
range 92-100°C and 120-125°C for the ligands, whereas the VOCl,-complexes show no 
breaks. The polarization-depolarization phenomena were correlated with the physico- 
chemical changes occurring in the matrix. Depolarization kinetic data such as activation 
energy (&,) and relaxation time (r) of the electrets are reported. 

Vanadium halides and oxyhalides are reported to 
form a number of complexes with mono, bi and 
polydentate ligands, but very little is known about 
the vanadyl(V)chloride complexes. Metal com- 
plexes of the substituted thioureas having hetero- 
cyclic group as one of the substituents have been 
studied by many workers. l-3 Electrical properties 
of several metal Cu(II), Co(II), Ni(I1) and Pt(II)- 
phthalocynin complexes have been reported.“5 
Earlier communications”‘4 have described the 
metal chelates of C=S, c=---O and C&NH donor 
ligands. However, less work is available on the syn- 
thesis and physiochemical properties of VOC13 
complexes with N-aryl-N’-2(4,5,6-monosubstituted 
pyridyl)thioureas. A literature survey reveals that a 
number of phase transitions have been reported in 
ferroelectric materials like substituted thioureas. ’ s-1 ’ 
Thus it was of interest to see what the electrical 
behaviour of such a ferroelectric substance will be, 
when incorporated in a complex matrix. The pre- 
sent study on VOCl,-complexes with the title 
ligands was undertaken with the view to study the 
electrical changes. 

2-amino-6-methyl and 2-amino-5-nitro pyridines 
were of Aldrich chemicals. The mustard oils like 
phenyl, orthotolyl, paratolyl-isothiocyanates were 
prepared by reported methods. ‘* Vanadyl(V) 
chloride was prepared by refluxing equimolar 
quantities of V205 and SOCll for 6-8 h and the 
product was distilled and the VOCl, fraction 
obtained at 125127°C. The ligand N-aryl-N’- 
2(4,5,6-monosubstituted pyridyl)thioureas were 
prepared by the method reported earlier. ’ 3 

GENERAL METHOD OF 
THE PREPARATION OF 

VOCl,-COMPLEXES 

EXPERIMENTAL 

All the operations in the preparation of metal 
complexes were carried out in a dry box. To a 
requisite amount of ligand (0.02 M) in CHC13/CC14 
mixture was added 0.03 M Ccl, solution of VOC13 
drop by drop with constant stirring and was ice- 
cooled maintaining in each case a slight excess of 
the ligand. The mixture was shaken and allowed to 
stand for 8 h to attain equilibrium. The intensely 
coloured complexes were separated out, filtered 
washed with Ccl4 and CHCl,. The complexes were 
analysed for V, S and Cl after fusion with alkali. 

All the solvents and reagents used were guaran- Magnetic measurements were carried out on a 
teed reagents. 2-aminopyridine, 2-amino-4-methyl, Gouy balance using a field strength of 5 x lo3 Gauss 
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and mercury tetrathiocyanato cobaltate (II) as stan- 
dard. Molar conductances were determined in N,N- 
dimethylformamide with conductivity meter type 
LBR of Wissenschaftlich technisch Werkenstatten, 
Germany using a dip-type cell. The IR spectra of the 
ligands and their metal-complexes were determined 
using KBr pellets on an infrared spectrophotometer 
of the type Beckman-20. Absorption spectra of 
VOC13 complexes were measured by standard 
methods using Perki-Elmer UV-VIS spec- 
trophotometer model 139. Transition energy (ET) 
was calculated by the relation 

motion or by dipoles orientation is given by the 
Arrhenius equation 

2.859 x lo5 

ET = &,, (in A) 

and the oscillatory strength ‘tf ” was calculated 
from the equation 

f = 4.32 x 1O-9 
s 

Edv. 

Utilizing 

E,,,,,AF = 
s 

Ed0 

where Afiis the wave number of the half band width. 
All the electrical measurements were made on 

pellets pressed at a load of 9 tons at room tem- 
perature. The pellets were sandwiched between two 
aluminium electrodes. The capacitance was mea- 
sured with a standard LCR bridge (Systronics 921) 
at 1 and 10 kHz as a function of temperature. The 
area A of the pellet was measured geometrically and 
graphically and the thickness d of the pellet was 
measured by a micrometer screw reading up to 
0.001 cm. The dielectric constant E was calculated 
from the equation 

E = C,d/(c,A) 

where s0 = 8.85 x lo- l4 F cm- ‘. 
The sample was polarized at conditions 

Tp = 9O”C, Ep = 2.50x lo3 V cm-‘, tp = 2 h. The 
heating rate was maintained at 6°C min- ‘. 

TSD spectra was recorded in the temperature 
range of 20 to 200°C. Activation energy, E, was 
calculated by the initial rise method of Garlick and 
Gibson ” from the slope of the straight line curve 
of log lurrent (9 vs l/T for the first lower half of 
the TSD peak. 

log i(T) = constant - + 

where E, = activation energy, T = absolute tem- 
perature and K = Boltzmann’s constant. 

Relaxation time of polarization created by ionic 

z(T) = z, exp ( - EJKT) 

where r(T) is the temperature dependent relaxation 
time of the dipoles in a dielectric, r, is the time 
constant and can be written as 

where B = heating rate and T,,, = peak tem- 
perature. 

RESULTS AND DISCUSSIONS 

All the VOC13 complexes are dark yellow-green 
coloured and soluble in chloroform, DMF, THF 
and nitrobenzene. All of them decompose above 
225°C. The analytical results (Table 1) correspond 
to the general empirical formula VOC13 - L where L 
is a bidentate ligand molecule. Since there is no loss 
of chlorine (wt%) in the complexes, reduction of 
V(V) to V(IV) may not be taking place. The elec- 
trolytic conductance measurements of these com- 
plexes (2960 Ohm- ’ cm2 mole- ’ in freshly distilled 
DMF solution indicate non-electrolytic nature of 
these complexes. The molar conductance of uni- 
univalent electrolytes are 8&90 mhos.22 It seems 
that partial replacement of chloride by solvent may 
be taken place as follows 

where S is solvent. The magnetic susceptibility of 
the complexes were found in the range -0.043 to 
-0.71 x 1O-6 G. The negative values of sus- 
ceptibility indicate the diamagnetic nature of VOCl 3 
complexes. 

The electronic spectral bands of the complexes 
are listed in Table 2. All these bands are due to 
M c S charge-transfer absorption. Moor and 
Larsen23 have earlier observed that S + M charge- 
transfer in xanthate complexes appears at 6000 
cm’ below that of the corresponding dithio- 
carbamate complexes, and have suggested that 
xanthates are much greater reducing agents than 
dithiocarbamates. From the spectral data in our 
case, it is observed that the present ligands are not 
reducing agents. 

The IR spectra of substituted thioureas and their 
VOC13 complexes are quite complicated, and there- 
fore the effect of substitution could not be studied 
with a degree of certainty. The bands appearing 
at 3000-3400 cm-’ have been assigned to a,(NH) 
and a&NH), the latter being the higher frequency 
band. A medium broad band appearing at 3000- 
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Table 1. Analytical data of VOC13 complexes 
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Compound Colour 

Analysis of the complexes 
% found % calculated 

M.p. 
(“C) v s Cl v s Cl 

voc13 Reddish 29.9 - 61.7 29.4 - 61.4 
VOCl,(PyPTU) Green 225 12.4 7.9 26.4 12.6 7.9 26.4 
VOC1,(4MePyPTU) Green 145 12.2 7.7 25.5 12.2 7.7 25.5 
VOC1,(6MePyPTU) Green 120 12.2 7.5 25.5 12.2 7.7 25.5 
VOCl,(SNPyPTU) Yellow 162d 11.4 7.1 23.7 11.4 7.1’ 23.8 
VOCl,(SNPy *oTTU) Yellow 178 11.0 6.9 23.0 11.0 6.9 23.0 
VOCl,(SNPy .pTTU) Yellow 186d 11.0 6.8 22.9 11.0 6.9 23.0 
VOC1,(6MePy *oTTU) Green 182 11.6 7.2 24.6 11.8 7.4 24.7 
VOCl,(BMePy *pTTU) Green 180 11.8 7.4 24.6 11.8 7.4 23.7 
VOCl,(Py - OlTU) Green 215 12.0 7.7 25.5 12.2 7.1 25.5 
VOC13(Py *pTTU) Green 192d 12.1 7.6 25.0 12.2 7.7 25.5 

d = decomposed. 

3 100 cm- ’ has been assigned to 2-aminopyridine shifted to the higher frequency side in most of the 
vibrations. Bands appearing at 1600 and 1640 cm- ’ complexes. The v(C=S) mode occurring at 7% 
are assignable to v(CkC+ C=N) modes of aryl 775 cm-’ in ligands is also shifted to the lower 
groups. In the case of metal complexes there is a frequency side (20-25 cm-r) in VOC13 complexes. 
little change in this band. The bands appearing at The behaviour of the bands assigned to 
1132-1010 cm- ’ due to u(NCS + C-S) modes in o(C=C+V=N) is of considerable importance in 
the case of ligands are either reduced in intensity or deciding whether or not the heterocyclic nitrogen is 

Table 2. Magnetic susceptibility, molar conductance and UV-VIS spectral data of VOCl,-complexes 

Complex 

VOCl ,(PyPTU) 

VOC1,(4MePyPTU) 

VOC1,(6MePyPTU) 

VOCl 3( SNPyPTU) 

VOCl,(SNPy * o’l-IU) 

VOCl,(SNPy.~TTU) 

VOClJ6MePy - oTTU) 

VOCl,(BMePy *pTTU) 

VOCl,(Py * OTTU) 

VOC13(Py *pTTU) 

Molar 
Magnetic conductance, 

susceptibility AM cm* 
(x 10-6) mole R- ’ 

- 0.302 29.8 

- 0.430 40.2 

- 0.420 50.50 

-0.717 52.20 

- 0.420 56.20 

-0.380 58.20 

-0.458 45.80 

-0.318 60.00 

-0.436 35.70 

-0.471 38.80 

UV-spectral data in ethanol 

E max ET 
(1 mole- ‘/ (K cal/ 

1 max cm- ‘) mole) ‘f” 

275 24690 104.00 0.095 
311 20950 91.91 0.085 
278 16290 102.80 0.039 
309 13920 92.51 0.032 
281 25570 101.70 0.088 
315 22870 90.76 0.067 
276 18860 103.60 0.030 
309 14110 92.51 0.142 
276 28230 103.60 0.142 
311 24100 91.91 0.136 
282 31090 101.40 0.127 
314 26740 91.05 0.092 
265 39320 107.90 0.722 
318 34400 90.76 0.301 
290 18740 105.90 0.170 
308 18350 92.81 0.096 
259 30950 110.40 0.334 
308 28790 92.81 0.161 
264 30540 108.50 0.511 
305 26130 93.74 0.170 
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involved in the coordination with the metal ion. 
This band has been reported to be shifted to higher 
frequency in the case of coordinated pyridyl nitro- 
gen. ’ In the present vanadyl(V)chloride complexes 
the band is increased by l&30 cm-‘, which indi- 
cates that the ring nitrogen is also involved in the 
bond formation. 

The frequency of the band assignable to V=O 
stretching mode in VOC13 is in agreement with the 
reported values.23 (V=O stretch at 1035 cm-’ and 
vV--Cl at 408 cn- I), which in the present case have 
been shifted to lower frequencies 950 cm- ’ (V=O) 
and 3 15-400 cm- ’ (V-Cl). 

The ‘H NMR spectra of PyPTU, Py - oTTU, 
Py -pTTU and 4MePyPTU indicate four distinct 
resonances : (i) a sharp singlet (6 7.47.8 ppm) due 
to -CsHS ring protons, (ii) a broad multiplet (6 
3.2-3.4 ppm) due to o,p-CH,CgH4 ring protons, (iii) 
a sharp signal (6 2.3-2.4 ppm) due to the protons of 
CH3 groups and (iv) a doublet at (6 4.354.42 ppm) 
due to NH protons of S=C---NH group. Finally a 
singlet at S 8.4-8.6 ppm is possibly due to protons 
of the pyridyl ring. On account of poor solubility, 
the NMR spectra of VOC13 complexes with the 
above ligands were taken in deuterated DMSO. The 
spectra of V(V) complexes show the signal due to 
-CNH group without any shift. The positions of 
the C6H, and o,p-CH3C5H4 ring protons remain 
unperturbed ruling out the possibility of coor- 
dination of -NH group of NHCgH5. The lone 
pair of electrons on the nitrogen of the pyridyl ring 
causes a paramagnetic shielding of the 2- and 6- 
protons. 24 Formation of the dative bonds using 
this electron pair greatly reduces the paramagnetic 
shielding giving a significant upfield shift for the 

For L 
PyPTU ; 
4MePyPTU ; 
6MePyPTU ; 
SNPyPTU ; 
SNPY * oTTU ; 
5NPy - pTTU ; 
6MePy - oTTU ; 
6MePy -plTU ; 
Py . pTTU ; 
Py - oTTU ; 

x 

Y -A- ‘I w 
Z 

x, x2 u - 
+\>-NNH- -NH- \ , 5 “\ / v-x3 

x5 x4 

ocv-CI 

Cl’ ’ CL 

Structure I. 

adjacent protons. In other words we can say that 
there is a decrease in the electron density of the 
pyridine ring upon complex formation. This 
decrease causes a reduction of the paramagnetic 
anisotropic effect. This will result in the almost uni- 
form upfield shift for all the ring protons. In the 
VO(V)Cl3 complexes of PyPTU, Py * oTTU, 
Py *pTTU and 4MePyPTU, an upfield shift of het- 
erocyclic ring protons by 3.0 to 4.8 ppm is observed 
confirming the coordination through’pyridyl nitro- 
gen. 

All these observations show that ligands are coor- 
dinated to the vanadium metal though thio-keto 
sulphur and pyridyl ring nitrogen atoms. 

VOC13 has been reported to have a distorted 
tetrahedral structure25 which possibly has the d2sp 
hybridization. It seems possible that the distorted 
tetrahedral symmetry of VOCl, has been changed 
to six coordinated irregular octahedral con- 
figuration with d2sp3 hybridization. On the basis of 
the information, the complexes of VOC13 with the 
title ligands may be represented by Structure I. 

ELECTRICAL PROPERTIES 

EleyZ6T2’ first observed the semiconducting prop- 
erties of organic ligands and proposed that con- 
ductivity arose through thermal or optical exci- 
tation of electrons from the highest filled to the 
lowest empty orbital. The mechanism of con- 
ductivity is associated with the mobile electrons of 
the ligand rings. Earlier Day et uZ.~* reported the 
resistivity of Fe-pH-thalocyanin as 4 x lo9 Q cm by 
a single crystal method. The present data on VOC13 

X,,X,,X3,X4,X, = H; W,X,Y,Z = H 
X,-X,=H;W=H;X=CH,;Y=H;Z=H 
X,-X,=H;Z=CH,;W=H,X=H;Y=H 
Y= -NOz;W,X,Z=H;X,-X5=H 
Y = -NO,; W,X,Z = H; X, = CH,, X,-X, = H 
Y = -NO,; W,X,Z = H; X, = CH,, X,-X4,X, = H 
Z = CH,, W,X,Y = H; X, = CH3, X,-X5 = H 
Z = CH3, W,X,Y = H; X3 = CH3, X,,X,,X,,X, = H 
W,X,Y,Z = H, X, = CH,, X,,X2,X4,X, = H 
W,X,Y,Z = H, XI,= CH3, X,-X, = H. 
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geneous systems, polarization and depolarization 
phenomena are associated with dipoles and space 
charge effect, while the Maxwell-Wagner effect 
(interfacial polarization) becomes operative in a 
heterogeneous system. For example, in the presence 
of an air gap, heterogeneity is created giving rise to 
t.s.d. peaks. In the present study t.s.d. peaks were 
obtained from samples coated with aluminium as 
well as sandwiching them between aluminium elec- 
trodes. In both the cases similar types of t.s.d. peaks 
are obtained indicating the presence of no air gap 
in the samples, avoiding the possibility of interfacial 
polarization due to an air gap. Since the dharging 
voltages are low ( lo3 V cm- ‘), the homocharges by 
injection may not be present. Hence only polari- 
zation by dipole orientation and space charge 
effect are considered. Thus though the data taken 
together cannot conclusively establish the mech- 
anism of depolarization, the trends are indicative of 
space-charge polari&ation. Beside physical effects, 
Stupp and Carr have shown that chemical changes 
can be associated with the t.s.d. peaks. In the pre- 
sent case heating will lead to further condensations, 
which would effect the t.s.d. peaks. Both the ligands 
and their VOC13 complexes show high dielectric 
constants. The dielectric constant of the ligands and 
complex are plotted as a function of temperature 
(Fig. 2). A broad shoulder is observed in the region 
90-150°C in the PyPTU. On heating the dielectric 
constant of the complexes increases rapidly above 
15O”C, thus exhibiting the pyroelectric effect. 

2.2 2.4 24 2.0 3.0 3.2 

1O;T (ii')-, 

Fig. 1. Current (i) vs l/T for determination of activation 
energy (EJ at T,,, : 0,138”C; l ,13O”C, q .122”C; for 

o-TP,TU. 

complexes is plotted as log x current as a function 
of temperature in Fig. 1. At room temperature p is 
of the order of 4.7 x 10” R cm and decreases with 
increasing temperature (3.1 x 10’ ’ Cl cm at 98°C). 
The log i vs l/T plot is linear showing breaks at 
92-100°C and 120-125°C for ligands. Activation 
energies, EaLhave been calculated from the semi- 
logarithmic plots of current (i) in the initial rise of 
the depolarization peak vs l/T. The corresponding 
values of relaxation times were also calculated using 
Arrhenius equation from E, values obtained in the 
initial rise method and are listed in Table 3. 

As Tp increases, the t.s.d. peak shifts to higher 
temperatures. It is well known that, in homo- 

Thus, the electrical measurements along with the 
variations in IR spectral data, indicate the presence 
of two distinct transition temperature ranges 92- 
100°C and 12CL125”C. It is proposed that up to 92- 
100°C trapped water as well is present in the matrix. 
This is reflected in a decrease in resistivity.30 On 
continuous heating chain mobility is increased. 
Thus it is proposed that the t.s.d. peaks at 92-100°C 

Table 3. Activation energies (E,) and depolarization kinetic data 
obtained for o-TP,TU and VOCl, - o-TP,TU 

Compound (S) (day) 

o-TPyTU 0.52 122 4.05 x 102 0.00468 
0.73 130 2.93 x 10’ 0.00339 
1.16 138 1.91 x 102 0.00221 

VOCl, - o-TP,TU 0.39 122 5.20 x 102 0.00680 
0.89 138 2.315 x lo* 0.00303 

E. is activation energy. 
T,,,, is temperature of the t.s.d. peak. 
zT,,, is the relaxation time at T,,,,,. 
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250 

t 
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200 -o-1OkHz 

E 
0 

I 

1,2-for ligand PyPTU 

F 
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J&-for VOC13 (PyPTU) 

OO60 300 

T (“C, - 

Fig. 2. Plot of Dielectric Constant versus temperature at 
1 and 10 kHz. 

are due to a physical effect associated with trapped 
water and the one at 12CL125”C is attributed to 
both physical and chemical transitions. 
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Abstract-NaV03-NazMo04 solutions acidified with HCl were studied at the atomic V/MO 
ratios equal to 3 : 1, 1 : 1, 1: 3, 1: 6 and vanadium concentration M = 0.1,0.04,0.004 and 
0.0004 M in the range pH 7-2. Their “V NMR spectra (measured at Ho = 7 T) were 
compared with those of V-W solutions containing mixed metal complexes of known 
composition. The VMo50:& (51V NMR chemical shift relative to VOC13, 6, - 502 ppm), 
VZMo40:; (6 -494), HVzMo40& (6 -507), V,MoO& (6 -422, -492, -501, -512, 
-521.5) and HV9MoO:; polyanions (p.a.) have been found to be dominant mixed species 
in Na-V-MO solutions. Along with them the V,Mo, 3_,0,-,X- 3 p.a. (X - 2-3) of the Keggin 
type (6 - 496, - 498, - 516, - 522) are supposed to be formed at pH < 4 in concentrated 
solutions (M > 0.01 M). The V2M060& p.a., isolated at pH N 5 as the sodium salt (solid 
state 6 -482), seem to be present in concentrated Na-V-MO solutions only as minor 
species. On dissolving the salt the V2M060g; p.a. mainly disproportionates into the com- 
plexes mentioned. From solutions containing mainly the V9MoO& p.a. the sodium salt of 
VloO& is crystallized. The V,WO& p.a. are detected in V-W solutions at V/W > 1. I70 
and 95Mo NMR spectra of some mixed complexes are described. The distribution diagrams 
for V-MO and V-W solutions at M = 0.004 M and V/MO(W) = 1: 3, derived from their 
5’V NMR spectra, are given. 

In acid aqueous V-MO solutions several mixed 
metal complexes are formed, the exact number and 
composition of which have not been established 
yet.’ From potentiometric and spectrophotometric 
studies of dilute solutions2-4 complexes with the 
atomic V/MO ratios equal to 1 : 1, 1: 2,1 : 5 and 9 : 1 
were supposed to form, but they were not isolated. 
Only one mixed complex of the composition 
Na6[VzMo60Z6]* 16H20 was isolated from weak 
acid Na-V-MO solutions at different V/MO ratios. 5 
Its discrete polyanions have the same structure as 
a-M0~0&.~ The VMo,O&, is isostructural with 
the hexaniobate, and was isolated only from 
nonaqueous solutions as the tetrabutyl- 
ammonium(TBA) salt. 7 

From weak acid K-V-MO solutions the 

K7[Mo8V&40] ’ 8H20 and Ks[Mo,Vs%] ’ 
12H,O crystals, containing discrete polyanions, 
were also obtained and their structures were 
determined. 6 

* Author to whom correspondence should be addressed. 

The preparation of a red-orange compound with 
V/MO = 1: 6 at high acidity (PH < 3) was described 
in ‘. That complex was extracted from solutions 
with ether. From chemical analysis the composition 
of the complex was supposed to be H6VZMOiZ044 
but it was not supported by any structural data. 

We hoped to obtain some new data on the com- 
position of the V-MO complexes in solutions by 
means of 51V NMR, which was shown to be a very 
informative method in studying V-W and some 
other solutions containing vanadium.%” It allows 
one to observe directly different complexes of V(V), 
which are simultaneously present in a solution, and 
to find their concentration. On the basis of chemical 
similarity of MO and W(V1) it is reasonable to 
expect an analogy in the compositions of some of 
their complexes with V(V) and in the way they 
manifest themselves in the NMR spectra as well. 
The high concentration sensitivity of 51V NMR 
allows measurements to be made in a wide con- 
centration range including dilute solutions, which 
were studied earlier by potentio and spec- 
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trophotometric techniques. In this paper the “V 
and “0 NMR data on the V-MO solutions are 
reported and assignments of several resonances are 
given, mostly for the first time. A comparison is 
made with the V-W system containing several mixed 
metal polyanions of known composition. 

EXPERIMENTAL 

5’V NMR spectra of V-M (M = MO, W) solu- 
tions were studied at the atomic V/M ratios equal 
to 3 : I,1 : 1,l: 3,1: 6 and vanadiumconcentrations, 
M, equal to 0.1, 0.04, 0.004 and 0.0004 M 
in the case of Mo-V and to 0.004 M in the case of 
W-V solutions. The 0.1 and 0.04 M solutions were 
prepared from NaVO 3 - 2H 2O and Na2M04 * 2H *O 
of reagent grade and acidified with dilute HCl. The 
degree of acidification P = [HCl]/[v+ M] was 
changed in the range 0.1 to 1.8-2.5. The 0.004 and 
0.0004 M solutions were prepared by diluting the 
0.04 series. After storing the solutions at 20” for 
several days their pH values and NMR spectra were 
measured. Na6p,Mo60Z6]. 16H,O was prepared 
as described in Fig. 5. 

The pH values were measured on a pH-meter 
“pH-262” with the silver chloride electrode. NMR 
spectra were measured on a BRUKER CXP-300 
spectrometer using a high power probe head and 
cylindrical 8 mm o.d. (1.5 ml solution volume) hori- 
zontal sample tubes without sample spinning. The 
“0 spectra were obtained at 40.7 MHz with a spec- 
tral width of 50 kHz and a pulse duration of 10 ps. 
The number of transients was about 50,000, the 
pulse delay was 0.02 s. All spectra were obtained 
at natural abundance of “0. For obtaining the 
Na6p2M06026] solution, water enriched with “0 
(N 1 Oh) was used as well. Because of the baseline 
roll the 170 peak intensities were measured from 
peak areas and not from integrals and were checked 
by recording under various conditions (delay, spec- 
tral and pulse width). An average uncertainty in 
measuring “0 peak intensities was about 20%. 
The chemical shifts (6) are given in ppm relative to 
solvent H20. 

“V spectra were obtained at 78.88 MHz with a 
spectral width of 25 kHz, a pulse duration of 7 ps 
and a pulse delay of 0.1 s. For dilute solutions the 
number of transients was about 2000. The con- 
centrations of different vanadium forms were found 
from peak intensities which were measured from 
integrals and peak areas. The overlapped peaks 
were resolved graphically. An average uncertainty 
was about 15%. The chemical shifts are given rela- 
tive to VOCI, as an external standard. 

95Mo spectra were obtained at 19.56 MHz. The 
spectrum width was 20 kHz, the pulse width was 10 

ps and the pulse delay was 0.3 s. The number of 
transients was 1000-5000. The 1 M Na,MoO, solu- 
tion was used as an external standard. For all nuclei 
the downfield shifts are taken as positive. 

‘IV NMR spectra of solid samples were mea- 
sured using the magic angle spinning (MAS) 
technique. 

RESULTS 

The “V NMR spectra of the isopolyvanadates 
are rather well known.” ’ The 0.004,M solution of 
NaVO, (pH N 7.1) contains vanadium in the meta- 
(mainly with 6 = -573 ppm) and diprotonated 
ortho- and pyrovanadate forms (- 556 and - 568). 
On mixing with NazMoOd new complexes are not 
formed. The titration curve of one of the V-MO 
solutions is shown in Fig. 1. On acidifying up to 
P = 0.1-0.3 a yellow colour appears and a modified 
spectrum of dacavanadate, containing five peaks 
instead of the usual three (noted as I, Table 1, Figs 
2 and 3), arises. At P = 0.14.4 (depending upon 
the V/MO ratio) a peak at -494 appears, which is 
displaced upfield with the increase in acidity (Fig. 
4). In more acid solutions (P = 0.6-1.0) a peak at 
- 502 is observed and another modified spectrum of 
the decavanadate type (II, Table 1, Fig. 3) appears. 
There is also a weak peak at -533 in the spectra 
of the 1: 3 and 1: 6 solutions at pH 5.5-4. This peak 
is more intense in the I : 6 series. At pH < 3 the 
VO: oxycations are formed in the solutions. 

At [VI = 0.0004 M the -494 and - 502 peaks 
and weak spectrum I are again observed. The total 
amount of vanadium in the V-MO complexes 
decreases relative to free vanadium, which is present 
at that concentration only as H,VO;, transforming 
into VO: at pH < 4. 

1.5 

P 

0.5 

6 6 4 2 

PH 

Fig. 1. The curves of titration of the NaVO,-Na,MO, 
solutions with HCl solution; V/M = 1: 3, M = 0.004 M, 

M = W(1) and MO(~). 
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V,MoO& (I) 
I 

I I 
A 

I ,WO.~&- 

Fig. 2. 51V NMR spectra of the NaVOTNa,MoO, 
solutions (V/MO = 1: 3, [VI = 0.004 M) at different 

acidifications. 

Thus, only four different mixed metal complexes 
are formed in dilute V-MO solutions. 

The same signals are observed in the spectra at 
M = 0.04 and 0.1 M and at pH > 4, but the relative 
intensities of spectra I and II increase and there 
appears one more modified decavanadate spectrum, 
(III Table 1, Fig. 3). The relative intensity of the 
-533 peak also increases and in some spectra a 
new peak is observed at - 536 ppm. 

On storing the orange 1: 3 and 1: 6 solutions 
(pH - 5.5) at 20” colourless or slightly yellow pris- 
matic crystals were gradually formed, which were 
shown to be NaJV2M0602,J*nHz0. 

At pH < 4 the composition of the concentrated 
solutions is markedly different from that of the 
dilute solutions. Besides the above mentioned sig- 
nals there is a new group of relatively broad peaks 
at - 522, - 516, -498 and -496 ppm. At pH c 3 
the VO: peak (6 -541) and broad peaks at -600 
and -628 ppm also appear. The same spectra are 
observed for solutions prepared as described in 
ref. 8. On heating, the solutions become darker 
red-orange, the intensity of the -522 signal 
increases and the signal is split into several com- 
ponents due to their narrowing. On storing the solu- 

tions at 20” the precipitates of hydrated oxides are 
formed in several days, with the intensity of the 
- 541, - 600 and - 628 peaks decreasing con- 
siderably. 

In the case of V-W solutions (M = 0.004 M) 
a yellow colour appears on mixing NaV03 and 
Na2W04 without additional acidification, with pH 
value increasing as compared with that of the initial 
solutions. In the 5’V NMR spectra of these solu- 
tions a weak peak of V2W40$ (noted as V,W,) is 
visible at - 507 ppm i’*‘* (Fig. 5). On acidifying the 
solutions the peak intensity increases. At V/W > 1 
the modified decavanadate spectrum of type (I) is 
also observed. In more acid solutions the VW5 
0:~ species (VW,) are formed (6 -522) and the 
VzW4 peak is shifted upfield (Fig. 4). At pH < 3 
the VO: oxycations are produced. 

DISCUSSION 

The V-W polyanions are known to have either 
M60’&j or Keggin structures.’ As it can be seen 
(Fig. 5), only two of them, VW5 and V2W4, are 
produced at M = 0.004 M. The V3W30& (V,W,) 
and V,W ,,_,O,-,X- 3 (x = 3 and 4) polycomplexes 
are formed in more concentrated solutions. ‘O,‘* 

From the data available on the V-MO com- 
plexes l-4 and by the anology with the V-W system 
one can expect first of all the V,Mo,_,O;~-” poly- 
anions to be present in the V-MO dilute solutions. 
The peculiarities of the “V NMR spectra of the 
corresponding V-W species were discussed else- 
where. ‘* They contain single relative narrow 
signals, which are shifted downfield and broadened 
in the order VW5 +V2W4 +V3W3. As the 
vanadium content in the polyanions increases the 
pH range of their stability shifts to a less acid region, 
the V3W3 species existing in solutions only at 
pH > 7. The more highly charged V3W3 and V2W4 
species are protonated at pH < 8.7 and c 4, respec- 
tively, which can be concluded from the upfield shift 
of their signals. 

From careful analysis of all data obtained we can 
conclude that the VMoS and V2Mo4 species are 
formed in V-MO solutions and that their signals are 
those at - 502 and - 494 ppm. Actually the - 502 
peak is the only one in the “V spectrum at 
M = 0.0002, [MO] = 0.01 M and at pH 3, when 
according to the data3 there is only the 1: 5 mixed 
complex in the solution. The assignment of the 
-494 peak to the V2MO4 species is also confirmed 
by the “0 NMR spectrum, and will be discussed 
below. 

The shift of the V2Mo4 peak with acidity (Fig. 4) 
indicates the presence of the increasing amount of 
the HV2M04 species and the fast exchange between 
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Fig. 3. “V NMR spectra of solutions: V1005; and (VO;),, M = 0.05 M, pH 6.45 (a); NaV03- 
Na,MoO,, 1: 1, [VI = 0.04 M, pH 6.25 (b); M = 0.1 M, pH 5.8 (c); M = 0.04 M, pH 4.9 (d). 

Table 1. “V and 95Mo NMR chemical shifts of polyanions 

Polyanion “V NMR 6 +0.5 ppm 95M~ NMR 6 + 2 ppm 

V,,O;,, pH 5.4 
V,MoO:, (I) 

V,,_,MO,O;:+~ (II) 

(III) 

v,wo:, (1) 

VMo,O:, 
V,Mo,O:, 
V2M040,9H3- 
Mo,O;;, pH 6 

pH 4.1 

- 420(2), - 495(4), - 5 1 l(4) 
-422(2), -492(2), -512(2), + 115,300 Hz 

-501(2), -521.5(l) 
-435(2), -486(2), - 500, 

-497, -513(2) 
-449, -489, - 506, 

-498, -514 
-424(2), -492(2), -511(2), 

- 503(2), - 522( 1) 
- 502,25 Hz 
-494,50 Hz 
-507 

-482&3,5.5 kHz 
0.9 kHz (MAS) 

-496, -498, -516, -522 
-506, -533 

+ 130,200 Hz 
+I26 
+210(l), +33(6) 
+ 200( 1), +28(6) 

550 Hz, 300 Hz 
Na6[VZMo602J. 16Hz0 

V,MO,~_,O!&; x N 2-3 
VMo,O;; a 

( ) is the relative intensity. 
‘Is the supposed composition. 
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I 

-520 
c 

6 
PH 

Fig. 4. The plot of the “V NMR 6 value against pH for 
VW,O&, VzW.,O:; (1,2) and VMo,O:;, V,Mo,O:; 

(394). 

the two forms. The observable 6 value depends on 
their proportion, which allows us to evaluate the 
amount of each form. At pH c 4.5 the V2M04 sig- 
nal is shifted upfield relative to the VMoS signal. 
The horizontal part of curve 4 (Fig. 4) cor- 
responds to the complete V,Mo, + HV,Mo, con- 
version. The VZW4 anions are protonated in more 
acid solutions (curve 2, Fig. 4) and the VW5 and 
V,W, signals are interchanged at pH c 2, where 
the HV,W, polyanions are not stable and can only 
be observed at V/W > 1 immediately after acidi- 
fication of the solution. 

Fig. 5. 5’V NMR spectra of the NaVO,-Na,WO, solu- 
tions (V/W = 1: 3, [VI = 0.004 M) at different acidi- 

fications. 

Unlike the V-W system in the V-MO system a 
mixed complex, based on the decavanadate struc- 
ture, predominates in the 1: 3 and 1: 6 series at low 
acidity and in the 1 : 1 and 3 : 1 series in the whole 
pH range studied. The ViOO& species contains V 
atoms of the three types (Fig. 6).14 There are three 
peaks with the intensity ratio 2 : 4 : 4 in their 5’V 
NMR solution spectrum. The weaker signal at 
-420 ppm arises from the two VIII atoms. The 
assignment of the two other signals has been 
recently made with the use of 170 { 51V} decoupling 
experiments. ’ 6 In the modified decavanadate spec- 
trum (I) these two signals are split into four in the 
intensity ratio 2 : 2 : 2 : 1 showing that one of either 
Vi or Vu atoms is replaced by the MO atom, i.e. that 
the V,MoO$ species is formed. 

corresponding approximately to two atoms. The 
peak of four quasi-terminal OE atoms is split into 
two peaks of equal intensities. The 6 values and 
the number of the V-O-V peaks also change. A 
spectrum like that seems to correspond better to the 
substitution of one of the Vr than the Vii atoms. 

It is very imortant that there is a possibility of 
comparing the spectra of the isostructural V,Mo 
O& and V,WO& complexes as the 0 atoms of the 
same type bound to the MO and W atoms should 
have different chemical shifts. In the 170 NMR 
spectrum of V,WO& the A, B and C peaks are 
displaced slightly further upfield than in the V,Mo 
O& spectrum, the other peaks having very similar 
splittings and 6 values (Table 2). This shows that 
exactly the OB atoms as well as the Oc and 0, atoms 
have a direct contact with the alien atom, which is 
only possible for the Vi position. 

Further support for this composition comes from Two other mixed complexes (II and III, Table l), 
the 170 NMR spectra (Fig. 6, Table 2). In case of based on the decavanadate structure, which were 
V,MoO& the number of the terminal O=V peaks only observed in V-MO solutions, may be supposed 
increases as compared with V 1 ,,O& and a new peak to be either the two other positional isomers of 
arises from an &MO oxygen atom. The peak of V9MoO& or V1O_-xMoxO:~+X complexes with 
the two sixfold bridging jOA atoms is split into two x > 1. Due to overlapping 5’V NMR spectra of 
peaks, one of them being:shifted upfield. Two peaks several complexes we were unable to determine the 
of equal intensities appear instead of the peak of exact number and the intensity ratio of the peaks 
four threefold bridging C&, atoms. A new peak arises in each spectrum and to distinguish between these 
from oxygen in the V-O-MO bridge, its intensity alternative possibilities. 
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a 

Fig. 6. “0 NMR spectra of solutions of V9MoO:; (* are the decavanadate peaks) (a) and V,OO& 
(at natural “0 content) (b) and of the Na,JV,Mo,O,J solution (in enriched water) (c); idealized 

bond structure of VI OO! g . 

It is to be noted that on mixing the Na6VloOZs 
and Na6M070Z4 solutions (V/MO N 9: 1) the 
V,MoO& polyanions were formed during several 
days. That shows that the V, position is more 
preferable for the exchange with cations from a 
solution. 

The “V NMR spectrum of V,Mo(W)O:, is usu- 
ally overlapped with that of V r OO&, but the admix- 
ture of the latter is not large and can be evaluated 
from the intensities of the - 512 and - 521.5 signals 
(at pH 5.5). The V-MO solution contains about 
85% of vanadium as V9MoO& at V/MO = 9: 1.5 
and M = 1 M. However, we have failed in isolating 
V9M00& from such a solution. The less soluble 
sodium salt of VIOO;; is crystallized instead and 

equilibrium in the solution is gradually shifted to 
V2M04. 

The 5 ‘V NMR peaks of VI OO$& begin to be dis- 
placed upfield at pH c 5.5 and those of V,MoO& 
at pH < 4 due to protonation and the mutual pos- 
ition of their spectra is changed with acidity. 

The NadV2M0602,J.nHz0 salt is crystallized 
from solutions at V/MO c 1 and pH 5.5. The crys- 
tals give an isotropic “V NMR signal 5.5 kHz in 
width at 6 -482 ppm. Rotating the sample at a 
magic angle narrows the signal up to 0.9 kHz. Such 
a signal shows a rather high symmetry of the nearest 
oxygen environment of the V atoms and cor- 
responds to the V04 tetrahedra with nearly 
equal V-O bonds, l5 which is consistent with the 
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Table 2. “0 NMR chemical shifts of some mixed metal polyoxoanions” 

1819 

Polyanion ov OMo vov VOM MoOMo OMJ OM., OM, Ref. 

Mo,O:, 

VMo,O:, 

V,Mo.,O;, 

1200(l) 

933(6) 

885(5) 

1165(2) 862(4) (1) 

cc-Mo,O;, 

Mo,O:; 
300 K 

vloo~, 
pH 5.4 

V,MoOO;, 

vgwo:, 

GF 
11 SO(4) 
1140(4) 

1190(3) 
1169(2) 
1153(2) 

1195(3) 

866( 12) 
775(2) 

819(8) 

E D C 

895(4) 790(2) 765(8) 

880(l) 895(2) 801(l) 786(4) 
929(2) 822(3) 

904(2) 807( 1) 788(4) 
1174(2) 933(2) 825(3) 
1160(2) 

() is the relative intensity. 
a Corresponds to Fig. 6. 

structural data.6 The downfield shift of this signal 
relative to that of the orthovanadate VO:- anion 
(6 - 535) may result from the decrease in the elec- 
tron density transferred from oxygen to vanadium 
in the O-V bonds due to their lengthening. 

On dissolving the slightly yellow crystals of 
Na6VZMo6026 give a bright orange solution with 
pH 5.5. The “V NMR spectrum of this solution is 
closely similar to that of the mother liquor having 
V/MO = 1: 3. There is a strong signal at -494, the 
- 533 signal, modified decavanadate spectrum (II) 
and a weak peak at -485 ppm in this spectrum. 
170 and g5Mo NMR show MOO:- and Mo,O$; to 
be present in the solution as well. The question 
arises, which of the “V peaks may be ascribed to 
V2M060&. The chemical shift of -485 is almost 
equal to the 6 value of the complex in solid state, 
but the -485 peak is too weak. We may then sup- 
pose the -494 signal, which is dominant in the 
spectrum, to arise from V,Mo,O& when in 
solution, although the signal with the same S value 
has been concluded from the “V NMR data to 
arise from V2M04. In order to elucidate this point 
it is necessary to examine the “0 NMR spectrum 
of this solution. 

The V2M060& species is known to be isotypic 
with c~-Mo~O&,~ the ’ 7O NMR spectrum of 
which is also described.7 We could expect the 

560( 12) -32(l) 7 

665(4) 541(4) -22(l) 7 
531(4) 

604(6) 498( 1) (1) 
489(4) 

495(6) 396(6) 

757(2) 340(2) 122(2) 
397(2) 

B A” 

397(4) 63(2) 

604(2) 436(2) 80(l) 
342(2) 27(l) 

495(2) 439(2) 82(l) 
298(2) 14(l) 

V2M060& spectrum to be of the similar type with 
some modification caused by introducing two V 
atoms into the structure. However, in the 170 NMR 
Spectrum Of the Na6[VaMO6Oz6] Solution (Fig. 6c) 
we did not find a set of peaks that could be attri- 
buted to V2M060&‘. On the contrary, all the peaks 
observed besides those of MoOi- and Mo,O& can 
be assigned to a V-MO complex of a hexaniobate 
type. All these peaks are displaced upfield relative 
to the VMo, peaks.7 Although we were unable to 
evaluate all the peak intensities with high accuracy, 
we could conclude the spectrum to arise from 
V2Mo,0:,. On the whole this spectrum is like that 
of v2w40:;,‘2 especially the narrow resonances 
of the M&MO bridges, which are split in the 
intensity ratio 1 : 4 exactly as the corresponding res- 
onances of the W-O-W bridges. We were unable 
to detect only the weakest two peaks arising from 
a sixfold bridging 0 atom and from one atom in 
the V-O-V bridge probably due to their overlap 
with other more intense signals (H,O, Mo,Oi;). 

Thus, the “V and 170 NMR spectra together 
show that on dissolving in water VZMo60$; mainly 
disproportionates into V2M04, Mo,O!; and some 
other complexes. Only the weak peak at -485 
seems to arise from V2M0602; in solution. 

We tried to obtain the TBA salt of V,Mo,O& in 
order to dissolve it then in nonaqueous solvent 
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I I o VO;. H,V, 0% H,VOi -. _ _ .- _ 2 
2 0 V2M4 

5 3. HV2M4 
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5 x ‘AM 

5 3 7 5 3 

PH (b) PH 

Fig. 7. Distribution diagrams of V(V) for the NaVO,-Na,MO, solutions (1 : 3, [VI = 0.004 M), 
M = MO (a) and W (b). 

therefore preventing hydrolysis. On dissolving 
Na,JVzMo,O,,] in the aqueous solution of 
TBA - Br a yellow precipitate was gradually formed. 
However, the “0 NMR spectrum of the CH&N 
solution of this precipitate shows that the TBA salt 
of VMo, has really been obtained. 

We have not identified a mixed complex observed 
at 6v -533. From relative intensity variations of 
this peak for the different V-MO series we may only 
conclude the V/MO ratio in it to be < l/5. The pH 
interval of the formation of this complex coincides 
with that of Mo,Oi;. If NaVO, and NahMo70Z4 
are mixed in the ratio V/MO = l/20, nearly all 
vanadium is observed by this peak. Probably the 
complex in question is obtained by replacing a MO 
atom with a V atom in the Mo,O&’ species. 
However, further studies of the true composition of 
this complex are needed. 

At high concentration and acidity (pH < 4) VW5 
and V2W4 are known to convert to the darker col- 
oured complexes having the Keggin structure.‘,” 
The similarity of the V-MO and V-W systems in 
forming the V,M,_, species allows us to suppose 
the V-MO red-orange complexes (6, - 496 to - 522 
ppm), which are formed under similar conditions, 
to be of the Keggin type too. The pH range of 
their formation and the ability to form etherate 
complexes are typical for polyanions having the 
Keggin structure. Besides, their 51V NMR spectra 
consisting of several rather broad peaks showing 
a number of different positions of the V atoms and 
the larger dimensions than in the case of the V,M,_, 
species, these spectra are similar to those of the 

1: 12 PMoV, PWV and WV complexes. But the 
corresponding V,Mo, 3_XO\& species (X N 2 and 3) 
seem to be less stable. They can exist in equilibrium 
with VMo,, HV2M04 and cationic V and MO forms. 
At the given pH value equilibrium strongly depends 
on concentration and temperature. However, fur- 
ther studies of these complexes are necessary. 

9sMo was used mainly for studying rather con- 
centrated solutions ([MO] > 0.1 M). The MOO:- 
and Mo,Oz; anions as well as mixed V2M04 and 
V9Mo species were detected in the solutions studied 
(Table 1). 

Thus, most of the mixed polyanions observed by 
’ 'V NMR in dilute Na-V-MO solutions 
(M < 0.01) have been identified in this work. That 
makes it possible to compose the distribution dia- 
grams for dilute V-MO as well as V-W solutions, 
which show the ratio between vanadium in a V or 
V-M complex to total vanadium as evaluated from 
the “V NMR peak intensities. The diagrams for 
M = 0.004 M and V/M = 1: 3 are shown in Fig. 
7. MOO:- and Mo,O:; are not included as their 
content has not been examined in the 0.004 M solu- 
tions due to the low concentration sensitivity of the 
95Mo and “0 NMR. 

It can be seen that the mixed species prevailing in 
Na-V-MO solutions are not crystallized and some 
minor species are crystallized instead probably due 
to the lower solubility of their Na salts. This can 
partly explain the contradiction of the data avail- 
able on the composition of the V-MO complexes, 
which were obtained from studies of solutions and 
crystal phases. Besides, we have also found that the 
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cations (Na, K, NH.,) influence the composition of 7. M. Filowitz, R. K. C. Ho, W. G. Klemperer and W. 

the concentrated V-MO solutions. As a result some Shum, Znorg. Chem. 1979,18,93. 

other complexes can be isolated from K(NH,)-V- 8. N. A. Polotebnova and E. F. Tkatch, Zh. Neorg. 

MO solutions. Khim. 1969,14,1040. 
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Abstract-Reaction of phenyldichlorophosphine, 2b, with N,NI-dimethyl-N,N’-bis(tri- 
methylsilyl)urea, 1, leads to a symmetrical diphosphorylation product, 3b. A mechanism 
for the formation of 3b, on the basis of 31P NMR-data, is proposed. 3b reacts with oxalic 
acid bis(trimethylsilyl)ester, 5, with intramolecular P-P-coupling and formation of the 
13P-;14P-mixed-valence diphosphorus compound, 1,4-dimethyl-2,3-diphenyl-1,4,3,2- 
diazadiphospholidin-5-one-2-oxide, 6, which has been oxidized by means of tetra- 
chloroorthobenzoquinone (TOB), 7, to the 14P-15P-compound, 8. The structures of 3b, 6 
and 8 have been elucidated by ‘H- and 31P-NMR-spectroscopy ; single crystal X-ray diffrac- 
tion studies of 3b and of 6 have been conducted. The identity of both compounds has been 
confirmed. In the acyclic diphosphorus compound, 3b, a remarkably short non-bonding 
P-P distance of 280.6 pm has been found while the P-P bond length in the cyclic com- 
pound 6 is of the usual order of magnitude (221.1 and 221.8 pm, respectively). 

Recently, the reaction of N,N’-dimethyl-bis(tri- metrical diphosphorylation product, 3a, which 
methylsilyl)-urea, 1, with methyldichloro- has been found to undergo various further trans- 
phosphine, 2a, has been shown to yield a sym- formations.‘** We have now prepared the related 

compound, 3b, as a crystalline solid from 1 and 
*Author to whom correspondence should be addressed. phenyldichlorophosphine, 2b : 

1823 
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0 

!L! Me\,/ \/Me 
2RPCLl - 

Me, ,!, ,Me + (1) 
I I -2Me$iCL 

f i I I 
SiMep SiMe3 

1 2a R = Me 

2b R’ Ph 

The reaction of 1 with 2b, in a molar ratio 1: 1, 
has already been described by Roesky and his co- 
workers, with formation of different products.3 In 
a subsequent publication a possible pathway has 
been suggested,4 and it would seem reasonable to 
assume the reactions to proceed via a common 
intermediate. In a 3’P NMR investigation of the 
reaction of 2b with (Me,Si)(Me)NC(:O)N 
(Me)(SiMe& 1, only the signals for PhPC12, 2b 
(r&+160) and for the product, Ph(Cl)P(Me)NC 
(:O)N(Me)P(CI)Ph, 3b, (a,+ 120) were observed 
at room temperature. No evidence for an inter- 
mediate product was found. In an experiment, con- 

i 
Me\N/C\N/Me 

3a R= Me 

3b R = Ph 

ducted in an NMR tube at -45°C between 
PhPC12, 2b and 1 in a molar ratio 2 : 1 evidence for 
a two-step reaction was obtained, however. Upon 
warming the sample in the NMR tube two strong 
signals, one at 8r 160 (PhPCl,), and one for an 
intermediate product (6, 124.8), and a weak signal 
for 3b (6, 120) were noted. In the following 
spectrum, recorded within about 1 min of the first 
one, a reversal of the signal intensities was already 
noted. Finally, in a spectrum recorded at room tem- 
perature 5 min later only the product 3b (6,+ 120) 
was observed. 

On the basis of the above evidence the following 
pathway is suggested for the reaction : 

Me 

I 

In a second step, insertion of PhPC12 into the P-N bond is suggested to occur : 

Me 

I 
/N\ o=c\,/ P-Ph + PhPCLp 

I 2b 
iie 

il 
Me\,/c\N/M Me\N/c\N/Me 

- I Ifi--- 
ph4,c~~<I 

I I (3) 

Ph”\ L CbPh 
- 

3b 
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The reaction is accompanied, presumably, by 
simultaneous migration of chlorine and cleavage 
of the P-P bond, with formation of 3b. 

As both compounds, 3a and 3b, show a triplet in 
the ‘H NMR spectrum for the N-Me-protons, indi- 
cating coupling between the phosphorus atoms,’ a 
single crystal X-ray structure determination of 3b 
was carried out, in order to support the evidence 
for this interaction. 

The most remarkable finding originating from 
the structure determination of 3b is the unusually 
low P-P-distance of 280.6 pm in the solid state 
which may, perhaps, be represented in terms of 
contributions by the mesomeric structures depicted 
below : 

4b, the P,P’-dimethyl analogue of which, 4a, is 
known. ’ 

E Me\N/ \N/” 
I I da R= Me 

I 

R/!-P 
‘R 

4b R = Ph 

As a new reagent which, it was hoped, would bring 
about this intramolecular dehalogenating con- 
densation, oxalic acid bis(trimethylsilyl)ester,6 5, 
was employed. A smooth reaction, involving P-P 
coupling, was indeed observed but, instead of 4b, 

Me, ,I, ,Me C 
N N 

I 
,,/‘ic I C?‘Ph 

0 

I! Me\N/ \,YC 
1 L POLP 

Pi \,L Cl ‘Ph 

a b C 

3b 

In b and c the urea grouping may function as a kind 
of “electron sink” which serves to compensate or 
alleviate the consequences of a shift of electron den- 
sity. It cannot be ascertained to which extent the 
remarkable proximity of the two phosphorus atoms 
in 3b persists in the solution state. 

It may well be of some relevance to the ease of 
P-P bond formation when the transformation of 3b 
into 6 is effected [eqn (4)]. 

Since bonds involving the negatively charged 
hypervalent phosphorus atom are probably weak- 
ened to the same extent to which those to the posi- 
tively charged phosphorus are strengthened, the 
PCl, P-N and PC bonds, as a consequence of these 
effects, would appear to be normal single bonds. 
The coordination of both phosphorus atoms is 
rather similar. While it cannot be described in terms 
of a regular polyhedron it may, perhaps be referred 
to as strongly distorted $-trigonal bipyramidal. The 
five-membered ring invoked in structures b and c is 
non-planar (see also Fig. 2). The phosphorus atoms 
are situated ca 60 pm above and below the plane, 
respectively, in which the atoms, Nl, N2 and Cl 
are situated (see Fig. 1). 

i 
, 280.6 

: 

a P2 

An attempt was undertaken at the intramolecular Fig. 1. Molecule of 3b showing the atom number ; r(P- 
coupling of the two phosphorus atoms in 3b, with P) in pm; vibrational ellipsoids with 50% probability 
formation of the cyclic diphosphorus compound, (excluding hydrogen atoms). 
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Fig. 2. Stereoview of a molecule of 3b. 

the mixed valence diphosphorus compound, 6, was compound, 6 [eqn (4)]. The NMR spectra of 6 
formed, in accord with eqn (4). (Table 1) suggest the existence of the compound in 
It may be envisaged that, in subsequent steps, from two stereoisomeric forms, 6a and 6h, which are 
one molecule each of 3b and 5 an initial cyclic pro- believed to differ with regard to the positions, rela- 
duct is formed which undergoes loss of CO and CO*, tive to each other, of the phenyl groups at the phos- 
as indicated, to give the I’P-A4P diphosphorus phoru-phosphorus bond. According to the X-ray 

0 

II 
Me\N/C\./Me 

I I + Me,Sioc(:O)C(:O)OSiMe, - 

Ph/p\, X’ah 

- 2Me&CL 

5 

3b 

Me\ A C Me - i ? / + co + co1 (4) 
o=p-p 

1 ‘Ph 

Ph 

6 
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Table 1. ‘H and 3’P NMR spectra of 6” (in CDC13) 

1827 

Isomer 6a Isomer 6h 

3’P : 6 (A’P) 33.1(d) 29.7 (d) 
6 (124P) 14.6 (d) 11.2 (d) 
‘JPP) 169 Hzb 182 Hz” 

‘H 6 A4P-NC& 3.77 ‘J(I-IP) 9.5 Hz (d) 3.74 
6 ASP-NCH 3 2.90 ‘J(I-IP) 7.5 Hz (d) 2.90 
Ph 7.0 center of multiplet 7.0 

a Shift values to high field of the reference have been given a negative 
sign. 

’ Roesky and his co-workers7 have not reported ‘J(PP) for their com- 
pound, and a comparison is thus impossible. 

Table 2. Bond lengths (pm) and bond angles in compound 3b 

P(lWl(l) 
W--NO) 
P(WC(4) 
P(2FCl(2) 
P(2)-N(2) 
P(2)--c(lO) 
C-C(l) 
N(l)-C(l) 
N(lFC(2) 
N(2)-C(l) 
N(2)-~(3) 
C(4FW 
C(4)-C(9) 
C(WC(6) 
C(6)-C(7) 
C(7)-C(8) 
C(8yC(9) 
C(lO)-C(ll) 
C(lOFC(l5) 
C(1 l)-C(l2) 
C(l2)--c(l3) 
C(l3)--c(l4) 
C(l4WW) 
P(l)-P(2) 

210.0(2) 
170.2(3) 
182.1(4) 
209.6( 1) 
170.6(3) 
182.3(4) 
120.9(5) 
138.3(4) 
148.2(5) 
138.1(4) 
146.5(4) 
138.8(6) 
138.7(5) 
137.q6) 
137.2(6) 
138.6(7) 
137.2(6) 
138.6(6) 
137.6(6) 
137.7(6) 
137.4(7) 
136.7(8) 
138.3(6) 
280.6(2) 

WH’(lFN(l) 
Cl(l)--P(l>-c(4) 
N(l)-P(lW(4) 
Cl(2)-P(2FN(2) 
Cl(2)-P(2)--c(lO) 
N(2)-P(2+C(lO) 
P(l)-N(l)-C(l) 
P(l)-N(l)--c(2) 
C(l)-N(l)--C(2) 
P(2)-N(2F(l) 
P(2)-N(2)-C(3) 
C( 1 )-N(2)--c(3) 
C-W)_N(l) 
o--c(l)-_N(2) 
N(l)-W)-N(2) 
P(l)-C(4)--c(5) 
P(l>-c(4)-C(9) 
C(5)--c(4)-C(9) 
C(4)-C(5)-C(6) 
C(5)-C(6)-W 
C(6)-C(7)-C(8) 
C(7)-C(8>--c(9) 
C(4)--c(9>-c(8) 
P(2C(lO)-C(ll) 
P(2)--c(lO)--c(l5) 
C(1 ltc(lO)-C(l5) 
C(lOWx1 l)--C(l2) 
C(1 l)--c(l2)-~(13) 
C(l2)-C(l3)--c(l4) 
C(l3)-C(l4tc(l5) 
C(lO)-C(15)-C(14) 
P(2)***P(l+Cl(l) 
P( 1) . . . P(2)-C1(2) 
P(2)..-P(l)-N(I) 
P( 1) . . . P(2)-N(2) 
P(2). . . P( 1)-C(4) 
P(l)***P(2+C(lO) 

100.7( 1) 
98.6( 1) 

101.4(2) 
101.5(l) 
99.5( 1) 

101.9(2) 
122.1(2) 
121.6(2) 
114.8(3) 
121.2(2) 
121.q3) 
115.5(3) 
121.7(3) 
121.4(3) 
117.0(3) 
121.0(3) 
120.0(3) 
118.7(4) 
120.3(3) 
121.2(4) 
118.4(4) 
121.1(4) 
120.3(4) 
121.1(3) 
119.9(3) 
118.5(4) 
120.8(4) 
120.1(5) 
119.6(4) 
120.5(4) 
120.5(4) 
157.7(l) 
156.0(l) 
77.7(l) 
78.7(l) 

103.5(l) 
104.0(l) 
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Table 3. Bond lengths (pm) and bond angles in compound 6 

Atoms 
Molecule Molecule 

A B Atoms 
Molecule Molecule 

A B 

w)_-pt2) 
Ptl~Ntl) 
B(l>-c(4) 
P(2)-N(2) 
P(2W(2) 
P(2)--c(lO) 
N(2)-C(l) 
~(2wx3) 
C(l)-N(1) 
C(lW(1) 
WH(2) 
C(4)-w 
W-C(6) 
C(6W(7) 
C(7W(8) 
C(8W(9) 
C(9>-c(4) 
C(lOF(l1) 
C(1 lF(l2) 
c(l2~(13) 
C(13F(l4) 
C(l4)-w5) 
C(l5>--c(lO) 

221.1(2) 
172.3(4) 
182.3(5) 
167.8(4) 
148.2(4) 
179.1(5) 
139.5(8) 
148.9(6) 
136.4(7) 
123.7(6) 
148.2(9) 
139.2(7) 
139.3(8) 
137.7(8) 
138.0(9) 
138.8(9) 
139.2(7) 
138.7(8) 
137.4(8) 
138.3(9) 
138.4(10) 
136.8(7) 
140.6(7) 

221.8(2) 
173.2(4) 
183.9(5) 
167.4(4) 
147.7(4) 
179.5(5) 
138.6(8) 
149.0(6) 
135.9(6) 
123.4(6) 
149.1(8) 
139.4(7) 
139.9(8) 
137.7(8) 
138.4(9) 
139.0(8) 
136.1(7) 
138.0(8) 
139.2(8) 
136.5(9) 
139.2(10) 
138.3(8) 
140.5(7) 

W>--p(1>-W) 
p(2)+ 1 F(4) 
N(l)--P(l)--C(4) 
P(lH’(2FW2) 
P(l)-B(2Hx2) 
p(lwY2)--c(lO) 
N(2H’(2H(2) 
N(2VY2HXlO) 
O(2)--p(2W( 10) 
B(2)-N(2W(l) 
B(2)-~(2>-c(3) 
w-~(2~(3) 
N(2W(l)-N(l) 
N(2)-VFW) 
W)--C(l)--Wl) 
C(l)-N(lF’(1) 
C(lV’WW(2) 
P(l)-N(lF(2) 

89.2(2) 
101.1(2) 
103.4(2) 
93.7(2) 

113.3(2) 
113.7(2) 
116.4(2) 
105.5(2) 
112.8(2) 
118.1(3) 
121.4(4) 
118.3(4) 
114.5(4) 
121.5(5) 
123.9(6) 
121.9(4) 
118.7(4) 
119.4(3) 

89.3(2) 
100.4(2) 
104.0(2) 
93.7(2) 

114.9(2) 
113.4(2) 
115.0(2) 
105.0(2) 
113.1(2) 
119.8(3) 
120.4(4) 
119.0(4) 
114.5(4) 
122.1(5) 
123.3(5) 
122.1(4) 
117.9(4) 
119.2(3) 

crystal structure determination of 6, however, only 
one species is present in the solid state (vi& infra). 

The mass spectrum of 6 reveals its thermal stab- 
ility, in that the base peak of the spectrum cor- 
responds to the molecular ion. Based on the obser- 
vation of two metastable ions, the loss of one methyl 
group (m* 288.71; 318 + 303; Am = 15) and of 
methyl isocyanate (m* 214.22; 318 + 261; 
Am = 57) is indicated. 

The NMR spectra of 6 both for ‘H and 31P 
(Table 1) are different for each isomer. Isomer 6a is 
present in excess over 6h which is thought to be 
a consequence of less steric hindrance (tram 
arrangement of phenyl groups), compared to 6h 
(cis). 

The preparation of 6 by a thermolytic reaction, 
apparently in a lower state of purity (reported m.p. 
118” ; our m.p. 150”) has been reported.7 An 
attempted X-ray crystal structure determination of 
6 confirmed its identity, but a structure refinement 
has been reported as being impossible, due to the 
unsatisfactory quality of the crystals.7 We have, 
therefore, undertaken a new single crystal X-ray 
determination of 6. 

* Bond distances and angles are listed in Table 3. 

The present X-ray investigation contirms the pre- 
liminary results of Sheldrick et aL7 There are two 
crystallographically independent molecules of 6 per 
asymmetric unit. As Fig. 3 shows, the two molecules 
(labeled A and B) have the same configuration (with 
the phenyl groups cis relative to the heterocyclic 
ring, as opposed to 3b where the phenyl groups 
are trans). Furthermore A and B have an almost 
identical conformation.* The molecular packing is 
illustrated in Fig. 4. The heterocyclic rings are 
slightly puckered. The deviations (in pm) of atoms 
from the respective least squares planes defined by 
the ring atoms are for A : P(la) 2 ; P(2a) - 5 ; N(2a) 
8; C(la) -6; N(la) 1; for B: P(lb) 3; P(2b) -4; 
N(2b) 6; C(lb) -3 ; N(lb) -2. The phosphorus- 
phosphorus bond lengths in 6 of 221.1(2) (A) and 
221.8(2) pm (B) fall in the range typical of phos- 
phoru-phosphorus single bonds (c.f. e.g.*). 

Since there are only very few examples of P-P 
compounds involving the IZ4P-i15P-structural unit,8 
and as only one example of a product of direct 
oxidation of TOB to a 14P-15P compound is 
known8’ we were interested in the oxidation of 6 
by TOB. In many cases investigated previously, the 
P-P bond was broken upon oxidation. 9 

The reaction proceeded as shown below, eqn (5) ; 
the P-P bond remained intact; P-P coupling, 
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Fig. 3. ORTEP drawings of the two crystallographically independent molecules of 6. 

‘Jp_r = 350 Hz was observed. In the ‘H NMR spec- tall&d from either dichloromethane or benzene. 
trum two isomers were observed, too, the NCH, Yield of 3b, 6.6 g (76%) ; m.p. 155-156”. Found : 
resonance line for one isomer being shifted by C, 47.4 ; H, 4.3 ; Cl, 18.2. ClsH laClzOPz (373.17) 
only 0.01 ppm, relative to the other. requires : C, 48.3 ; H, 4.5 ; Cl, 19.0%. NMR spectra 

EXPERIMENTAL 

The usual precautions with regard to exclusion 
of air and moisture were observed in the course of 
the experiments. ‘H and 3 ‘P NMR spectra : JEOL 
JNM-60 HL with TMS (ext.) and 85% H3P04 (ext.) 
standards. IR spectra: Beckman IR 4260. Mass 
spectra AEI MS 9. 

Preparation of 1,5-dichloro-2,4-dimethyl-2,4-diaza- 
1,5-diphospha-1,5-diphenylpentan-3-one, 3b 

N,N’-Bis(trimethylsilyl)-N,N’-dimethyl-urea, 1 
(5.3 g ; 0.023 mol) was added dropwise with stirring 
to a solution of PhPC12, 2b (23 g ; 0.13 mol) in 20 
cm3 of dichloromethane. After stirring had been 
continued for 20 h volatile products were removed 
in uacuo, and the remaining solid was collected by 
filtration. It was washed with ether and recrys- 

(in CDCl 3) : 

‘H : NCH 3 : 6 + 2.90, ‘triplet’ (separation of 
components 2.1 Hz) 

C6H 5 6 + 7.5 (center of multiplet) 

3’P 6+ 120. 

Mass spectrum (rel. intensities of the characteristic 
fragments, based on m/e 143 = lOO%, in par- 
entheses) ; m/e 337 (1) : M+--Cl ; 302 (6) : M+-2Cl; 
230(12):M+-PhPC1;178(82):PhPCl;;143(100): 
PhPCl+ ; 124 (43) : PhPO+ ; 60 (48) : MePN+. IR 
(Nujol mull) : v(C=O)(vs) at 1675 cm- ‘. 

Reaction of 3b with oxalic acid bis(trimethyl- 
silyl)ester, 5 : preparation of 1,4-dimethyl-2,3-di- 
phenyl-l,4,2,3-diazad@hospholidin-5-one-2-oxi&, 6 

The solid reactants, 3b (6.2 g; 0.017 mol) and 
5 (3.9 g; 0.017 mol) were thoroughly mixed. The 
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1 

Fig. 4. Projection of the crystal structure of 6 along the y axis. 

reaction with formation of gas commenced upon 
dropwise addition of 30 cm3 dichloromethane over 
0.5 h while the mixture was stirred. After an 0.5 h 
period of reflux, solvent and other volatile products 
were removed in vacua. The solid product thus 
remaining was obtained as white crystals of 
m.p. 150” upon recrystallization from dichloro- 
methane/ether. Yield 4.2 g (80%). Found: C, 
56.4; H, 5.1; P, 19.8. C15H16N202P2 (318.27) 
requires: C, 56.6; H, 5.1 ; P, 19.5%. 

For NMR data of 6, see Table 1. Mass spectrum 
(rel. intensities of the characteristic fragments, 
based on m/e 318 = loo%, in parentheses): m/e 
318 (100): M+; 303 (1): M+-Me; 261 (69): Mf- 
MeNCO ; 201 (67) : Ph2PO+ ; 60 (65) : MeNP+. IR 
(solution in CH,Cl,) v(c--=O)(vs) 1685 cm- ‘. 

Reaction of 6 with tetrachloroortho-benzoquinone, 
7: preparation of Spiro-(4,5,6,7)-tetrachloro- 
(1,3,2)benzodioxaphosphole - 2,3’ - 1’4’ - dimethyl- 
2’,3’ - diphenyl- 1’,4’,2’,3’ - diazadiphospholidin - 5’- 
one-2’-oxide, 8 

To a solution of 6 (2.6 g ; 0.008 mol) in 10 cm3 
of dichloromethane was added dropwise a solution 
of 7 (2 g ; 0.008 mol) in 10 cm3 of dichloromethane. 
The intensely red solution of 7 lost its colour 
almost instantaneously. After addition of about 

half of the amount of 7 a colourless precipitate 
began to form. After the addition of 7 had been 
completed the mixture was stirred for 24 h and the 
volatile components were removed in vacua. The 
solid residue was recrystallized from dichloro- 
methane/ether. Yield of 8 4.2 g (910/) ; m.p. 
164” (dec.). Found: C, 44.0; H, 2.8; P, 10.5. 
C2iHlbC14N204P2 (564.13) requires: C, 44.2; H, 
2.9; P, 11.0%. 

NMR spectra (in CD+&) : 

‘H: NCI13 (P==O) 6+3.12 (d) 3J(HP) 12 Hz 
NW3 @‘OK,CLd 6+ 3.19 (d) 3J(HP) 8 Hz. 

Two isomers are observed from the NCH3 res- 
onances, the second (about 40%) shifted from iso- 
mer one by A6 = 0.01 ppm downfield (isomer one 
vide supra) 

PhP 6+7.5 (center of multiplet) 

3’P 6+ 19.36 (d) L4P ‘J(PP) 350 Hz 
6-34.42 (d) r1’P ‘J(PP) 350 Hz. 

Mass spectrum (rel. intensities of the characteristic 
fragments, based on m/e 371 = lOO%, in par- 
entheses): m/e 371 (100): (O&Cl,P(:O)Ph; 355 
(83): 0&C14PPh; 277 (87): O&&l,; 153 (76): 
PhP(:O)NMe; 124 (60): PhP(:O); 107 (66): PhP; 
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77 (73) : Ph ; 60 (66) MeNP. IR (Solution in CH,Cl,) 
v(c--=O)(vs) 1694 cm-‘. Crystals of 3b and 6, suit- 
able for a single crystal X-ray crystal structure 
determination, were obtained by slowly evap- 
orating the solvent, dichloromethane, over P401 ,,. 

Crystal structure determination of 3b 

Colourless prisms of 3b were employed for the 
X-ray determination conducted on a Syntex P21 
diffractometer, (MO-K, radiation ; graphite mono- 
chromator ; d (Kcl) 71.069 pm) ; the crystal dimen- 
sions were 0.3 x 0.3 x 0.4 mm, triclinic ; space group 
PT. Cell parameters : a = 808.2(3) ; b = 948.9(3) ; 
c = 1201.2(4) pm; a = 80.12(3); /I = 90.58(3); 
y = 75.67(3). Cell volume 877.96 x lo6 pm3 
(Z = 2). Intensity data were collected to a 0,,,, of 
24”, yielding a total of 2760 independent reflexions 
of which 2108 (I > 2a(I)) were used in the sub- 
sequent calculations, using direct methods (pro- 
gramme SHELXTL ; computer CM S 140). Final 
values for R and R,, 0.048 and 0.054, respectively 
(hydrogens in fixed positions, remaining atoms 
refined with anisotropic temperature factors) ; 
weighting scheme : w = (a2(Fo) +O.OlFz)- ‘. 

P2,ln. Dd, = 1.357 g/cm3 for Z = 8. Intensity data 
were collected to a 0,, of 22”, yielding a total of 
3828 independent data. The 3143 reflexions with 
F0 > 2.5o(F,) were used in the subsequent cal- 
culations. The structure was solved by Patterson 
techniques. All hydrogen atoms could be located 
in difference Fourier maps. The tinal values for R 
and R, were 0.063 and 0.069, respectively (hydro- 
gens in fixed positions, remaining atoms refined 
with anisotropic temperature factors). The weight- 
ing scheme was given by w = 1.18(a2(F,)+ 
O.O03F,2)- . ’ * The calculations were carried out 
using the SHELX system.” 
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1. 

Crystal structure &termination of 6 

2. 

3. 

4. 

Crystals of 6 were colourless and transparent, and 
of isometric habitus. A crystal of 0.24 mm average 
diameter was used for the X-ray measurements on 
a Philips PW 1100 diffractometer (graphite mono- 
chromator ; (MO-K&) = 71.069 pm). Cell param- 
eters: a = 1948.0(6), b = 875.9(3), c = 1973.9(4) 
pm; /? = 112.32(3)“. 

5. 
6. 

I. 

The space group (from systematic absences) is 8. 

*Final atomic positional and thermal parameters, 
bond lengths and angles and F,/F= values have been 
deposited as supplementary material with the Editor, 
from whom copies are available on request. Atomic co- 
ordinates have also been submitted to the Cambridge 
Crystallographic Data Centre. 

9. 
10. 
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Abstract-The complex Na(Pic)(PHEN), (Pit = picrate, Phen = l,lO-phenanthroline) is 
unique in being a cluster with two independent Na ions in the asymmetric unit. Na(1) is 
seven-coordinated involving two N atoms of two Phen molecules (Na-N, 2.492-2.622 A), 
phenoxide 0 (Na-O-, 2.381 A) and an o-nitro-oxygen (Na-ONO, 2.584 A) of Pit(1) and 
also to the phenoxide 0 (Na-O-, 2.656 A) of Pit(2). Na(2) is six-coordinated through 
four N atoms of the two other Phen molecules (Na-N, 2.510-2.570 A), phenoxide 0 
(Na-O-, 2.317 A) an d o-nitro-oxygen (Na-ONO, 2.592 8) of I%(2). Thus Pit(2) serves 
as a linkage residue between two clusters. The Phen molecules are planar and nearly 
perpendicular to each other in either cluster. 

With the aim of understanding the vital bioinor- 
ganic functions of Na, K, Mg and Ca,’ we have been 
interested in unravelling the fundamental coor- 
dination chemistry of alkali (M+) and alkaline earth 
(M’+) cations (general abbr. M”‘). In order to 
understand the individual Lewis acid behaviour of 
each M”+, a wide range of chemical and cry- 
stallographic investigations’ have been undertaken 
on the systems of the type M”+(X);(ligand), and 
Mz+ (L); (ligand), where X and L are inorganic and 
organic charge neutralizers, respectively. The ligand 
may be a macrocycle such as benzo-1 5-crown-5,3 a 
protic acyclic multidentate such as tetra- 
ethyleneglycol (Teg)4 or triethanolamine (Tea),* or 
an aprotic conventional bidentate such as 2,2- 
bipyridine (Bipy) 6 or 1, lo-phenanthroline @‘hen). 7-9 
The macrocycles have the advantage of the macro- 
cyclic effect, lo the protic Teg and Tea type of ligands 

* Author to whom correspondence should be addressed. 

enjoy the advantage of being double action’ in that 
they coordinate the M”+ while also stabilizing (bridg- 
ing) the counteranion. Bipy and Phen carry fairly 
anionic N-sites ’ I and bind efficiently the hard Mz+ 
in the capacity of being “anionic ligands”. 

During our extensive chemica17-9 work on the 
ML,-Phen systems under the solvating effect of the 
diverse protic and aprotic media, we realized that 
Naf and Ca2+, for Pit (picrate) as L, display out- 
standing ability to yield solid Phen-complexes. 
Their complexes insolubilize easily irrespective of 
the solvating medium, in particular from water. To 
know about the chemical principles related to this 
conspicuous feature we have undertaken X-ray 
structural analysis of selected ML,-Phen complexes 
with the hope that it would add to the under- 
standing of the chemical differentiation of Na and 
Ca from their biologically important analogues K 
and Mg. In this paper we report on the structural 
results of Na(Pic)(Phen)z. 
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EXPERIMENTAL RESULTS AND DISCUSSION 

Synthesis ofNa(Pic)(Phen)z 

A 1 : 2 reaction mixture of Na(Pic) (0.002 mmol) 
and Phen-monohydrate was dissolved by warming 
in 5 cm3 ethanol and set aside in a closed beaker at 
room temperature to allow a slow crystallization 
of the title complex. Bright yellow crystals (m.p. 
28O”C), recovered by filtration, were subjected to 
structural analysis. 

The atom numbering of the phenanthroline and 
picrate molecules are shown in Fig. 1. There are 
two types of Na+ ion, the coordination of which 
are shown in Figs 2 and 3. The numbering of atoms 
in Figs 24 is derived from the number of the cor- 
responding moiety, i.e. O(201) denotes G(1) of picrate 
(2). Coordination geometry around Na(l) and 
Na(2) is detailed in Table 1. Other bond distances, 
angles, torsion angles and positional and thermal 
parameters have been deposited in the sup- 
plementary material. 

X-ray structural analysis 

From a yellow, transparent rod shaped crystal 
of dimensions 0.4 x 0.2 x 0.1 mm, mounted on an 
Enraf-Nonius CAD-4 Diffractometer, 5057 reflec- 
tions were measured for one half of the reflection 
sphere with Zr-filtered MoKa radiation up to 
28 = 44” using w-28 scan technique. Lattice con- 
stants were determined by least squares refinement 
of the setting angles of 24 reflexions. 

Crystal data 

Na+(CsH*N307)-(C,2HsN2)2, M, = 611.55, 
triclinic with a = 12.535(11), b = 13.364(g), 
c = 17.664(6) A, a = 93.20(4), B = 94.36(5), 
v = 110.97(6)“, V = 2744 A3, space group PT with 
2 = 4, d, = 1.436 g cmp3, (MoKa) = 0.71069 A, 
p(MoKa) = 1 .l cn- ‘, F(OOO) = 1256, T = 298 K. 
Final R for 4614 observed reflections was 0.043. 

There are only a few M”+-Phen complexes the 
structural analysis of which have been reported. 
The Sr(ClO,),(Phen), * 4H20 and Ba(ClO,), 
(Phen)4 - 4H 2O systems ’ ’ are isomorphous wherein 
the cation is within the environment of only 
two bidentate Phen molecules and the four water 
molecules. More details for the Ba-system are 
available in our recent publication. I8 Bonding 
modes of Ba in Ba(Pic),(Phen), acetoner and 
Ba(Dnp)2(Phen)320 (Dnp = 2,4-dinitrophenolate) 
have also been examined. In the M(Onp)(Phen), 
(M = K or Rb ; Onp = o-nitro-phenolate) com- 
plexes2’ the cation is within the environment of the 
two bidentate Phen molecules, the chelating Onp, 
and the unused nitro-oxygen belong to the Onp of 
the adjoining molecule in the lattice. The analogous 
Na(Onp)(Phen), is not dimerized in this way but 
exists in discrete molecules2’ containing a 6-coor- 

The structure was determined by direct methods. 
MULTAN Sol2 yielded Fourier maps that could 
not be interpreted ; however, SHELX 84’ 3 gave all 
but two non-hydrogen atoms. Subsequent Fourier 
methods revealed the remaining two atoms. 

HII H5 

Isotropic refinement of the 90 non-hydrogen 
atoms was carried out with the SHELX 7614 pro- 
gram on the Cyber 855 computer of the University 
of Utrecht and converged at R = 0.14. Subsequent 
refinement was performed on an in-house DG- 
Eclipse s/230 mini-computer, using a locally modi- 
fied SHELX 7614 implementation. Anisotropic 
non-hydrogen refinement converged at R = 0.07. 
All 36 H-atoms were placed at idealized aromatic 
C(sp2)-H positions with a C-H distance of 1.08 8, 
and were kept fixed during refinement. The H- 
atoms were assigned an overall isotropic tem- 
perature parameter, which refined to a final value 
of 0.13. Scattering factors were taken from the 
International Tables for X-ray Crystallography. l5 
The molecular geometry was calculated and the 
illustrations were prepared with the EUCLID- 
package.16 

H3 H5 

Fig. 1. Atom numbering of phenanthroline and picrate 
residues. 



Coordination chemistry of alkali and alkaline earth cations 

Fig. 2. Coordination of Na(1). [The residue number precedes the atom number, e.g. O(201) is atom 
0( 1) of picrate(2), and N(301) is atom N( 1) of phen(3) etc.] 

1835 

dinated cation (Na-N, 2.444-2.557 8, ; Na-C-, 
2.281 A; and Na-ONO, 2.421 A). 

The present complex represents a unique example 
of being a cluster (Fig. 4) wherein there are two 
crystallographically different Na ions for each 
asymmetric unit. One cation, Na(l), is seven coor- 
dinated through the two bidentate Phen molecules 
(Na-N, 2.492-2.622 A), the Pit(1) phenoxide 
(Na-O-, 2.381 A), an ortho-nitro-oxygen of the 
same Pit (Na-0, 2.584 A) and also the Pit(2) 
phenoxide through a rather long contact (Na-O-, 
2.656 A). The other cation, Na(2), is six coordinated 
through the two bidentate Phen molecules (Na-N, 
2.510-2.570 A), the Pit(2) phenoxide (Na-W, 
2.317 A) and an ortho-oxygen of this Pit (Na-0, 
2.592 A). 

The two Phen molecules in each cluster are planar 
(ave. 0 plane, 0.025 A) , nearly perpendicular to each 
other (88.2 and 84.0”) with the uniqueness that one 

C-N bond of each is consistently short (ave. 1.323 
A) while the other is distinctly longer (ave. 1.354 
A). As seen in Table 1, the two Na-N bond lengths 
for each Phen with a given cation, Na(1) or Na(2), 
are different, especially for the Phen molecule 
roughly in plane with Pit (and approaching the 
cation from the direction opposite to it) ; in fact it 
forms the shortest and the longest Na-N bonds 
and the effect is more pronounced for Na( 1) which 
is in contact with two anionic oxygens. Similar 
differences are traceable for the Na(Onp)(Phen), 
complex although, both Phen molecules in this 
compound are equally inclined to the Onp moiety. ” 
Recently, the compound NaMoO(CN),(Phen), 
MeOH * Hz0 has been examined crystallographi- 
tally” and has been found to contain Na within 
the cationic moiety of the complex [Na(Phen)* * 
MeOH,H,O]+[MoO(NC),(Phen)]- wherein it 
is six-coordinated through two bidentate Phen 

P 0206 0205 
P 

Fig. 3. Coordination of Na(2). 
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0104 DO204 
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N501 \ 
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Fig. 4. The asymmetric unit consisting of two interlinked Na clusters. 

molecules (Na-N, 2.500-2.521 A), the water A) distance. The phenomenon is, therefore, an 
molecule (Na--OH,, 2.380 A), and methanol inherent feature of the Phen molecule. 
(Na-O,2.413 A). Na+ is not under formal pairing The aromatic rings of Pit(1) and Pit(2) are also 
with any charge neutralizer but the intriguing defor- planar (a plane, 0.055 and 0.020 A) but nitro groups 
mation of one Phen molecule still takes place which of both are rotated to different degrees (0.0, 4.5 
yields the shortest (2.500 & and the longest (2.521 and 33.3”, and 35.9, 6.5 and 16.4”, respectively). It 

Table 1. Selected bond lengths and angles 

Na( 1)-0(201) 
Na( l)--N(302) 
Na( l)-N(601) 
Na( I)-N(602) 
Na( 1)-0(207) 
Na(l)-N(301) 
Na(l)-O(lOl) 

0(201)-Na(l)-N(302) 
0(201)-Na(lbN(601) 
0(201)--Na(lFN(602) 
0(201)--Na(1)-0(207) 
0(201)-Na(l)-N(301) 
0(201)-Na(l)-O(lOl) 
N(302)--Na(leN(601) 
N(302)-Na(l)-N(602) 
N(302)--Na(1)-0(207) 
N(302)--Na(lpN(301) 
N(302)-Na(l)-O(lOl) 
N(601)-Na(lFN(602) 
N(601)--Na(1)-0(207) 
N(601)--Na(lFN(301) 
N(601)-Na(l)-O(lOl) 
N(602)-Na( 1)-0(207) 
N(602)-Na(l)---N(301) 
N(602)-Na(l)-O(lOl) 
0(207)-Na(l)-N(301) 
0(207)-Na(l)-O(lOl) 
N(301)--Na(l)-O(lOl) 

(a) Bond lengths (A) 

2.381(3) 
2.492(3) 
2.546(3) 
2.569(4) 
2.584(3) 
2.622(3) 
2.656(3) 

Na(2)-0(101) 
Na(2)-N(501) 
Na(2)-N(502) 
Na(2)-N(401) 
Na(2)-N(402) 
Na(2)-0( 107) 

(b) Angles (“) 

90.3(l) 
82.7( 1) 

119.3(l) 
66.4( 1) 

154.8(l) 
87.4(O) 
87.3( 1) 

133.4(l) 
148.9( 1) 
64.7( 1) 
88.6(O) 
64.3(l) 

108.6(l) 
98.6(O) 

169.3(l) 
77.5( 1) 
83.0(l) 

124.8(O) 
134.8(l) 
70.8(O) 
88.5(O) 

O(lOl)-Na(2)-N(501) 
O(lOl)-Na(2 jN(502) 
O(lOl)-Na(2FN(401) 
O(lOl)-Na(2)-N(402) 
O(lOl)-Na(2)-0(107) 
N(501)-Na(2)--N(502) 
N(501)-Na(2)--N(401) 
N(501)-Na(2kN(402) 
N(501)-Na(2)-0(107) 
N(502)-Na(2)-N(401) 
N(502)-Na(2FN(402) 
N(502)-Na(2)-O(107) 
N(401)-Na(2 jN(402) 
N(401)-Na(2)-0(107) 
N(402)---Na(2)-0( 107) 

2.317(3) 
2.510(3) 
2.527(3) 
2.542(3) 
2.565(4) 
2.592(4) 

137.4(l) 
132.6( 1) 
113.0(l) 
84.1(l) 
66.2(O) 
65.5( 1) 
89.7(l) 

138.3(l) 
84.7(l) 

106.1(l) 
90.0( 1) 

149.4( 1) 
64.2( 1) 
79.4(l) 

118.5(l) 
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indicates a different conformation for the two Pit 
moieties. Rotation of nitro groups of the nitro- 
phenolates is a common feature of Onp21,23,24 and 
DnpZo and in particular P~c.“,~~ Yet other chem- 
ically significant features of Pit in the present com- 
plex are the shortening of the C-O- bond, elon- 
gation of the two C-C bonds next to C-O 
compared to the rest and decrease of the C-C-C 
angle at the C-C-. This effect is practically the 
same as noted for Onp in K(Onp)*H20,23 
Rb(Onp)(Phen),21 and K(Onp. isonitrosoace- 
tophenone)24 and to a decreased extent for Pit in 
K(Pic)” and Ba(Pic)2(benzo-15-crown-5) *H20.26 
The origin of these deformities is the electron 
donating nature of the phenoxide and electron 
withdrawing nature of the nitro group, and the 
consequent hybridization change of the connected 
carbons.27,28 

The Na--O- and Na--ONO distances in the pres- 
ent complex are distinctly longer (Na--O-, 2.381, 
2.317 and 2.656 8, (bridging); Na-ONO, 2.584 
and 2.592 A) compared to the analogous distances 
in Na(Onp)(Phen), (Na-O-, 2.281; Na-ONO, 
2.421 A) suggesting a diminished anionic state of 
oxygens in Pit and an enhanced ionicity in the pre- 
sent complex. This feature, apparently relates itself 
to its inert (insoluble) characteristics in water 
medium ; the Ca(Pic),(Teg) * H20,29 which is highly 
inert in protic media and is rather quantitatively 
insoluble in isoproponal, is found through struc- 
tural analysis to be practically charge separated. A 
vital clarification at this juncture is in order in that 
chemical inertness (insolubility) of ionic com- 
pounds in protic media, including water, increases 
with the ionicity of the compound.2 The cross link- 
age of Na(1) with phenoxide of Pit(2) may add to 
the chemical inertness of the complex ; Ba(Onp),, 
which we have found through X-ray analysis3’ to be 
an intricately Ba-0 cross-linked, displays typical 
chemical inertness. 

1. 

2. 

3. 

4. 

5. 
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X-RAY CRYSTAL STRUCTURE OF W(OAlBr3)(CH,t-Bu)$r, 
A MODEL FOR CATALYST-COCATALYST INTERACTION 
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Abstract-The crystal structure of the acid-base adduct obtained from WO(CH,t-Bu),Br 
and A1Br3 is described. The interaction between the Lewis acid and the 0x0 ligand of the 
tungsten compound is discussed on the basis of bond distances and bond angles in the 
Br-W-O-Al linkage. The role of the W-O-Al linkage in homogeneous catalysis and 
of such interactions modelling the catalyst-support interactions in heterogeneous catalysis 
are briefly considered. 

In recent years the organometallic chemistry of 
transition metals in formally high oxidation states 
has been greatly developed. The wide expansion of 
this field has emphasized the need for the use of rr- 
donor ligands such as alkoxo, amido, 0x0, imido or 
nitrido groups, which were shown to stabilize the 
generally electron deficient high oxidation state 
compounds. The 0x0 ligand has elicited interest for 
at least two further reasons : it has been suggested 
that it can serve as a “spectator” group in certain 
catalytic reactions’ or as a reactive entity in both 
chemical and biochemical’ oxidation processes. In 
this report, we describe an additional possible role 
for the 0x0 group, that of a bridge between catalyst 
and cocatalyst in certain catalytic reactions. 

Previously3 we have reported that tungsten(VIk 
oxo-alkyl complexes of the type WO(CH2t-Bu)3X 
(X = halide, alkoxide, . . .) become catalytically 
active for the metathesis of olefins after addition 
of suitable Lewis acids such as boron, aluminum, 
gallium or tin halides. Acid-base interaction 
between the Lewis acid and the 0x0 function, both 
in the initial trialkyl precursors and in the pro- 
pagating tungsten carbene derivatives, was sug- 
gested to be at the origin of this catalytic activity. 
We now report the X-ray structure of one of the 
initiating addition products, i.e. that formed from 
WO(CH2t-Bu)3Br and AlBr,. 

* Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Suitable single crystals of the title compound 1 
were obtained from a saturated toluene solution at 
low temperature under argon in the absence of 
light. A systematic search in reciprocal space using 
a Philips PW 1100/l 6 automatic diffractometer 
showed that crystals of 1 belong to the ortho- 
rhombic system. The unit-cell dimensions and their 
standard deviations were obtained and refined at 
room temperature with CuKcl radiation (A = 
1.5405 A) by using 25 carefully selected reflections 
and the standard Philips software. Crystal data: 
C,SH330A1Br4W, M = 759.9, a = 18.643(6) A, b = 
15.996(5) A, c = 17.092(6) A, I’ = 5097 A3, 2 = 8, 
dcalC = 1.98 g cme3, p = 162.94 cm-‘, Fooo = 2864, 
space group Pbca. 

A crystal of 0.14 x 0.18 x 0.22 mm was sealed in 
a Lindemann glass capillary and mounted on a 
rotation free goniometer head. All quantitative data 
were obtained from a Philips PW 1100/l 6 four circle 
automatic diffractometer, controlled by a P 852 
computer, using graphite monochromated radi- 
ation and standard software. The vertical and hori- 
zontal apertures in front of the scintillation counter 
were adjusted so as to minimize the background 
counts without loss of net peak intensity at 20 level. 
The total scan width in O/20 flying step-scan used 
was At7 = 1 .O + O.l43t@) deg. a step width of 0.05 
deg. and a scan speed of 0.024 deg s- ‘. 3785 hkl 
reflections were recorded (4” < 0 < 57”). The 
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resulting data-set was transferred to a PDP 11/60 
computer, and for all subsequent computations, the 
Enraf-Nonius SDP/PDP package was used,4 with 
the exception of a local data-reduction program. 
Three standard reflections measured every hour 
during entire data-collection period has a mean loss 
of 16% in intensity which was corrected using a 
time-dependent linear interpolation function. 

The raw step-scan data were converted to inten- 
sities using the Lehmann-Larson method’ and then 
corrected for Lorentz, polarisation and absorption 
factors, the latter computed by the numerical inte- 
gration method of Busing and Levy6 (transmission 
factors between 0.08 and 0.31). A unique data set 
of 1333 reflections having I> 30(I) was used for 
determining and re8ning the structure. 

The structure was solved using the heavy atom 
method. After refinement of heavy atoms, a differ- 
ence-Fourier map revealed maxima of residual elec- 
tronic density close to the positions expected for 
hydrogen atoms ; they were introduced in structure 
factor calculations by their computed coordinates 
(C-H = 0.95 A) and isotropic temperature factors 
of the form B(H) = 1 +Bequ(C) A’ but not refined. 
Full least-squares refinement minimizing 
E o(lFoj -I&l)’ converged to R(F) = 0.060 and 
R,(F) = 0.073, w = (a&t,+(pr)2)-1. The unit 
weight observation was 1.38 for p = 0.08. A final 
difference map revealed no significant maxima. The 
scattering factors coefficients and anomalous dis- 
persion coefficients come respectively from Refs 7 
and 8. 

Tables of atomic positional parameters [Table 2 
(1 page), Tables 3, (1 p.), and 32 (1 p.)] and thermal 
parameters [Table 4 (1 p.)] and lists of Fo/Fc values 
(*lo, Table 5 (6 pp.)), have been deposited as sup- 
plementary data with the Editor, from whom copies 
are available on request. Atomic coordinates have 
also been deposited with the Cambridge Cry- 
stallographic Data Centre. 

RESULTS 

The crystal consists of discrete molecular units 
separated by normal Van der Waals distances. 
There are no unusual intermolecular contacts. An 
ORTEP view of the molecular unit is displayed in 
Fig. 1 along with the atom labelling scheme. Selec- 
ted bond distances and bond angles are given in 
Table 1. 

The molecule consists of a central tungsten(VI) 
atom which has a slightly distorted trigonal bipyr- 
amidal coordination geometry. The equatorial pos- 
itions are occupied by the three neopentyl groups, 

Brl 

Fig. 1. ORTEP view of complex 1(50% probability ther- 
mal ellipsoids). 

and the axial positions by the 0x0 and bromo 
ligands. The 0x0 oxygen is linked to the aluminum 
of the AlBr, moiety resulting in a distorted tetra- 
hedral arrangement about Al. 

The three neopentyl groups adopt a helical 
arrangement about the tungsten centre, the B car- 
bon atoms C(2), C(7) and C(12) being located 
almost within the plane defined by the a carbons 
C(l), C(6), C(11). The tungsten atom lies out of this 
plane by only 0.01 A, being displaced towards the 
Br(1) axial ligand. The three W-C bonds, as well 
as the three C-W-C and W-C-C angles are not 
significantly different from each other with normal 
mean values of 2.11 A, 120” and 121” respectively 
(Table 1) similar to those observed in [WO(CH,t- 

Bu) 31 &-O). 9 
The 0x0 bridge between tungsten and aluminum 

is characterized by an almost linear alignment of the 
three atoms (W-O-Al = 172”). The short Al-O 
distance (1.79 A)l”*” is indicative of a strong coor- 
dination bond. The tungsten-oxygen bond distance 
(1.77 A), although cu 0.1 8, longer than in other 
W(V1) 0x0 compounds, 9,12-15 is consistent with the 
presence of a double bond. The W-Br(1) bond 
distance, on the other hand, is particularly short 
(2.428 A),‘&” despite the location of the bromine 
in position trans to the 0x0 ligand. Both axial 0 
and Br( 1) are slightly tipped with respect to normal 
of the plane defined by the equatorial atoms C(l), 
C(6), C(11) (3.1 and 2.7” respectively), with a Br(l)- 
W-O angle of 177”. 

The AlBr3 moiety is linked to the oxygen so that 
the three bromine atoms are staggered with respect 
to the three neopentyl ligands in a gear-type 
arrangement. The three Al-Br bond distances as 
well as the 0-Al-Br bond angles are very similar 
and show no unexpected feature. 



A model for catalyst-uxatalyst interaction 

Table 1. Selected bond lengths (I%), bond angles (deg.) and averages with their 
estimated standard deviations 
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W-Br 1 
W-0 
W-Cl 
W-C6 
W-Cl1 
Al-O 
Al-Br2 
Al-Br3 
Al-Br4 
Cl-c2 
u-C7 
Cl l-Cl2 
C2-C3 
c2-C4 
c2-C5 
C7-C8 
c7-C9 
c7-Cl0 
C12-Cl3 
Cl2-Cl4 
Cl2-Cl5 

2.428(3) 
1.77(l) 
2.11(2) 
2.08(3) 2.1 l(1) 
2.14(2) 
1.79(l) 
2.241(9) 
2.243(9) 2.248(5) 
2.260( 10) 1 
1.56(3) 
1.53(4) 

1 
1.52(2) 

1.47(3) 
1.53(3) 
1.53(3) 
1.47(3) 
1.48(3) 
1.50(4) ’ 1.51(l) 
1.57(4) 
1.52(3) 
1.46(4) 
1.50(3) , 

W-O-Al 
W-cl-C2 
w-G-C7 
W-Cll-Cl2 
Brl-W-O 
Cl-W-C6 
Cl-W-Cl 1 
c6-W-Cl1 
Brl-W-Cl 
Brl-W-C6 
Brl-W-Cl1 
O-W-Cl 
O-W-C6 
o-W-Cl1 
&Al-Br2 
0-Al-Br3 
0-Al-Br 4 

172(l) 
120(2) 

120(2) 
123(2) 
177.4(5) 
120( 1) 
119(l) 
120( 1) 
87.6(6) 
91.3(7) 
91.9(6) 
92.0(7) 
86.7(9) 
90.5(7) 

109.6(6) 
104.2(6) 
103.7(6) 

I 121 

1 
120 

DISCUSSION 

The overall geometry observed for the complex 
is clearly consistent with the minimization of steric 
interactions within the molecule. 

As predicted from spectroscopic3 and theor- 
eticallg studies, the Lewis acid AlBr, is shown to 
interact with the 0x0 function of WO(CHzt-Bu)3Br 
(2) which thereby acts as a Lewis base. The 
W-O-Al bond angle near to 180” is not surprising 
according to both steric and electronic’g con- 
siderations. The Al-O bond length, but also the 
two other bond lengths of the quasi linear 
Br( l)--W-O-Al linkage, allow us an insight into 
the nature of the acid-base interaction and its effects 
on the electronic structure in the molecule. 

The most surprising result would seem to be the 
very short W-Br(1) bond length (2.428 A) when 
compared to tungsten-bromine distances observed 
in other W(V1) complexes such as W[C(CH,),CHd 
(OCH2t-Bu)zBrz (2.566 A)18 and even the highly 
electron deficient WOBr, (2.444 A). ” This indicates 
the presence of a substantial Br to W n-donating 
interaction, compensating undoubtedly for the loss 
of 0 to W R-donation when the Lewis acid binds 
to the 0x0 group. 

The strong donor-acceptor nature of the oxygen- 
aluminum bond results in the very short Al-O 
bond distance (1.79 A) compared to those observed 
in the relatively strong THF adducts Al(Ph)C= 

C(Ph)Al(Ph)w(Ph) - 2THF (1.907 A)” and 
A1C13 * 2THF (1.99 A).” These differences can 
only partly be accounted for by the change in 
oxygen hybridisation2’ (sp and sp3 respectively), 
and we propose result from x-donation of oxygen 
lone pairs in vacant d orbitals on Al. The essentially 
double bond character of the tungsten-oxygen 
bond is indicated by a distance of 1.77 8, which 
although similar to that observed in the unsym- 
metrically oxo-bridged WOBr, (1.78 A), I7 is ca 0.1 
8, longer than for the terminal 0x0 atoms in 
[WO(CH,t-Bu),],@-0) (1.71 A),’ WOBr, (gaseous 
phase) (1.70 A),” WO(CHt-Bu)(PEt3)C12 (1.66 
A),’ 3 WO(CHt-Bu)(PMe3)2C12 (1.69 &I4 and 
WOCp(CH2SiMe3)3 (1.66 A). l5 In these latter com- 
pounds significant 0 to W x-donation and bond 
orders superior to two are present. We note further 
that coordination of the 0x0 grouping to aluminum 
also causes ‘H NMR resonance of WO(CH,t- 
Bu)3Br (2) to be shifted ca 1 ppm downfield after 
coordination to AlBr 3. 3 

As discussed earlier,3 the adduct W(OAlBr,) 
(CH,t-Bu),Br when dissolved in chlorobenzene 
under ambient light is a moderately effective cata- 
lyst for the metathesis of olefins,2’ whereas com- 
pound WO(CH2t-Bu)3Br by itself is inactive. The 
interest of the present structural characterisation 
of the W-O-Al interaction between the transition 
metal “catalyst” and the Lewis acid “cocatalyst” is 
thus evident. More generally, this interaction can 
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also be considered as a model for catalysts sup- 
ported on alumina or silica surfaces. Similar Al- 
O-M,22 Si-O-M23 or Ti-O-M24 interactions have 10. 
thus been shown to occur in such supported metal 
catalysts for the hydrogenation or the poly- ll. 
merisation of olefms. They might also be involved 
in olefin metathesis reactions catalysed by molyb- 

12. 

denum or tungsten alkyls supported on Si02 or 
A1203.25 

13 

14. 

1. 

2. 

3. 

4. 
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Abstract-The synthesis and characterization by spectroscopic techniques of compounds 
with general formulae MX,(bbdh) and MX,(bbdhp) is described. In these formulae 
M = Co(H), Ni(I1) ; X = Cl, Brbbdh = 1,6-bis(benzimidazol-2-yl)-2,5-dithiahexane and 
bbdhp = 1,7-bis(benzimidazol-2-yl)-2,6-dithiaheptane. The compounds have been char- 
acterized by chemical analysis, infrared spectra, ligand field spectra, X-ray powder diagrams 
and in one case by a single crystal structure analysis. The metal ions are octahedrally (all 
Ni compounds and the Co compound of bbdh) or tetrahedrally (Co compounds of bbdhp) 
coordinated by the ligands and the anions. The detailed structure of NiBr,(bbdh) was 
determined by X-ray methods at 290 K. Crystals of CL8H 18BrZN4NiSZ, M, = 572.995, 
crystallized in the orthorhombic space poup PnQ, with a = 8.502(3), b = 13.748(2), 
c = 8.794(3) A, I/ = 1027.96(57) A3, 2 = 2, D, = 1.851 Mg/m3, were studied with CuKo: 
radiation (using monochromator, 1= 1.54178 A), p(CuKa) = 7.931 mn- ‘, F(OO0) = 568. 
The final conventional R-factor = 0.064, (R, = 0.083) for 1600 “observed” reflections and 
122 variables. The structure was solved using Patterson and DIRDIF techniques and refined 
by SHELX. The coordination around Ni(I1) is octahedral with a c&geometry of the two 
bromide anions (NY-Br = 2.543(2) A), a trans-arrangement of the benzimidazole ligands 
(Ni-N = 2.132(8) A) and a c&geometry of the thioether groups (Ni-S = 2&l(3) A). 
The packing in the crystal results in hydrogen bond interactions between the N-H groups 
of the imidazoles and bromine atoms of nearby units. The structures of the nickel com- 
pounds and the isomorphous Co(H) bbdh compound are believed to be essentially the 
same, as deduced from spectroscopic analysis. The Co(I1) compounds of bbdhp, however, 
appear to be tetrahedrally coordinated, as deduced from ligand field spectra. It seems that 
in this case the thioether groups are not coordinated to the Co(I1) ion. 

Chelating ligands containing imidazole-type large number of metalloproteins contain at least 
ligands have been the subject of many investigations one imidazole group from a histidine side chain as 
during the last decade. I-4 A major aim to study such a ligand for the metal in the protein. Knowledge of 
compounds originates from the fact that a very this type of coordination, especially when more 

than one imidazole ligand is present, will lead to a 
*Author to whom correspondence should be addressed. better understanding of the structure and reactivity 
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of metalloproteins that contain histidine ligands. 
Most of the work with this type of ligand has dealt 
with Cu(1) and Cu(I1) compounds, since all copper 
proteins that play a role in redox reactions, have at 
least two histidine ligands. 

However, this type of ligand is also of interest for 
other metal ions, such as cobalt(R), zinc(I1) and 
nickel(II), because these metal ions are easily stud- 
ied by spectroscopic methods such as ligand-field 
spectra. Moreover, Cu(I1) is known to have very 
flexible coordination requirements, whereas the 
other metal ions, and especially nickel(II), have 
stronger preferences for more regular structures, 
such as octahedral and tetrahedral. 

Therefore we have decided to study the coor- 
dination chemistry of two ligands, i.e. 1,6-bis 
(~~~d~ol-2-yl)-2,5-dithiahexane (abbreviated 
bbdh), and bis(benzimidazol-2-yl)-2,6-dithiahep- 
tane (abbreviated bbdhp), with known2s3 coor- 
dination properties towards Cu(I1) and having 
different steric constraints. The results described in 
this paper deal with Co, Ni and Zn metal ions, with 
Cl and Br as counterions. To prove the coor- 
dination geometry, the crystal structure has been 
determined in the case of NiBr,(bbdh). 

EXPE~NT~ 

Starting materials 

The ligands bbdh and bbdhp were synthesized as 
described in earlier work.2*3 Metal salts were used 
as the commercially available hydrates. Reagent 
grade solvents were used. 

Synthesis 

The solid coordination compounds were 
obtained by mixing 1: 1 solutions of the metal salt 
and the ligand in ethanol. The desired compounds 
were obtained upon standing while slowly cooling. 
In a few cases addition of a small amount of diethyl 
ether facilitated the precipitation. The products 
were isolated as finely divided crystalline powders 
and isolated by filtration. In the case of 
NiBrdbbdh) crystals were grown by slow evap- 
oration of the ethanol solution. 

Characterization 

The compounds were characterized by elemental 
analysis, infrared spectra, ligand-field spectra, X- 
ray powder diagrams and NMR spectra, using 
standard techniques and equipment, previously 
described. 2,3 Analysis showed the compounds to be 
MX Z(L). 

X-RAY DATA COLLECTION AND 
STRUCTURE DETERMINATION OF 

NiBr#bdh) 

An irregularly shaped crystal of approximately 
0.30 x 0.26 x 0.19 mm, mounted in a capillary tube, 
was used during the measurements. Throughout 
the experiment CuKa radiation was used with a 
graphite crystal monochromator on a Nonius 
CAD4 single crystal ~ffractometer (2 = 1.54178 
A). The unit cell dimensions, a = 8.502(3), 
b = 13.748(2), c = 8.794(3) A, Y = 1027.96(57) A3, 
were determined from the angular settings of 25 
reflections with IO” < 8 < 44”. The space group was 
determined to be Pnc2 from the systematic 
absences: Okl, k-t-l= 2n+l, h01, I = 2n+f, OM), 
k = 2nf 1 and OOZ, 1 = 2n+ 1 and from the struc- 
ture determination. The intensity data of 7817 
reflections (the full sphere up to 8 = 70”), were mea- 
sured, using the o-28 scan technique, with a scan 
angle of 1.80” and a variable scan rate with a 
m~mum scan time of 15 s per reflection. The inten- 
sity of the primary beam was checked throughout 
the data collection by monitoring three reference 
reflections every 30 min. The final drift correction 
factors were between 1.00 and 1.15. A decline in the 
intensities of approximately 11% occurred over the 
course of the data collection. A smooth curve based 
on the reference reflections was used to correct for 
this drift. On all reflections profile analysis was per- 
formed,5*6 the crystal shape and the capillary tube 
used, prevented a description of the crystal for 
an analytical absorption correction, but an em- 
pirical absorption correction was applied, using 
psi-scans, ’ p(CuKa) = 7.93 1 mm- ’ (correction 
factors were in the range 0.88 to 1.00). Sym- 
metry equivalent reflections were averaged, Rini 
= C (I- (I)),E I = 0.053, resulting in 1960 unique 
reflections of which 1600 were observed with 
1 > 3s(l). Lorentz and polarization corrections 
were applied and the data were reduced to Idol 
values. 

The nickel and bromine atoms were found using 
Patterson techniques. All non-hydrogen atoms were 
found with DIRDIF’ (direct methods applied to 
difference structure factors). The structure was 
refined by full-matrix least-squares on (FI values, 
using SHELX.’ The origin was fixed in the c direc- 
tion by keeping the z-parameter of bromine fixed 
during the refinement. Scattering factors were taken 
from Inte~ational Tables (1974). I0 Hydrogen 
atoms were included in fixed idealized positions 1.08 
A from the carbon c-q. nitrogen atom to which they 
were bonded. Isotropic refinement converged to 
R = 0.079. At this stage an additional empirical 
absorption correction was applied, ” resulting in a 
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further decrease of R to 0.077 (correction factors 
were in the range 0.719-1.632). 

After completion of the isotropic refinement the 
Bijvoet coefficient was calculated, ’ * resulting in a 
value of - 0.97(3), based on 118 Friedel pairs. The 
structure was therefore inverted before continuing 
the refinement. During the final stages of the 
refinement the positional parameters of all atoms 
and the anisotropic thermal parameters of the non- 
hydrogen atoms were refined. The hydrogen atoms 
had fixed isotropic temperature factors of 0.07 A.’ 
The final conventional agreement factors were 
R = 0.064 and R, = 0.083 for the 1600 “observed” 
reflections and 122 variables. The function mini- 
mized was Z w(Fo-Fc)* with w = l/(a*(&) + 
O.O04OOFo*) with o(Fo) from counting statistics. 
The maximum shift over error ratio in the last 
full matrix least-squares cycle was less than 0.05. 
The final difference Fourier map showed a number 
of peaks around Br up to 3 e/A3, around Ni up 
to 2 e/A3 and around S up to 1 e/A3 in the 
remaining space no peaks higher than 0.5 e/A3 were 
found. The quality of the intensity data would not 
allow a better parameterization because an accurate 
absorption correction was impossible. 

Plots were made with PLUT0.3 Final atomic 
coordinates and thermal parameters for the non- 
hydrogen atoms, hydrogen atom parameters and 
anisotropic thermal parameters are given as sup- 
plementary material, together with a table of 
observed and calculated structure factors. Atomic 
coordinates have also been deposited with the Cam- 
bridge Crystallographic Data Centre. 

RESULTS AND DISCUSSION 

General aspects and spectroscopy 

All compounds have been listed in Table 1, with 
some relevant spectroscopic data. From the simi- 

larities in the infrared spectra and the X-ray powder 
diffraction diagrams, it is easily seen that all four 
bbdh compounds must have similar structures. The 
ligand field maxima for the cobalt and the nickel 
compounds with bbdh agree with octahedrally 
based coordination geometry. I49 ’ 5 

The ligand field maxima listed in Table 1 for 
these compounds agree nicely with an MN2S2X2 
(X = Cl, Br) geometry. Apparently the splittings in 
the bands due to the low symmetry are not large 
enough to be resolved. This is not uncommon in 
&distorted octahedral compounds. ’ 6 In case of 
the ligand bbdhp the spectral data of the Ni(I1) 
compounds agree with octahedrally based coor- 
dination, whereas the data of the cobalt compounds 
indicate clearly a tetrahedrally based coordination 
geometry. 

To determine the precise coordination geometry 
of the ligand, when coordinated to the metal, it was 
decided to perform a single-crystal X-ray analysis. 
The compound NiBr,(bbdh) appeared to yield crys- 
tals suitable for X-ray diffraction, and the results of 
the structure determination are described below. 

Crystal structure ofNiBr,(bbdh) 

The most important geometrical data have been 
given in Table 2, whereas a stereoview of the 
molecule is depicted in Fig. 1. The molecular unit 
with the numbering system used is given in Fig. 2. 

Detailed inspection of Table 2 and the Figs, 
shows that no unusual geometrical features are pre- 
sent. The observed Ni-Br, Ni-S and Ni-N dis- 
tances all fall in the range normally observed for 
octahedral Ni(I1). I7 The &-orientation of the bro- 
mide ligands is like one would expect from geo- 
metrical consideration of the bbdh ligand. A trans- 
orientation would require a tetradentate square 
planar geometry for the Ni(bbdh) unit, which would 

Table 1. Cobalt and nickel coordination compounds with bbdh and bbdhp, 
together with some spectroscopic data 

Formula 
X-ray IR 
type type Ligand-field maxima in cm- ’ 10 3 

CoBr,(bbdh) 
CoCl,(bbdh) 
NiCl,(bbdh) 
NiBr,(bbdh) 

CoCl,(bbdhp) 
CoBr,(bbdhp) 

NiCl,(bbdhp) 
NiBr,(bbdhp) 

I A 
I A 
I A 
I A 

II B 
II B 

III C 
III C 

7.9 9.9sh 16.0~ 18.0sh 19.0 
8.0 9.6sh 16.7~ 18.0 19.0 

9.4 15.8 26.0 
9.3 15.0 24.4 

6.0 7.4 9.0 16.2 17Ssh 
6.0 7.0 8.5 15.9 17.2sh 

9.5 16.0 25.7 
9.3 15.2 24.8sh 
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Table 2. Bond lengths in A (with es&s) and bond angles in ’ (with escl’s) for NiBr,(bbclh) 

Ni(l)-Br(1) 2.543(2) 
Ni(l)--S(2) 2.441(3) 
Ni(l)-N(3) 2.132(8) 
C(l)-S(2) 1.825(12) 
C(l)-C(2) 1.450(17) 
S(2>--c(3) 1.819(17) 

Br( l)-Ni( 1)--S(2) 
Br(l)---Ni(lFN(3) 
S(2)--Ni(lbN(3) 
Br(l)-Ni(l)-Br(1) 
S(2)--c( 1 )--c(2) 
Ni(l)-S(2FGl) 
Ni(lF--S(2FC(3) 
c(l)-S(2)-c(3) 
S(2)-Ni(lFS(2) 
C(2)-N( 1 >--c(9) 
V-(2)-N(1) 
C(lw(2)-N(3) 
N(1 )-C(2)-N(3) 
Ni(l)_N(3)--C(2) 

C(3>-c(3) 
N(l)_-C(2) 
N(l)-C(9) 
C(2)-N(3) 
N(3)-(?4) 
C(4FJ5) 

90.3( 1) 
91.2(2) 
81.7(2) 
91.0(l) 

109.4(8) 
96.9(4) 
98.9(5) 

110.0(9) 
88.3(2) 

108.6(8) 
122.4(9) 
127.4(9) 
110.1(9) 
115.7(6) 

result in serious steric hindrance of the benzi- 
midazole groups. 

The benzimidazole ligands are planar within 
experimental error, and the intraligand distances 
and angles are also normal for benzimidazole 
ligands.‘g3 The packing of the molecules in the solid 
state is determined by van der Waals interactions 
and N(lkH(1). . . Br(1’) hydrogen bonds (N(1). . . 
Br(1’) = 3.35(l) A, H(1). . . Br(1’) = 2.35(5) 8, for 
Br(1’) at x, OS-y, -0.5+2). 

CONCLUSIONS 

The compounds described in the present paper 
indicate clearly that the bis(benzimidazole) 

1.328(39) C(4)-C(9) 1.413(14) 
1.374(12) C(5)-C(6) 1.384(16) 
1.378(14) C(6)-C(7) 1.383(17) 
1.320(11) C(7FC(8) 1.375(17) 
1.385(12) C(8yC(9) 1.367(15) 
1.376(16) 

Ni(l)-N(3>-C(4) 136.5(6) 
C(2)-N(3FC(4) 107.7(8) 
N(3)--Ni(lFN(3) 164.0(4) 
N(3)-C(4)--C(5) 131.3(9) 
N(3F-C(4-(9) 108.4(9) 
C(5FC(4_(9) 120.3(9) 
C(4FC(5)--c(6) 116.7(9) 
C(5)-C(6)--c(7) 122.5(10) 
C(6)-C(7)--c(8) 121.1(11) 
C(7)-c(8yC(9) 116.8(11) 
N(lF(9)--C(4) 105.1(8) 
N(l)--C(9Fc(8) 132.5(10) 
C(4FC(9)--c(8) 122.4( 11) 

thioether ligands bbdh and bbdhp are good tetra- 
dentate chelating ligands for Co(H) and Ni(I1). 
A comparison with the previously studied 
copper coordination compounds with these ligands 
is appropriate. In case of Cu(I1) the bbdh ligand 
yields a five-coordinated [Cu(bbdh)Cl]+ species, 
although a six-coordinate species Cu(bbdh)Clz 
could be detected spectroscopically.2 With the 
ligand bbdhp, rapid reduction occurs to the Cu(1) 
state, yielding a coordination entity consisting of 
[Cu(bbdhp)]+ with very long-and hardly coor- 
dinating-Cu-S distances.3 When we look at our 
Cobalt(I1) compounds, the ligand bbdh yields octa- 
hedral species Co(bbdh)X, whereas bbdhp yields 
tetrahedrally coordinated Co(bbdhp)X,. In this 

I 
Fig. 1. Stereoview of NiBr,(bbdh) showing the molecular configuration. (ANTNI stereoview in 

minimum overlap). 
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Fig. 2. Crystallographic numbering scheme of 
NiBr,(bbclh). Hydrogen atoms omitted for clarity. 

(ANTNI minimum overlap with atomic numbering). 

case one could ask whether the thioethers are coor- 
dinated to the halides. Study of the details of the 
ligand-field spectra immediately shows that the 
chromophore is an N2Xz chromophore,’ ‘j,” so that 
the thioether groups of bbdhp do not coordinate to 
Co(I1). A study of molecular models immediately 
makes clear that in a tetrahedral geometry the 
co . . . S contacts can indeed be very large so that 
one cannot speak of coordination anymore. 

Finally, when considering the nickel compounds, 

the spectral data indicate an octahedrally based 
coordination for all species. Knowing the pref- 
erence of Ni(I1) for octahedral coordination, it can 
be understood that the extra CH,-group of bbdhp 
is unable to distort the octahedral coordination sig- 
nificantly, contrary to the case of Co(II), where a 
relatively large preference for tetrahedral geometry 
is imposed by the cation. 

In other words, the ligand bbdhp is a ligand that 
imposes all kinds of geometries, depending upon 
the nature of the metal ion actually present. 
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Abstract-The structure of gaseous arachno-B,H ,I has been redetermined by electron 
diffraction and shown to be similar to that found in the solid state at low temperature (93 
K) except that the inner basal interatomic distance B(3)-B(4) appears to be somewhat 
shorter in the gas phase. The data are consistent with the presence of asymmetric 
B(2)-H(2,3)-B(3) and B(5)-H(4,5)-B(4) bridges with the two halves of each bridge 
differing in length by ca. 12 pm. The unique endolface-capping H atom attached to the 
apical B(1) atom has not been located with high precision, but the best fit to the data is 
obtained for an asymmetric structure with the distances B(2). . . H( l)en,,,, and B(5). . . H(l)endo 
differing by 3 1 pm. For comparison, the structure of nido-B,H, has also been redetermined 
by electron diffraction. The interatomic distances are in excellent agreement with those 
previously obtained from microwave data. The directly-bonded B-H(bridge) distances 
reveal an unusually large amplitude of vibration of the bridging H atoms but it was not 
possible to establish whether this was a real effect or whether the structure has a lower 
symmetry than that expected. 

There is an unresolved problem in the structure of 
arachno-B SHL1. The boron framework has long 
been established as that of an open-sided tetragonal 
pyramid (structure I) but there is some uncertainty 
about the precise location of the unique endolface- 
capping H atom attached to the apical B(1) atom. 
Early X-ray diffraction work’ suggested that the H 
atom was asymmetrically disposed above the open 
triangular face (structure II), but subsequent 
refinement of the data favoured C, symmetry (struc- 
ture III) rather than C, (structure II).2 

Later, a more precise low-temperature study 
clearly established that the molecule has C, point 
symmetry in the crystalline state. 3 The most recent 
theoretical study, involving complete optimization 

*Author to whom correspondence should be addressed. 

at the 3-21G level, whilst favouring C, symmetry, 
points to a very low barrier (7 kJ mol- ‘) for the 
C,-C,-C, fluxional process.4 It is therefore not sur- 
prising that the proton and boron NMR spectra on 

I 

A 3 4 

II(C, 1 rn(C,) 

Structures I-III. 
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the neat liquid revealed no evidence for the asym- 
metry.’ The question therefore remains as to 
whether the asymmetry observed in the X-ray 
diffraction study is the result of crystal-packing 
forces, or whether it arises from some more deep- 
seated electronic-bonding effect. There has been no 
accurate determination of the structure of the gas- 
eous molecule, the interpretation of early electron 
diffraction data being either palpably incorrect6 or 
yielding no direct information about the hydrogen 
atom positions. 7 

In order to define as accurately as possible the 
positions of the atoms, including the so-called 
“anomalous” endolface-capping hydrogen atom, 
we have now re-investigated the structure of the 
gaseous arachno-BSH , , molecule by electron 
diffraction. Because it was readily available in the 
laboratory, we have also taken the opportunity of 
redetermining the molecular parameters of nido- 
BSH9 by the same technique for comparison with 
the results obtained by previous electron diffrac- 
tion8 and X-ray diffraction3,9 studies and in par- 
ticular with the more recent microwave data.” 

EXPERIMENTAL 

Preparation andpurification of materials 

The boranes were handled in a conventional high- 
vacuum system equipped with greaseless O-ring 
taps and spherical joints [J. Young (Scientific Glass- 
ware) Ltd]. Nido-BSH9 was supplied by Dr R. E. 
Williams (Chemical Systems, Inc. California). 
Arachno-B,H , 1 was prepared from B4H1 o by the 
general method of Shore and coworkers. ’ ’ Specifi- 
cally, deprotonation was achieved using KH in 
dimethyl ether, and BCl, was used as the hydride- 
abstracting agent. The B4HI o intermediate was pre- 
pared by the action of BF, on [NMe,][B,H,]. l1 The 
B,H, , was purified by repeated fractionation on 
a low-temperature fractional distillation column,‘* 
the effluent from which was sampled continuously 
by mass spectrometry. Traces of B,H, are difficult 
to remove from BSHI1 and are also difficult to detect 
by mass spectrometry because of the similarity of 

the spectra of the two compounds. The sample of 
B,H, , used in the electron diffraction study was 
shown by “B NMR to contain < 0.5%B5H9 as the 
only detectable impurity ; its vapour pressure at 0°C 
was 52.5 mmHg, in excellent agreement with the 
published value. ’ 3 

Electron d@raction 

Electron diffraction scattering intensities were 
recorded on Kodak electron image plates, using 
the Edinburgh apparatus, I4 with nozzle-to-plate 
distances of 128 and 285 mm, and an accelerating 
voltage of ca. 44 kV. The nozzle was maintained at 
room temperature, 285 K, during the experiments 
and the samples were kept at room temperature 
(B,H,) or 250 K (B,H,,). We have noticed that 
plates for boranes and related compounds have 
often shown dark patches, suggesting that there is 
some reaction between sample and emulsion, and 
this problem was particularly severe with BSH, 1. 
To minimize these effects, the plates were pumped 
for 24 h before being removed from the diffraction 
apparatus, and they were then washed thoroughly 
with water before development. 

Data were obtained in digital form using a com- 
puter-controlled Joyce-Loebl MDM6 micro- 
densitometer at the S.E.R.C. Laboratory, Dares- 
bury, using the scanning program described pre- 
viously. I5 Electron wavelengths were determined 
from the scattering patterns of gaseous benzene, 
recorded on the same occasions as the sample data. 
Calculations were carried out using standard data- 
reduction I6 and least-squares refinement programs. 
Weighting points used in setting up the off-diagonal 
weight matrices are given in Table 1, with other 
pertinent data. In all calculations the complex scat- 
tering factors of Schafer et a1.17 were used. 

RESULTS AND DISCUSSION 

ReJinement of the structure of B5H9 

For almost all refinements it was assumed that 
B,H9 had C4” symmetry, with one terminal hydro- 

Table 1. Weighting functions, correlation parameters and scale factors 

Compound Camera height Wavelength As %in SW1 SW2 %MX Correlation Scale factor 

(mm) (pm) (rm-‘) parameter 

V-b 285.7 5.690 2 20 40 124 144 0.486 0.651(11) 
128.3 5.689 4 60 80 300 340 - 0.037 0.580(14) 

B,H,, 285.4 5.717 2 20 40 124 144 0.463 0.540(10) 
128.3 5.688 4 60 80 300 352 0.471 0.594(13) 
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H( xc, 

lb) H(%oo H (1 La H(5Lm+o 

Fig. 1. Structures of (a) BSHg and (b) B,H, ,, showing 
the atom numbering scheme used in this work. 

gen atom associated with each boron atom, and 
with four bridging hydrogen atoms, each one bond- 
ing equally to two boron atoms. The atom num- 
bering scheme used in this work is shown in Fig. 
l(a). The structure was then defined by the two 
different B-B interatomic distances (base-base 
and base-apex), the mean B-H distance, the 
difference between bridging and mean terminal 
B-H distances, the difference between the lengths 
of the basal and apical terminal B-H bonds, and 
two angles defining the positions of the terminal 
and bridging hydrogens associated with the base 
of the pyramid. These angles were chosen to be 
B( l)B(2)H(2), and the angle between the base plane 
and the plane BH(bridge)B, which is labelled 
“H(2,3)dip” in Table 2. 

Table 2. Molecular parameters for B5H9 (distances in 
pm, angles in degrees) 

p , r(B-B) (basebase) 
pz Q-B) (base--apex) 
p3 @j--I-I) (mean) 
p4 A@-H) (bridgeterminal) 

PS L W)B(2)H(2) 
p6 W,Wp 

p, A+---H) (terminal, base-apex) 

181.1(4) 
169.4(4) 
127.1(8) 

16.7(18) 
125.4(73) 
68.8(29) 

O.S(fixed) 

All geometrical and vibrational parameters relat- 
ing to the BS pyramid refined easily, as did the mean 
B-H distance and the difference between terminal 
and bridging B-H bond lengths, and the ampli- 
tudes of vibration for both terminal and bridging 
bonds. The small difference in lengths of the two 
types of terminal bonds could not be refined, and 
was fixed at the value found by microwave spec- 
troscopy.“” 

The two remaining parameters, defining the pos- 
itions of hydrogen atoms, were much more difficult 
to determine, because there are five different non- 
bonding B . . . H distances between 240 and 280 pm, 
and the non-bonding B . . . B distance also falls in 
this region. In the end it was possible to refine three 
vibrational parameters for the B . . . H atom pairs, 
as well as the two angles, but strong correlations 
between these parameters [Table 3(a)] make their 
estimated standard deviations relatively large. The 
refined parameters are listed in Table 2, and inter- 
atomic distances and vibrational amplitudes are 
given in Table 4. In both these tables the quoted 
errors are estimated standard deviations obtained 
in the least-squares analysis, increased to allow for 
systematic errors. 

In this refinement the amplitudes of vibration for 
the atom pairs B(2). . . H(5) and B(2). . . H(1) were 
assumed to be equal, and that for B( 1). . . H(2) was 
fixed at a value close to that obtained for the other 
two, as all of these relate to a boron atom and 
a terminal hydrogen on an adjacent boron atom. 
However, the values obtained for these atom pairs 
are smaller than that for the directly-bonded 
B-H(bridge) pairs. This unusually large value sug- 
gests that either the bridging hydrogen atoms are 
involved in a large-amplitude vibration in which 
they move tangentially to the C4 axis (an a2 mode) 
or they are displaced from the positions equidistant 
from the neighbouring boron atoms, so that the 
molecular symmetry is reduced to C,+ Tests using a 
model with C4 symmetry showed that substantial 
displacements of these atoms could be accom- 
modated with little effect on the quality of the fit. 
For this purpose an additional parameter was intro- 
duced, representing the difference between the 
lengths of the two parts of the B-H-B bridges. 
The possibility of simultaneous displacement of the 
other basal hydrogen atoms was not investigated. 
With the difference between the lengths of the two 
parts of the bridge set to 20 pm, the R factor (RG) 
rose only from 0.0874 to 0.0875, and the amplitude 
of vibration for the two bridge distances reduced 
from 13.9 to 11.5 pm. The results are therefore 
inconclusive on this point. 

The results quoted in Tables 24 are for the C4” 
model. Atomic coordinates are given in Table 5(a), 
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Table 3. Least-squares correlation matrices showing all elements 2 50% 

(4 B& 
Geometrical 
parameter 

P7 u1 

Vibrational amplitudes 

u2 u3 u5 u9 UII 

Scale 
factor 

k, 

55 
57 

77 
-78 -74 55 

87 -67 -59 
-64 

87 
54 

68 
60 63 53 

PI 
P2 

P3 

P4 

PS 

P7 

Ul 

UT3 

u.5 

k2 

04 B&I,, 

Geometrical parameters 

Pz P4 PS PS 

Vibrational amplitudes 

UI u5 u7 U1.i 

Scale 
factors 

k, kz 

74 94 -65 60 
71 51 

56 75 -69 
56 

-53 

-51 

52 
57 

8 
-61 

76 
61 

PI 

P2 

P3 

P‘l 

P5 

PS 

PI 

PI0 

-71 -57 PII 

8 k, 

kz 

Table 4. Interatomic distances (rJpm) and amplitudes of 
vibration (u/pm) for BsH9 

Distance Amplitude 

rl W-W) 
r2 B(l)_-B(2) 
r3 W--H(2) 
r4 W>--H(l) 
r5 W9-WW 
r6 B(2). . . B(4) 

r7 B(2). . . H(5) 

r0 B(2) . . H( 1) 

r9 B(2). . . H(3,4) 
rlo B( 1) . . . H(2) 
rlI B( 1) . . . H(2,3) 
r12 B(2). . . H(4) 

181.1(4) 
169.4(4) 
121.0(12) 
120.5(12) 
137.4( 11) 
256.1(6) 
278.5(21) 
264.5(14) 1 
255.3(38) 
259.1(85) 
243.5(18) 
374.8(30) 

5.8(4) 
5.4(4) 

8.9(8) 

13.9(13) 
7.0(8) 

11.9(12) 

15.9(37) 
11.3(fixed) 
10.3(25) 
12.4(19) 

Note: H.. . H distances were also included in the 
refinement but are not listed here. 

so that angles of interest may be calculated. The 
observed and final weighted difference molecular 
scattering intensities are shown in Fig. 2, and the 
radial distribution curve in Fig. 3. 

Refinement of the structure of B=,H, , 

The numbering of atoms is shown in Fig. 1 (b). 
The boron framework. This structure was defined 

by five parameters-the mean nearest neighbour 
B-B interatomic distance, the difference of the 
average interatomic distance between neighbouring 
basal boron atoms from the average of those 
between base and apex, the difference between dis- 
tances B(l)-B(2) and B(l)--B(3), the difference 
between B(3)-B(4) and B(2)-B(3), and the angle 
at the apex of the open face, L B(2)B(l)B(5). In all 
refinements the mean B-B distance was close to 
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Table 5. Atomic coordinates (pm) 

Atom x Y Z 

(a) V-b 

B(l) 0.0 0.0 110.9 

B(2) 128.1 0.0 0.0 

H(1) 0.0 0.0 231.5 

H(2) 245.7 0.0 28.6 

~(2~3) 90.4 -90.4 -96.3 

Coordinates of the remaining atoms are given by apply- 
ing C4 operations about the z axis to B(2), H(2) and 

~(2~3). 

(b) B,H,, 
B(1) 
B(2) 
B(3) 
B(4) 
B(5) 
H(lL 
H(l)endo 
H(2L 
H(2L0 
H(3) 
H(4) 
H(5),, 
H(5),‘,, 
~(2~3) 
H(3,4) 
H(495) 

0.0 52.6 95.6 
- 154.5 0.0 0:o 
-88.0 168.5 0.0 

88.0 168.5 0.0 
154.5 0.0 0.0 

0.0 49.8 214.8 
- 17.2 -68.2 43.5 
-261.8 -20.4 47.9 
- 125.9 - 80.3 -83.3 
- 139.6 244.4 76.1 

139.6 244.4 76.1 
261.8 -20.4 47.9 
125.9 -80.3 -83.3 

- 184.2 118.6 - 66.9 
0.0 210.2 -91.3 

184.2 118.6 -66.9 

179 pm, and the angle B(2)B(l)B(5) was around 
109”. The interatomic distances B(l)-B(2) were 
always substantially longer than for B( 1)-B(3) so 
the apical boron atom is displaced away from the 
open edge of the base. The interatomic distances 
around the base were consistently shorter than 
those to the apex, but the difference varied, depend- 
ing on the refinement conditions. In all the best 
refinements the difference was around - 4 or - 5 
pm. Similarly, the basal distance B(3)-B(4) was 
always less than B(2)-B(3), but here the difference 
varied from - 2 to - 9 pm, being close to - 5 pm 
in the best refinements. 

Hydrogen atoms [not including the face-capping 
hydrogen, H(l)ena]. It was assumed that all terminal 
B-H distances were equal. The B(3)H(3,4)B(4) 
bridge was assumed to be symmetrical, with bonds 
equal in length to the mean of all the bridge bond 
lengths. The other bridges, B(2)H(2,3)B(3) and 
B(5)H(4,5)B(4) were asymmetric, with the bonds 
B(2)-H(2,3) and B(5)-H(4,5) longer than the 
mean, and the other bonds shorter than the mean 
by an equal amount. The positions of hydrogen 
atoms were then defined by the following angle 

(a) 

(b) 

Fig. 2. Observed and final weighted difference molecular 
scattering intensities for BSH9 at nozzle-to-plate dis- 

tances of (a) 285 and (b) 128 mm. 

parameters : 

H( l),,“tilt”-angle between B( l)-H( l),, bond and 
z axis (defined as perpendicular to plane of basal 
boron atoms). A positive tilt is towards the open 
face of the cluster. 

I I I I I 
100 ml xc 403 500 r/pm 

Fig. 3. Observed and final difference radial distribution 
curves, P(r)/,, for B,H,. Before Fourier inversion the 
data were multiplied by s exp [ -0.00002~~/(Z,--f~) 

Gf-ml. 



1854 R. GREATREX et al. 

H(2),,“dip”-angle of B(2)-H(2),, bond below 
base plane. 

H(2)eXo“wag”-angle between projection of 
B(2)--H(2),, bond in base plane and x axis 
[defined as parallel to B(2). . . B(5)]. 

H(2)endo“ dip” and “wag”defined as for H(2),,. 
H(3)“dip”-angle defined as for H(2),. The pro- 

jection of the bond B(3)-H(3) was assumed to 
bisect the angle B(2)B(3)B(4). 

H(2,3)“dip”-angle of B(2)H(2,3)B(3) below base 
plane. 

H(3,4)“dip’‘-defined as for H(2,3). 

The two B-H interatomic distances both refined 
consistently, and their values did not change sig- 
nificantly during the whole series of refinements. 
All the other angles were refined at some time, but 
only four of the eight could be included in the final 
refinement. Quoted errors are therefore probably 
under-estimates. The difference between the lengths 
of the bridging B-H bonds and the mean was not 
refined, but was fked at various values between 0 
and 6 pm. The best fit to the data was found with 
it set at 6 pm, which corresponds to the value 
reported for the solid phase structure.2’a),3 

The face-capping hydrogen H( l)endO. Tests on the 
position of the anomalous hydrogen atom H(l)_,& 
bound to B(1) were carried out with all positional 
parameters for terminal hydrogens H(l),, H(2/5),,, 

H(2/5k0 and H(3/4) fixed, except for the mean 
B-H(termina1) bond length. The position of 

H(1),,, was defined by three parameters, 

B(l)-H(l),,, the angle between this bond and the 
z axis, which is perpendicular to the plane of the 
basal boron atoms, and a wag angle, which rep- 
resented displacement of this bond from the mirror 
plane. With B(l)-H(l),d, fked at 126 pm and the 
wag set at 5”, the remaining angle [called H(l),,, 
tilt] was refined to 116.7(26)O indicating that the 
hydrogen atom did indeed lie over the open face of 
the boron cluster. The distances B(2) . . . H( l)mdo and 

B(5). . . H(%ndo were 161 and 179 pm. Refinements 
with the wag angle fixed at various values between 
0 and 20” showed a minimum R factor at about 8”, 
and this angle was then allowed to refine to 
8.7(31)“. The tilt angle decreased systematically as 
the wag increased, and when both angles were 
refined the tilt went to 111.3(44)“. With this struc- 
ture the distances B(2) . . . W>endo and 
B(5). . . H(l)endo were 159 and 190 pm. Finally, the 
B( l)-H( l)endO distance was also allowed to refine, 
to 132(10) pm, and under these conditions the tilt 
and wag angles were 113.0(67) and 8.1(36)’ respec- 
tively, and the B(2). . . H(l)endo and B(5). . . H(l&“& 
distances were 159(4) and 190( 10) pm. 

The parameters, interatomic distances and ampli- 
tudes of vibration obtained in the final refinement, 
for which RG was 0.063, are given in Tables 6 and 
7, and the least-squares correlation matrix is listed 
in Table 3(b). This last table shows substantial cor- 
relations between refining parameters, and it must 
be realized that correlations with fked parameters 

Table 6. Molecular parameters for B5H,, (distances in pm, angles in degrees) 

PI 
P2 

P3 

P4 

PS 

PS 

P7 

PS 

P9 

PI0 

PII 

Pl2 

PI3 

PI4 

PI5 

PI6 

PI7 

PI8 

PI9 

r(B-B) (mean) 
Ar(B-B), [(base-base) minus (base-apex)] 
A@-B), [B(l)-B(2) minus B(l)-B(3)] 
A@-B), [B(3)-B(4) minus B(2)-B(3)] 

L B(2)BU)BU) 
r(B-H) terminal 
r(B-H) bridge (mean) 
Ar(B-H) bridge” 
H(l),xO tilt” 
H(3,4) dip” 
H(3) dip” 

H(2L dip” 
H(2L wag” 
H(2),, dipa 
H(2),, wag” 
H(2,3) dip” 
dWI-Wl>e.c,ol 
H( l)m,,O tilt” 

H(1 LdO wag” 

179.4(4) 
-4.0(7) 
15.0(8) 

-5.3(13) 
109.5(7) 
119.2(4) 
133.4(7) 

6.0(fixed) 
- 1.3(fixedb) 
65.5(60) 

- 39.7(33) 
-23.7(fixedb) 
169.2(fixedb) 
44.3(fixedb) 
70.4(26) 
43.2(30) 

1 32.7(fixedb) 
113.l(fixedb) 

Kl(fixed’) 

“For definition of parameters, see text. 
b Not included in final refinement, but refined earlier : see text. 



Molecular structures of pentaborane(9) and pentaborane( 11) 

Table 7. Interatomic distances (rJpm) and amplitudes of vibration 

(u/pm) for B SHI 1a 
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Distance Amplitude 

rl WI---W) 
r2 WJ-W 
13 W2HW) 
r4 W-W 
r5 B(2). . . B(5) 

r6 B(2). . . B(4) 

r7 B(l)-H(l),, 
r8 B(2)-_H(2,3) 
r9 B(3)---H(2,3) 
f-10 B(3)-H(3,4) 
rlI B(l)-H(lL 
r12 B(2)_H(l)<ti 
r13 B(5)---H(l),, 
r14 B( 1) . . H(3) 
rl5 B(1). . . WL, 
r16 B(l). . . W%n, 
r17 B( 1) . . . H(2,3) 
r18 B( 1) . . . H(3,4) 
r19 B(2) . . . H(3) 
r20 B(2). . . WLo 
rzI B(2). . . H(3,4) 
r22 B(3). . . WL 
r23 B(3). . . WL 
r24 B(3). . WL, 
r25 B(3). . . H(4) 

r26 B(3). . . H(4,5) 
r27 B(3). . . W1L,o 
r28 B(4). . . WL,,, 
r29 B(2). . . H(4) 

r30 B(2). . . H(4,5) 
f-31 B(2). . . H(5), 
r32 B(2). . . H(5),,, 
r33 B(3). . . H(5),,, 
f-34 B(3). . . H(5)- 

189.2(6) 
174.2(8) 
181.2(7) 
176.0(12) 
309.1(10) 
295.3(6) 
119.2(4) 
139.4(7) 
127.4(7) 
133.4(7) I 
132.7” 
159.4(9) 
189.9(9) 
238.1(35) ~ 
275.9(7) 
256.0(19) 
254.4(13) 
244.5(20) 
256.5( 16) 
269.3(8) 
276.4(41) > 
260.8(8) 
261.2(9) 
265.2(16) 
251.7(16) 
284.7(16) 
250.9(13) 
262.7(12) , 
390.0(24) . 
365.1(21) 
419.6(11) 
303.4(29) 
400.4(8) 
338.6(25) , 

n 3 1 H . . . H distances were also included in the refinements, but are 
not listed here. 

‘Fixed in final refinement : see text. 

6.3(7) 
5.9 
6.1 (tied to u ,) 
5.9 I 

7.2(8) 

6.8(8) 

7.3 (tied to UJ 

8.5 
10.0 
10.0 

10.5(10) 

1 S.O(fixed) 

would increase these values further. Atomic coor- 
dinates listed in Table 5(b) enable bond angles to 
be calculated. Molecular scattering intensities are 
shown in Fig. 4 and the radial distribution curve 
in Fig. 5. 

GENERAL CONCLUSIONS 

The main results of the present structural deter- 
minations of gaseous pentaborane(9) and pen- 
taborane( 1 l), based on electron-diffraction data, 
are compared in Tables 8 and 9 with those derived 
from various other methods. The interatomic dis- 

tances for B,Hg are seen to correspond well with 
the earlier electron diffraction result&, but are now 
defined with considerably improved precision and 
agree to within 1% with the microwave data. The 
unusually large value observed for the amplitude of 
vibration of the directly-bonded E%-H(bridge) pairs 
is worthy of comment, but unfortunately we are 
unable to say whether this is a real effect or whether 
the structure is of lower symmetry than expected. 
The rotational spectrum’O” indicated that the mol- 
ecule must have some low-frequency mode, but the 
rotation constants themselves are insensitive to a 
distortion of a, symmetry. 
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(a) 

lb) 

Fig. 4. Observed and final weighted difference molecular 
scattering intensity curves for B,H, , at nozzle-to-plate 

distances of (a) 286 and (b) 128 mm. 

Fig. 5. Observed and final difference radial distribution 
curves, P(r)/r, for B,H, ,. Before Fourier transformation 
the data were multiplied by s exp [ -0.00002s2/(Z,-fB) 

(Z, -hAI. 

In the case of B5H,, the structure of the boron 
framework is marked by the length of the inter- 
atomic distances to the boron atoms at the open 
edge. For all reasonable positions of hydrogen 
atoms the parameters relating to the cluster vary 
little, and its structure is well determined. The inter- 
atomic distances are close to those reported for the 
compound in the crystalline phase,2a,3 except that 
B(3)-B(4) is apparently shorter in the gas phase. 
Admittedly the interatomic distances B(2)-B(3) 
and B(4)-B(5) have been held equal in the present 

Table 8. A comparison of the molecular parameters of pentaborane(9) as determined by 
various methods” 

Parameter 
Electron 

diffraction’ X-ray” Microwaved 
Electron 

diffraction’ 

(a) Distances/pm 

B(l)-B(2) 
B(2)-B(3) 
B(l)-H(1) 
B(2)-H(2) 
B(2)_H(2,3) 

(b) Angles/ 

B(l)-B(2)_H(2) 
B(2)-B(l)-B(3) 
B(2)-H(2,3)-B(3) 
B(3)-B(2)-_H(2,3) 
B(2)_B(l)-_H(l) 
B(l)_B(2FB(3) 
B(3)---B(2FH(2) 
H(2,3) dip 

170.0(17) 165.3(10) 169.0(2) 169.4(4) 
180.5(14) 175.1(6) 180.3(2) 181.1(4) 
123.4(66)’ 114(8) 118.1(2) 120.5(12)8 
123.4(66)’ 107(3) 118.6(2) 121.0(12)8 
135.9(77) 127(2) 135.2(4) 137.4(11) 

120(20) 130.05(215) 
63.97(37) 
87.28( 102) 
46.38(102) 

131.49(34) 
58.01(19) 

106.61(28) 

128.72 125.4(73) 

68.8(29) 

“Estimated standard deviations are given in parentheses where values are available. 
‘Ref. 8. ‘Ref. 3. “Ref. 10(c). @This work. fThe B(l)--H(1) and B(2)--H(2) distances 
were assumed to be equal. gSee text. The small difference in length of the two types of 
terminal bonds was fixed at the value found by microwave spectroscopy. 
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Table 9. A comparison of interatomic distances in pentaborane( 11) 
as determined by various methods” 

Interatomic 
distance X-ray6 

Theoretical’ Electron 

C, Cld diffraction 

WI-W) 
WHW) 
W)_W 
WWW) 
WI-W) 
W-W 
W--B(4) 
B(2). . . B(5) 
B(2). . . B(4) 

B(l)_H(l),, 
B(l)_H(l),, 
B(2)_H(2), 
B(2)--H(2),,, 
B(3)--H(3) 
B(4)-H(4) 
B(5)-H(5), 
B(5)-H(5),,, 
B(2)-H(2,3) 
B(5)-H(4,5) 
B(3)_H(2,3) 
B(4)-H(4,5) 
B(3)_H(3,4) 
B(4)_H(3,4) 
B(2). . . H(l)endo 
B(5). . . H(l),, 

187.4(3) 
187.4(3) 
172.3(3) 
171.6(3) 
179.6(3) 
175.1(3) 
179.1(3) 

- 
- 

107(l) 
106(2) 
106(2) 
ill(2) 
106(2) 
1 lO(2) 
ill(2) 
112(2) 
134(2) 
130(2) 
119(2) 
119(2) 
125(2) 
128( 1) 
155(2) 
183(2) 

191.45 
193.26 
175.69 
175.74 
184.63 
175.34 
184.55 
310.93 

- 

117.99 
122.76 
118.16 
118.69 
117.59 
117.53 
118.38 
118.31 
146.76 
139.70 
124.00 
125.17 
134.44 
132.14 
157.73 

- 

187.35 
187.47 

189.2(6) 

172.26 
171.53 

174.2(8) 

181.2(7) 

179.10 176.0(12) 
304.87 309.1(10) 

295.3(6) 
118.00 119.2(4) 
122.59 132.7f 

118.17 118.70 I 
117.58 
117.52 

119.2(4) 

118.38 
118.40 I 
143.03 
143.31 139.4(7) 

124.15 
125.21 127.4(7) 

133.23 
130.84 133.4(7)8 

155.36 - 159.4(9) 
- 189.9(9) 
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“Distances in pm. Estimated standard deviations are given in 
parentheses where values are available. ‘Ref. 3. ‘Ref. 4. Complete 
optimization at 321G level assuming C, symmetry. boron frame- 
work fixed to experimental dimensions in Ref. 3. @This work; the 
interatomic distances were constrained to be equal as indicated. 
‘Refined to 132(10) pm, but fixed in final refinement, see text. 
“B(3)--H(3,4)---B(4) bridge assumed to be symmetrical. 

study, but it is unlikely that this alone is responsible 
for the observed effect on B(3)-B(4). 

The asymmetrical nature of the B(2)-H(2,3) 
-B(3) and B(5)-H(4,5)--B(4) bridges in gaseous 
B5H 1 1 has been confirmed. In the present study 
the best fit to the data was found when the dif- 
ference between the two halves of the bridge was 
set at the value reported for the solid phase 
structure,2a’3 i.e. 12 pm, leading to values of 
139.4(7) and 127.4(7) pm. The average B-H bridge 
distance is of course substantially longer than is 
found by X-ray diffraction, as we are looking at 
nuclear positions and not at centres of electron 
density. Unsymmetrical B-H-B bridges are a 
common feature of many polyhedral boranes, 
including for example B 3H7C0, ’ * B qH 1 ,,, ’ 9 B J-I, o, 3 
B,JI,0(PPh3)2,20 and B,oH1.+21 

As regards the position of the face-capping 
hydrogen atom H(l),,, the results are to some 
extent inconclusive. There is no doubt that the best 
fit to the data has been obtained with an asymmetric 
structure, but the improvements observed on relax- 
ing the symmetry requirement were not so great 
that the symmetric structure can be entirely ruled 
out. The evidence that H(l),,0 lies over the open 
face B(2)B(l)B(5) is fairly strong-the angle of tilt 
has at no time had an uncertainty of more than 9”. 
The effect of fixing the parameters relating to other 
hydrogen atoms and many amplitudes of vibration 
on the quoted errors cannot be determined but must 
be substantial. All we can say therefore is that the 
hydrogen atom may well be asymmetrically located 
above the B(2)B(l)B(5) face, the best fit being 
obtained when the distances B(2). . . H(1),ti0 and 
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B(5) . . . H( l)e,,dO are 159(4) and 190( 10) respectively, 
the difference of 31 pm being 2.2 times the sum of 
the estimated errors. 

Acknowledgement-We thank the SERC for financial 
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Abstract-The title complex [RuCl(CO)(PPh,),(S,CH)](thf) has been prepared by the inser- 
tion of carbon disulphide into the Ru-H bond of [RuHClCO(PPh3)2(4-Vp)] followed by 
crystallization from a mixture of benzene and thf (~-VP = 4-vinyl pyridine). Its structure 
has been determined by single crystal X-ray diffraction methods. The crystals are triclinic, 
space group Pi, z = 2, a = 10.042(l), b = 11.216(l), c = 17.772(2) A, a = 99.80(l), 
/3 = 93.26( 1) and y = 90.86(l)“. The structure, which has been refined to R = 0.078 for 4949 
reflections, is a distorted octahedron. 

Phosphine substitution in the complex RuHCl(C0) 
(PPh,), (I) has been reported to be carried 
out using phosphites, phosphonites and phos- 
phi&es. ’ Recently we reported the synthesis 
of monosubstitution products of the complex (I) 
using nitrogen heterocyclics. ’ The 4-vinylpyridine 
ruthenium(I1) complex RuHCl(CO)(PPh,),(4-Vp) 
(II) reacts with a variety of bidentate chelating 
ligands containing potential hydroxyl groups in the 
presence of a base to give chelated ruthenium com- 
plexes having O-O coordination with the elim- 
ination of chlorine and Cvinyl pyridine.3 Acti- 
vated olefins can readily be inserted into the Ru-H 
bond in the complex (II) to yield insertion 
products.4 We have extended this reaction by the 
synthesis of a dithioformate complex of Ru(I1) 
using carbon disulphide. 

EXPERIMENTAL 

Reactions were carried out in a dry, oxygen-free 
nitrogen atmosphere, using dried, freshly distilled 
and degassed solvents. 

* NCL Communication No. 4028. 
t Author to whom correspondence should be addressed 

(a) Carbonylchlorohydridobis (triphenylphosphine) 
(4+inyZpyridine)ruthenium(ZZ) 

Freshly distilled 4-vinyl pyridine (0.84 g ; 8 mmol) 
was added to a suspension of RuHCl(CO)(PPh,), 
(0.95 g ; 1 mmol) in thf (50 cm3) in a Schlenk tube. 
The solution was stirred at 25” for 20 h to yield a 
white solid. This was filtered through a sintercd 
disc, washed with thf and dried at 60” at 1 
mm pressure, m.p. 199°C. Yield 0.62 g (78%). 
Found : C, 66.3 ; H, 4.9 ; P, 8.0. Calc. for 
C44H38C1NOP2Ru: C, 66.4; H, 4.8; P, 7.8. 

(b) Carbonylchlorobis (triphenylphosphine) dithio- 
formatoruthenium(ZZ) 

To a suspension of RuHCl(CO)(PPh,),(4-Vp) 
(0.20 g ; 0.25 mmol) in benzene (25 cm3) was added 
carbon disulphide (5 cm3). The contents turned 
brown in 2 h and were kept at room temperature 
for 24 h. The yellow crystals separated were filtered 
and dried at 60°C at 1 mm pressure for 2 h. M.p. 
223°C. Found: C, 59.5; H, 4.1; P, 8.0. Calc. for 
C38H3,C10P2S2Ru : C, 59.5 ; H, 4.1; P, 8.1. A por- 
tion of the product was crystallized from a benzene- 

1859 



1860 S. GOPINATHAN et al. 

thf mixture (90 : 10, vol./vol.) to get crystals for X- 
ray studies. 

(c) X-ray studies 

A crystal of dimension 0.7 x 0.35 x 0.17 mm was 
used for data collection. Formula weight 838.37, 
triclinic, Pi ; a = 10.042(l), 
c = 17.772(2) A, 

b = 11.216(l), 
CL = 99.80(l), p = 93.26(l), 

y = 90.96(l)” and V = 1968.6 A’ ; z = 2, density 
(by flotation) 1.412 g/cm3 (talc. 1.414 g/cm3), 
p(MoK=) = 6.76 cn- ‘, F(OOO) = 860. 

Intensity data were collected on an Enraf Nonius 
CAD 4F-11M diffractometer using the o/20 scan 
technique with Mo-K, (A = 0.7107 A, graphite 
monochromated) radiation. Cell dimensions were 
taken from 20 reflections (32 < 28 < 39”). A total 
of 6438 reflections (0 < 23.5”) were collected with 
three standard reflections measured every 1000 s. 
The variations in these standard reflections were 
within 3%. A total of 4949 reflections with 
IF,1 < 3alF01 were used in the final refinement of 
structural parameters. The structure was solved 
using a modified’ MULTAN 786 package. The 
crystallographic numbering of the atoms is 
shown in Fig. 1. 

Full-matrix least squares refinement7 of scale, 
positional, anisotropic thermal parameters for Ru, 
S, P and Cl atoms, and isotropic thermal parameters 
for the rest of the non-hydrogen atoms (hydrogen 
atoms were geometrically fixed and were not 
refined) gave an R value of 0.078. A final difference 
Fourier map was featureless. Atomic scattering fac- 
tors used were from the International Tables for X- 
ray Crystallography.’ Lists of observed and cal- 
culated structure factors, final positional and equi- 
valent temperature factors for all non-hydrogen 
atoms, atomic coordinates for hydrogen atoms and 
anisotropic thermal parameters have been 
deposited with the Editor. Atomic coordinates have 
also been submitted to the Cambridge Cry- 
stallographic Data Centre. 

RESULTS AND DISCUSSION 

The complex [RuHCl(CO)(PPh,),(4-Vp)] reacts 
with carbon disulphide in benzene at an ambient 
temperature to yield the insertion product as an air- 
stable yellow crystalline solid with the elimination 
of 4-vinyl pyridine. Upon crystallization from ben- 
zenethf mixture, one molecule of tetrahydrofuran 
is retained in the crystal as seen by X-ray diffraction 
studies but it can be removed by heating the crystals 
at 60°C at 1 mm pressure. The thf-free sample was 
used for spectral studies. This yellow product shows 
IR absorption bands in the carbonyl region at 1945 
cm-’ characteristic of a terminal carbonyl group. 
The bands at 1235 and 930 cm-’ are attributable 
to G(HCS) and v,,(CS2) respectively, which suggest 
the presence of a chelated dithio ligand.9~‘0 

‘H NMR spectrum comprises of a triplet at 6 
11.88, 4J(PH) N 8 Hz due to the coupling of dithio- 
formate proton (S&H) with truns phosphorus 
nuclei. 

Crystal structure o~[C~~H&~O~P&RU] 

A perspective view of the molecule is given in Fig. 
2. Table 1 gives interatomic bond distances and 
bond angles along with e.s.d.‘s in parentheses. The 
molecule has a distorted octahedral coordination 
around the ruthenium atom. The two sulphur 
atoms are cis with respect to each other which 
enables chelation with the metal atom, thereby 
closing a four membered ring. The two triphenyl- 
phosphine groups are also cis to each other while 
the carbonyl group is tram to the chlorine atom. 
The bite angle of the dithioformate group is 70.5” 
and is nearly equal to that in bis(dithioformato)- 
bis(triphenylphosphine)ruthenium(II) (71”). ” 
There is a delocalization in the HC& ligand 
[C( I)--S( 1) = C( 1)-S(2) = 1.67( 1) A]. Similar 
delocalization is found in the rhenium complex” 
Re(CO),(HCS&(PPh&, in Pd(S&Ph), and its 
nickel analogue. ’ 3 

Fig. 1. Fig. 2. 



Synthesis and structure of carbonylchlorobis(triphenylphosphine)dit~ofo~ato~the~~(II)tetrahydrof~an 1861 

Table 1. Some selected bond distances (A) and bond 
angles (“) with e.s.d.‘s in parentheses 

Bond lengths (A) 

Ru-CI 2.421(3) 
Ru-S( 1) 2.447(2) 
Ru-S(2) 2.427(2) 
Ru-P( 1) 2.396(2) 
Ru-P(2) 2.398(2) 
Ru-C(2) 2.064( 17) 

S(l)-C(l) 1.670(14) 

S(2)-C(l) 1.667(14) 

C(2>--0(1) 0.755(21) 

Bond angles (“) 

Cl-Ru-S( 1) 85.2(l) 
Cl-Ru-S(2) 87.8(l) 
Cl-Ru-P( 1) 94.5( 1) 
Cl-Ru-P(2) 89.9( 1) 
Cl-Ru-C(2) 172.2(5) 
S( I)-Ru-S(2) 70.5( 1) 
S(l)-Ru-P(1) 93.1(l) 
S( 1 )-Ru-P(2) 160.6(l) 
S( I)-Ru-C(2) 87.2(5) 
S(2)-Ru-P( 1) 163.3(l) 
S(2)-Ru-P(2) 90.6( 1) 
S(2)-Ru-C(2) 87.9(5) 
P( l)-Ru-P(2) 105.9(l) 
P( l)-Ru-C(2) 87.8(5) 
P(2)-Ru-C(2) 96.7(5) 
Ru-S(l)-C(l) 86.9(5) 
Ru-S(2)--C( 1) 87.6(5) 

S(l)-C(l)_S(2) 115.0(10) 

The distances of all coordinating atoms are nor- 
mal. However, the C(2)-@ 1) is too short (0.76 A). 
A strikingly similar value is seen in the structure of 
truns- carbonylbis (triphenylphosphine) rhodium (I) 
chloride.14 The difference Fourier map does not 
indicate any disorder in this region and also the 
temperature factor associated with this oxygen 
atom is normal. The crystal structure has a molecule 

of tetrahydrofuran (thf) of crystallization and there 
are no significant interactions of this moiety with 
the structure. The thermal vibrations associated 
with the thf molecule are large ; however the bond 
lengths and the bond angles are about normal. The 
crystal structure is stabilized by van der Waal’s 
interactions. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 
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Abstract-The ionic strength dependence of cyclophosphates hydrolysis rates was inves- 
tigated at constant acid concentration. The rates decreased with the increase in the ionic 
strength, and hence the degree of association of cyclophosphate anions with hydrogen ions 
strongly affects the hydrolysis rates. In alkaline solutions, the hydrolysis rates for each 
phosphate decrease in the order: LiOH > NaOH > KOH > N(CH3)40H. When 
copper(I1) ion of concentration 5 x lo- 3 M was added, the hydrolysis rates of the phosphates 
were accelarated. The “metaphosphate abstraction” was briefly discussed. 

Of the inorganic condensed phosphates, the cyclic 
phosphates containing P-O-P bonds are very 
interesting and useful electrolytes, having multi- 
valent anionic charge on their comparatively 
compact molecules, (e.g. P,Oi-, P,O$, P60& and 
P,Oi;).’ We have extensively studied various 
chemical properties of these phosphates. ‘-’ 4 The 
present study was undertaken to understand the 
cation effects on the hydrolysis of the cyclo- 
phosphates in acidic, neutral and alkaline 
conditions. These cyclophosphates are very stable 
in neutral aqueous solution even if they are boiled 
for up to one hour provided a large amount of 
cation is not present. However, it has been eluci- 
dated by our previous study that in acidic solutions 
the hydrolysis rates of cyclophosphates increase 
rapidly. ’ ‘3’ 3 The cyclophosphate ions are not so 
strong as a Brsnsted base, however, the interactions 
between the phosphate ions and hydrogen ions were 
observed at higher H+ concentrations.’ This is con- 
sidered to be the main reason to accelerate the 
hydrolysis reaction. In this study, the ionic strength 
dependence of the hydrolysis rate at a constant 
hydrogen ion concentration was determined and 
it is verified that the bond formation between the 
phosphate ions and H+ is the major factor to cata- 
lyze the hydrolysis rates. As a supporting electrolyte 
to keep the ionic strength at a constant, tetra- 
methylammonium chloride was used. 

In alkaline solutions, the hydrolysis rates are 

affected not only by the hydroxide concentration 
but by the presence of other cations. Great dis- 
crepancies in the rates were observed when NaOH 
or N(CH3)40H was used as an alkali.14 In 
N(CH3)40H solution, the hydrolysis rates of cyclo- 
phosphates decrease with the increase in the poly- 
merization degree. The reverse tendency was found 
for the hydrolysis of linear phosphates. l5 In the 
present study, LiOH and KOH were used as the 
alkali to investigate the effect of Li+ and K+ on 
the cyclophosphate hydrolysis. By comparing the 
results in N(CH3)40H and NaOH with those in 
LiOH and KOH, the hydrolysis rates in the LiOH 
solution were shown to be fastest for each cyclo- 
phosphate. This explains the strongest interactions 
of Li+ ion with cyclophosphate anions and the 
interactions might facilitate the nucleophilic attack 
of the OH- ion on the P atom. 

Cyclophosphate anions have such high negative 
charges on their compact molecules that they form 
complexes (or ion-pairs) with various cations and 
the stability constants of some complexes have been 
determined.3-5,7*‘2 The effect of copper(I1) ion on 
the cyclophosphate hydrolysis at pH 5 was inves- 
tigated. At this pH, the hydrolysis of copper(I1) and 
cyclophosphate ions are negligible. The hydrolysis 
rates were accelerated by the addition of copper(I1) 
ion. This might be due to the complex formation of 
the copper(I1) ion with the cyclophosphate ions. 

The hydrolysis rates of the cyclophosphate ions 
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thus have been affected not only by the H+, OH- 
ions but by the ionic strength and cations present. 

In this paper, cyclophosphates and linear phos- 
phates are abbreviated as P,, and P,, respectively, 
where n is the degree of~the polymerization. 

EXPERIMENTAL 

Materials 

Sodium salts of cycle-tri-, cycle-tetra-, cyclo- 
hexa- and cycle-octaphosphates were prepared by 
the methods described previously.’ As the 
copper(I1) salt, the perchlorate was used. The other 
chemicals used were reagent grade and com- 
mercially available. 

Analysis 

Hydrolysis products were analyzed by anion- 
exchange chromatography. The chromatographic 
system consisted of a Hitachi 655 A-11 pump, a 
Hitachi 655-0300 reaction pump and a Hitachi 
228A spectrophotometer as a detector. As an anion- 
exchanger, TSK gel SAX, particle site 10 pm, was 
used and the column dimension was 250 x 4 mm 
I.D. The flow system is similar to that schematically 
represented in our previous paper’ ’ and the elution 
condition is also the same as that used previously. ’ ’ 

(a) 

ui 
2 

I 

Ohr P all 

-_A_ 

0.67hr P8m 

-AL 

1/ 
p,+ pp+ . . . . . . + Ps 

2i_!!uL_ 
0 5 IO 15 20 

Effluent/ml 

Details of the hydrolysis procedure have been 
described in a previous paper. ’ ’ 

RESULTS AND DISCUSSION 

The analysis of the hydrolysis products was 
achieved by liquid chromatography using an 
anion-exchange column. As an example, the chro- 
matograms of the hydrolysis samples were shown 
in Fig. l(a) and (b). In the chromatograms, the 
first peaks were characterized as a mixture of linear 
polymers as the hydrolysis products of cyclo-octa- 
phosphate. I1 The concentration of the parent 
species can be calculated from the area of its 
chromatogram. 

Hydrolysis reactions of cyclophosphates have 
been known as first-order for the phosphates under 
various experimental conditions.“’ ’ If the total 
concentration of the phosphates to be degraded is 
designated as c, the rate can be presented as 

The apparent rate constant, kobs was determined in 
each case. The hydrolysis rates of cyclophosphates 
are most strongly affected by the hydrogen ions and 
depend on its concentration. ’ 3 The effect might be 

(b) 

Effluent/ml 

Fig. 1. Chromatograms of the hydrolysis samples of P,Oi; in (a) 0.75 M LiOH at 50°C and (b) 0.005 
M HCl at 40°C. 
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due to the bonding of the hydrogen ions with PO- 
on the PO, tetrahedra. In this study, the ionic 
strength dependence of the hydrolysis rates of the 
phosphates at a constant acid concentration was 
investigated to verify the above assumption. The 
variation of the rate constants, kobs, at a hydrogen 
concentration of 0.05 M at 4O”C, in the ionic 
strength range 0.05-l were determined. The 
ionic strength was controlled by adding tetra- 
methylammonium chloride as an inert electrolyte. 
The results obtained are shown in Table 1 and Fig. 
2. The significant decrease in the kobs was observed 
with increase in the ionic strength. For each 
cyclophosphate, the kob is reduced to one-half or a 
quarter of the initial value by changing the ionic 
strength from 0.05 to 1. The results correspond to 
the decrease in the degree of bonding of H+ with 
PnO;;, with the increase in the ionic strength. 

As summarized above, in the acidic solution, 
hydrogen ions play an important role to catalyze 
the hydrolysis rates. In the alkaline solutions, it has 
been elucidated that the hydrolysis rates depend not 
only on the concentration of OH- which attacks 
the P atoms but on the kinds and concentration of 
the cations present. l4 In this study, the hydrolysis 
rates using KOH and LiOH as an alkali were fur- 

Table 1. Ionic strength dependence of the rate constants 
of cyclophosphates in 0.05 M HCl at 40°C 

JI 

P .kl 
0.255 
0.339 
0.406 
0.752 
1.03 

P 4m 
0.274 
0.354 
0.418 
0.758 

P 6m 

0.276 
0.355 
0.420 
0.759 
1.04 

P 8m 
0.308 
0.381 
0.442 
0.771 
1.05 

kb, (h- ‘) 

0.16 
0.12 
0.092. 
0.050 
0.040 

0.026 
0.020 
0.016 
0.0070 

0.045 
0.030 
0.025 
0.014 
0.013 

0.12 
0.091 
0.080 
0.060 
0.058 

k 
ohs 

0.15 

O.lC 

0.0: 

0 
U.5 I.” 

J; 

Fig. 2. Ionic strength dependence of the hydrolysis rate 
constants of cyclophosphates in 0.05 M HCl at 40°C. 

ther determined. In the tetramethylammonium 
hydroxide solution, the hydrolysis reaction is first- 
order for OH- since the rate determining step is 
the nucleophilic attack of OH- on the P atom.14 
Accordingly, the rate equation can be written as 

- ; = k[OH-]c 

where if 

k[OH-] = kob (3) 

we can obtain the same equation as eqn (1). The 
log kobs obtained for the hydrolysis of the cyclo- 
phosphates in 0.5 M LiOH and KOH at 50°C are 
shown in Fig. 3 and Table 2 with data for 0.5 M 
NaOH and N(CH3)40H. This result suggests that 
Li+ interacts most strongly with the cyclophosphate 
anions and the intensity of the interaction decreases 
from Na+ to K+. This decrease is in accord with 
the increase in the crystal radii of the cation. In 
the tetramethylammonium hydroxide solution, the 
cyclophosphate with the larger ring is rather stable, 
however, in other alkaline solutions, the hydrolysis 
rate of cycle-octaphosphate begins to increase 
again. This tendency was observed in the case of 
the hydrolysis in the acidic solution. ’ 3 The higher- 
membered cycle-octaphosphate has a much larger 
ring structure with higher flexibility, and conse- 
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Fig. 3. The hydrolysis rate constants of cyclophosphates 
in various alkaline solutions at 50°C. 

quently the interaction of the anions with H+, Li+, 
Na+ or K+ ions increases. ‘,” 

When the effect of multi-valent cations on the 
cyclophosphates hydrolysis is investigated, the con- 
centration of the cations is limited within the lower 
value to prevent the formation of a precipitate. 
Thus, the hydrolysis rates at the same concentration 
of mono- and multi-valent cations for each cyclo- 
phosphate could not be compared with each other. 
In this study, copper(I1) ion of concentration 
5 x IO- 3 M was added to each cyclophosphate solu- 
tion and the rates were determined. The con- 
centration of each cyclophosphate was 2.5 x lop3 
M for cycle-tri and cycle-tetraphosphate, and 
1.25 x lo- 3 M for cycle-hexa- and cyclo-octa- 
phosphate. The pH of the mixed solution to be 
hydrolyzed was adjusted to 5.0 to prevent the for- 
mation of OH- complexes of the copper(I1) ion. 
At this pH, the hydrolysis rates of the four above 
cyclophosphates were negligibly slow13 and the 
effects of hydrogen ions on the hydrolysis rates can 
be ignored. The rate acceleration observed is due to 
the copper(I1) ion effect. The hydrolysis reaction 
under this condition were first-order for the phos- 
phates and half-lives at 50°C for cycle-tri-, cyclo- 
tetra-, cycle-hexa- and cycle-octaphosphates were 
5.8, 68, 70 and 72 hr, respectively. The hydrolysis 
reaction of the phosphates is accelerated by the 
copper(I1) ion. At higher copper(I1) ion con- 
centrations, the enhanced promotion of the hydroly- 
sis rates might be expected. 

From the chromatograms shown in Fig. 1, the 
following speculation is deduced. At a similar stage 

Table 2. The rate constants of cyclophosphates in 0.5 M 
alkaline solutions at 50°C 

log (k,dh- ‘) 
LiOH NaOH KOH. N(CH,)&H 

P 3m 0.76 0.15 0.11 -0.70 
P 4m -0.44 -1.31 - 1.37 -2.70 
P 6m -1.02 -2.10 - 1.42 -3.78 
P 8m - 0.95 -2.05 -1.33 -4.06 

during the hydrolysis of cycle-octaphosphate in 
acidic or alkaline solutions, cycle-triphosphate as a 
side product could not be observed after the alkaline 
hydrolysis. On the other hand, in the case of acidic 
hydrolysis, an appreciable amount of cyclo-tri- 
phosphate was observed. The neutralization of the 
charges on the linear phosphates produced by the 
cycle-octaphosphate hydrolysis with hydrogen ions 
might permit coiling of the linear polymers and 
cycle-triphosphate is also formed by the mechanism 
called “metaphosphate abstraction”. I 5 While, at 
much higher pH, the coiled structure becomes 
difficult due to the repulsion between charges of 
PO- ion on the linear phosphate chain. At even 
higher concentrations of LiOH, Li+ did not catalyze 
the “metaphosphate abstraction”. This suggests 
that Li’ form looser bonds with the linear phos- 
phate anions than the H+ ions do. For the hydroly- 
sis reactions studied in all the alkaline solutions 
“metaphosphate abstraction” was not observed. 
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Abstract4u(II) complexes of 2-methoxybenzoic acid (MBH), 2,x-dimethoxybenzoic acids 
(2,x-DMBH ; x = 3, 4, 5 and 6) and 3, y-dimethoxybenzoic acids (3, y-DMBH ; y = 4 and 
5) have been prepared and characterized by spectroscopic methods. They involve tetra- 
carboxylate bridged dimeric arrangements of the copper(I1) acetate monohydrate-type. 
The thermal decomposition of such complexes has been studied by thermogravimetric 
measurements and spectroscopic as well as mass spectrometric analysis of the evolved 
products and the intermediate residues. A mechanism which involves the shift of a CH3 
group from a ligand molecule to the carboxylic group of a second ligand, to give the 
methyl ester of the parent methoxy- or dimethoxy-benzoic acid, has been substantiated. 
Simultaneously, monomeric copper(I1) complexes involving a 1 : 1 metal to ligand ratio and 
metal coordination by a carboxylate and a phenolate group are formed in the residues. 

In the course of a study on the metal complexes 
formed by simple humic-like molecules, namely 
dihydroxy- and dimethoxy-substituted benzoic 
acids, we have recently reported the structure of the 
complexes of 2,6-dimethoxybenzoic acid with some 
divalent metal ions. leg Dimeric arrangements of 
the copper(I1) acetate monohydrate-type were 
observed for the Cu(I1) compounds,4 while poly- 
meric aqua-bridged structures were found in the 
case of Mn, Co, Ni and Zn.’ 

For the latter compounds the thermal decompo- 
sition was also investigated and a mechanism lead- 
ing to the formation of complexes of 2-hydroxy-o- 
anisic acid, in the 1 : 1 metal to ligand molar ratio, 
plus methyl 2,6-dimethoxybenzoate was sub- 
stantiated. 3 

We report here the synthesis and the spec- 

* Author to whom correspondence should be addressed. 

troscopic characterization of the Cu(I1) complexes 
formed by 2-methoxybenzoic, 2,x- and 3,y-dimeth- 
oxybenzoic acids (x = 3,4 or 5 ; y = 4 or 5), together 
with a thermal study on these complexes and on 
the previously described Cu(II)dimethoxyben- 
zoates. 

EXPERIMENTAL 

Materials 

The acids, purchased from Fluka, were twice 
recrystallized from water or aqueous ethanol and 
dried in vucuo. Copper(I1) acetate monohydrate 
(Carlo Erba) was the metal source. 

Preparation of complexes 

The preparation methods were similar for all the 
complexes. Typically, a solution or a suspension of 
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Table 1. Analytical data“ 

Complex C% H% H20%b 

~CudMW,(H@Ll 50.6 (50.1) 4.4 (4.2) 4.5 (4.7) 
F&(2,3-DMB),(H,O)zl 49.2 (48.7) 4.7 (4.5) 4.0 (4.1) 
F&(2,4-DMB),(H,O)zl 49.0 (48.7) 4.6 (4.5) 4.0 (4.1) 
[CU~(~,~-DMB)~(H~O)~.H,O 48.0 (47.7) 4.8 (4.7) 6.0 (6.0) 
[C+(3,4-DMB).,(H20)2]*4Hz0 45.4 (45.0) 4.7 (5.0) 11.0 (11.3) 
[CU~(~,~-DMB)~(H~O)J.~H~O 47.6 (46.8) 4.7 (4.8) 7.0 (7.8) 

n Calculated values in parentheses. 
b Thermogravimetric determination. 

3.2 mmol of acid in 50 cm3 of warm water was 
stirred while slowly adding 50 cm3 of an aqueous 
solution containing 1.6 mmol of copper(I1) acetate. Spectral data 

RESULTS 

Microcrystalline precipitates formed rapidly or 
after a few hours. They were filtered, washed with All the complexes exhibit spectral properties (Fig. 

warm water and air-dried. Analytical data are listed 1 and Table 2) consistent with dimeric structures of 

inTable 1. T~~[CU~(~,~-DMB)~(O~CJCH~)~(H~O)~] the copper(I1) acetate monohydrate-type, just as in 

and [Cu,(2,6-DMB),(H,O)d complexes, were those the case of the structurally known 2,6-DMB deriva- 

described previously. 4 tive [CU~(~,~-DMB)~(H~O)~].~ Thus, their descrip- 
tion needs no further comment. As is usual for such 
a type of complex, the slight differences between 

Instruments the observed solid-state spectral parameters may be 

Thermogravimetric data were obtained by using attributed to minor differences- in the copper(I1) 

a Perkin-Elmer TGS-2 apparatus in nitrogen or air coordination geometry, e.g. the metal-water dis- 

atmosphere. A scanning rate of 5°C mine1 was tances. 

employed. Chemical analyses for C and H were 
performed on a Perkin-Elmer 240 B elemental 
analyser. IR spectra were recorded on a Perkin- 
Elmer 683 B spectrophotometer. Electronic diffuse 
reflectance spectra were obtained on a Beckman 
Acta M IV spectrophotometer using BaSO, as the 
reference sample. ‘H NMR spectra were recorded 
on a Varian XL-200 spectrometer. ESR spectra 
were obtained on a Varian E 9 spectrometer at the 
X-band frequency. Mass spectra data were 
obtained on a VG Analytical 7070 EQ instrument. 
Acetic acid was identified by GLC analysis (Perkin- 
Elmer F 30 gas chromatograph; 2.3 m x 2.5 mm 
column packed with SP 2100 10% on Chromosorb 
WAW at 300°C). 

Dissociation constants of ligands 

The dissociation constants of the acids (except 
3,5-DMBH which has a too low solubility in water) 
were determined by potentiometric titration in 
aqueous solution with 0.1 M NaClO, as the sup- II, 

porting electrolyte. The following pK, values were Fig. 1. X-band ESR spectra recorded at room-tem- 
obtained: 3.97 (MBH), 3.47 (2,3-DMBH), 4.24 perature on [CU,(~,~-DMB)~(H~O)~] (---), [Cu,(2,4- 
(2,4-DMBH), 3.85 (2,5-DMBH), 3.40 (2,6-DMBH) DMB)J (. . .) and its intermediate residue after evolution 
and 4.26 (3,4-DMBH). of methyl 2,4-dimethoxybenzoate (-). 
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in most cases, apparently involve overlapping 
weight-losses. 

Evolved products 

To obviate the above lack of information, OS- 
1.0 g samples of the complexes were decomposed 
under static air in a round-bottomed flask kept at 
constant temperature (ca. 200°C) and fitted with a 
reflux condenser. Volatile products evolved during 
decomposition were collected along the condenser 
and analyzed by IR, ‘H NMR and mass spec- 
trometry. In all cases (Table 3) these products were 
identified as the methyl esters of the ligands. 
For [Cu,(2,6-DMB),(O,CCH,),(H,O)& methyl 
2,6-dimethoxybenzoate and acetic acid (the latter 
analysed also by GLC) were the evolved products. 

By examination of the thermogravimetric curves 
it may be observed that in some cases (2,4- and 
2,5-DMB complexes) the weight-loss subsequent to 
dehydration corresponds well to the release of a 
molecule of ester. In other cases, e.g. for [Cu,(M- 
B),(H20)J, the change of the operative conditions 
(Fig. 4) allowed an almost theoretical weight-loss 
for a molecule of ester. This may suggest that the 
first decomposition step of all the complexes 
involves the formation of a molecule of ester, but 
TG weight-losses of rather complex shape can result 

0 100 200 300 

1.X 

Fig. 4. Therrnogravimetric curves of [Cu,(MB),(H,O)J : 
(0 l 0) nitrogen atmosphere, 5°C min- ’ ; (+ + +) 
static air, 5°C min-’ ; (m n n ) static air plus nitrogen 
purge, 5°C inin-’ ; (---) static air plus nitrogen purge, 
10°C min- ‘. The vertical bar represents the loss-weight 
corresponding to a molecule of methyl 2-methoxy- 

benzoate (43.3 wt.%). 

because (i) the ester, with increasing temperature, 
may decompose instead of being evolved as such, 
or (ii) its release can overlap with subsequent 
decomposition steps. 

Residues 

After evolution of volatile products, the residues 
were washed with CHC13 and dissolved in dilute 
aqueous HCl to separate the copper from ligands. 
By concentrating the solutions, the ligands were 
isolated and analysed by IR, ‘H NMR and mass 
spectrometry. In some cases, they were identified as 
pure compounds differing from the parent acid by 
having a phenolic function in the place of a meth- 
oxyl group (Zhydroxy-4 (or 5)-methoxybenzoic 
acid from 2,4- and 2,5-DMB complexes, respec- 
tively). In other cases, the precipitates were a 
mixture, easily distinguishable, containing the phe- 
nolic derivative and the undecomposed parent acid. 
In particular, the residue of [Cuz(MB),(H,O),] gave 
salicylic acid, while those of [Cud2,6-DMB),(H,O)d 
and [CU~(~,~-DMB)~(O~CCH&(H~O)~] gave 
2-hydroxy-6-methoxy-benzoic acid. Finally, it was 
impossible to isolate the intermediate residues 
of 2,3-, 3,4- and 3,5-DMB complexes, due to 
their thermal instability, in agreement with the 
thermogravimetric results. 

Spectral study of residues 

The decomposition of the complexes was also 
followed by spectroscopic (reflectance absorption 
and ESR) methods. After evolution of esters, the 
residues exhibited ESR signals attributable to mag- 
netically dilute species (Table 2 and Fig. 1). On the 
other hand, a band around 450 nm, which could be 
assigned as a phenolate oxygen to Cu(I1) tran- 
sition, lo was observed in the reflectance spectra. 

DISCUSSION 

The result of this study are in full agreement 
with those found previously for the [M(2,6- 
DMB),(H,O),] * Hz0 complexes (M = Mn, Co, Ni 
and Zn). They support the view that the thermal 
decomposition of complexes formed by methoxy- 
substituted benzoic acids proceeds through a gen- 
eral pathway. This involves the intermolecular shift 
of an ethereal methyl group from a ligand molecule 
to the carboxylate moiety of a second ligand. As a 
consequence, the former ligand is demethylated and 
forms a phenolate bond with the metal ion, while 
the latter is transformed into the corresponding 
methyl ester. 
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Support for the proposed mechanisms is given 
by all the experimental data : 

(i) all the released esters and most of phenolic 
ligands, which are the primary decomposition prod- 
ucts, have been isolated and fully characterized ; 

(ii) ESR and electronic spectra of all the inter- 
mediate residues after evolution of ester indicate the 
presence of magnetically dilute Cu(I1) complexes, 
where the metal ion is bound to a carboxylate and 
a phenolate group. 

The temperature over which such a process 
occurs is clearly dependent on the position of the 
substituents within the aromatic ring of the ligands. 
Particularly, it appears that the decomposition of 
complexes formed by ortho-substituted ligands 
occurs at temperatures which are substantially 
lower than those for the 3,4- and 3,5-DMB 
analogues. Therefore the formation of inter- 
mediates with a 1: 1 metal to ligand ratio, involving 
chelation by phenolate and carboxylate groups in 
o&o-positions, is a factor favouring the first 
decomposition step. 

With increasing temperature, the 1 : 1 inter- 
mediates decompose but, if this process is too near 
to the first decomposition step, low yields are 
expected when attempting to isolate the 1 : 1 inter- 
mediates. Accordingly, the maximum yield of 
phenolic ligands is obtained for 2,4- and 2,5-DMB 
complexes whose thermogravimetric curves are 
consistent with almost theoretical weight-losses for 
a decomposition occurring in two steps distinct 
enough to allow the isolation of 1 : 1 intermediates. 

Turning to the first decomposition stage, the 
detection of acetic acid as a volatile product evolved 
by [CU~(~,~-DMB)~(O~CCH&(H~O)~] in static air 
is clear evidence that the acetate is, at least in part, 
hydrolysed by water vapour, analogously to the 
findings, e.g. for nitrate. ” Acetic acid is also 
evolved by heating copper(I1) acetate under 
the same conditions (static air), also the mechan- 
isms under nitrogen flow could be different. 
Therefore, the thermal behaviour of the complex 
[CU~(~,~-DMB)~(O~CCH~)~(H~O)~] may be reason- 
ably interpreted as that of a mixture of copper(I1) 
acetate and copper(I1) 2,6-dimethoxybenzoate. 

ERRE et al. 

Finally, a further comment is needed on the 
absence of complexes involving mixed bridges (acet- 
ate and methoxy- or dimethoxy-benzoate) for all 
ligands except 2,6-DMB, in spite of the similar syn- 
thetic procedures used. 2,6-DMBH differs from the 
other ligands by having the most acidic carboxylic 
group and two methoxyl substituents in ortho pos- 
itions to the carboxylic function. The pK, value is, 
however, comparable to that of 2,3-DMBH. Thus, 
the most likely reason for the isolation of the 
“mixed” complex is the steric hindrance produced 
by the bulky o-methoxy substituents, which, in the 
presence of acetate, disfavours the formation of a 
binary 2,6-DMB complex. 
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Abstract-Reaction of trans-[M(cyclam)Cl&l (M = Co, Ru; cyclam = 1,4,&l l-tetra- 
azacyclotetradecane) with anhydrous CF3S03H at elevated temperatures formed initially 
truns-[M(cyclam)C1(0S0,CF3)](CF3S03), with truns-[M(cyclam)(OS02CF3)~(CF3S03) 
formed after extended reaction time. The complexes were characterized by spectroscopy, 
and rate constants for the rapid aquation of the bound CF3S0y determined. In the case of 
the cobalt(II1) complexes, derivatives were prepared by substitution of the CF3SO; ligand 
by the neutral ligands acetonitrile and dimethylformamide. 

The coordination chemistry of the weakly nucle- 
ophilic trifluoromethanesulfonate (triflate) anion 
has been well documented in recent years, since it 
has proved to be an excellent leaving group from a 
range of inert metal ions.‘,’ The lability of bound 
triflate is comparable to that of the perchlorate 
ligand ; however, complexes of the former are inher- 
ently safer to handle as the triflate anion is non- 
oxidizing. The use of tritlato complexes as precursors 
in inorganic chemistry has been demonstrated by 
the development of facile and high yielding routes 
to a range of previously inaccessible complexes.* 
For inert metal complexes, introduction of the tri- 
flato ligand to the coordination sphere is usually 
and conveniently achieved by reaction of the chloro 
complex with anhydrous acid (CF3S03H). The 
elimination of hydrogen chloride drives the 
reaction, and yields of the triflato complexes are 
essentially quantitative. 

Although there are a range of examples of mono, 
bis and even tris triflato complexes of octahedral 
metal amines, there are very few examples of stable 
complexes in which the triflato ligand is truns to 
any ligand other than an ammine or amine. I,* For 
cobalt(III), the only known complex is the ion trans- 
[Co(en)2Cl(OS02CF3)]’ reported during the course 
of this work, and prepared by reaction of trans- 
[Co(en)2C12]+ with CF3S03H at - 5°C for several 

*Author to whom correspondence should be addressed. 

hours.3 Replacement of the second chloro ligand 
was not possible without isomerization to the 
cis isomer during reaction. Previously, reaction at 
elevated temperature showed cis-[Co(en),(OSO, 
CF3)2]+ to be the sole product of reaction from 
either cis- or truns-[Co(en)2C12]+,4 consistent with 
cis isomers being more stable in polar solvents 
than tram isomers. For bis( 1 ,Zethanediamine) 
complexes, it is only with the more stereore- 
tentive Rh(II1) and Ir(II1) that trans-[M(en), 
Cl(OSO*CF 3)] + complexes can be prepared at 
elevated temperatures. 5 

Greater structural rigidity of metal complexes 
can be imposed by replacing bis( 1 ,Zethanediamine) 
ligands by a cyclic tetraamine such as 1,4,8,1 l- 
tetraazacyclotetradecane (cyclam). There exist 
cyclam complexes of most transition metals, 
especially those in higher oxidation states stabilized 
by the strong ligand field of the macrocycle. 6*7 Geo- 
metric isomers of cyclam complexes exist with the 
preferred configuration (cis or tram) dependent on 
the ionic radius of the metal and the absolute con- 
figuration of the asymmetric nitrogen donor atoms. 
The cyclam complexes of cobalt(II1) show a pref- 
erence for the trans geometry compared with 
bis(1 ,Zdiaminoethane) analogues, although cis 
isomers are known with both unidentate and par- 
ticularly chelating ligands in the other two coor- 
dination sites.’ This preference suggests that trans- 
dichloro(cyclam)cobalt(III) may provide a route to 
the first stable truns-chloro(triflato) and trans- 

1875 
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bis(triflato) complexes of cobalt(II1). Further, C, 25.9; H, 4.1; N, 10.3. C,4H27C1C~F6N506S2. 
although both cis- and truns-[Ru(cyclam)Cl,]+ Hz0 requires: C, 25.8; H, 4.15; N, 10.7%. 
complexes are known, the tram isomer is thought ‘H NMR (D,O): 6 2.57 (CH,CN; 2.06, free 
to be more stable,g and it may also yield truns- CH,CN), 2.0-3.0 (-CHT, multiplets). Vis. spectrum 
triflato complexes. Reaction of both of these truns- (water) : 535 nm (E 33 dm3 mol- ’ cm-‘), 420 nm 
dichloro ions with CF$03H has been probed in (E 48). IR spectrum (KBr disc) : 2340, 2380 cm- ’ 
this work. (nitrile stretch). 

EXPERIMENTAL truns-[Co(cyclam)(OCH - N(CH3)2)Cl](CF3S03)2 

truns-[Co(cyclam)C1(OS02CF3)](CFsSOJ 

To truns-[Co(cyclam)Clz]C18 (3 g) in a three- 
necked round bottomed flask (100 cm3) fitted with 
a gas bubbler was carefully added anhydrous 
CF3S03H (8 cm3). A stream of nitrogen was bub- 
bled through the solution as it was warmed in an 
oil bath at 100°C for 90 min. The flask was then 
allowed to cool with the gas supply maintained. 
Dropwise addition of diethyl ether (70 cm3) to the 
rapidly stirring solution precipitated a green solid, 
which was collected on a fine porosity sintered glass 
frit. The green powder was washed several times 
with diethyl ether (30 cm3), and dried in uucuo (4.7 g, 
96%). The product is stable indefinitely if stored 
in a desiccator. Found : C, 22.7 ; H, 3.8 ; N, 7.8. 
C12H24C1C~F6N406S2*$ZF3S03H requires: C, 
22.5 ; H, 3.7; N, 8.35%. Vis. spectrum (CF3S03H) : 
630 nm (E 22 dm3 mol- ’ CIY- ‘), 410 (E 35). 

A solution of truns-[Co(cyclam)C1(OSOz 
CF3)](CF3S03) (0.5 g) in dry dimethylformamide 
(20 cm3) was stirred at room temperature for 
2 h, then isolated as described for the nitrile ana- 
logue. The green product (0.34 g, 60%) was 
dried in vucuo. Found: C, 25.5; H, 4.6; N, 9.5. 
C, SH3 1C1C~F6N507S2 - 2H20 requires ; C, 25.65 ; 
H, 5.0; N, 9.9%. ‘H NMR (DzO) : 6 7.95 (-CHO), 
3.02,2.87 (CH3), 2.0-3.0 (-C&-, multiplets). Vis. 
spectrum (water) : 580 nm (E 21 dm3 mol- ’ cm- ‘), 
410 (.s 35). IR spectrum (KBr) : 1670 cm- ’ (amide). 

Anhydrous CF3S03H (8 cm3) was added cau- 
tiously to truns-[Co(cyclam)Clz]Cl (2 g) in a three- 
necked flask fitted with a gas bubbler. A gentle 
stream of nitrogen was passed through the solution, 
which was heated in an oil bath at 100°C for 50 h. 
The green product was precipitated with diethyl 
ether (70 cm3) and isolated as above (3.5 g, 90%). 
Found: C, 20.1; H, 3.4; N, 6.6. C13H&oFg 
N40gS3.CF3S03H requires: C, 19.7; H, 3.0; N, 
6.5%. Vis. spectrum (CF3S03H) : 635 nm (E 83 dm3 
mol-’ cm-‘), 410 (E 151). 

A solution of tram-[Co(cyclam)(OS02 
CF3)&CF3S03).CF3S03H (0.5 g) was dissolved in 
dry acetonitrile (20 cm3) and stirred for 4 h at 
room temperature. The product was isolated by 
addition of diethyl ether (100 cm3), as an oil. 
After decanting the ether solution, the oil was dis- 
solved in ethanol (10 cm’) and added with vigorous 
stirring to diethyl ether (100 cm’). The orange pow- 
der precipitated was collected, washed with ether, 
and dried in vucuo (0.31 g, 60%). Found: C, 
23.6; H, 3.9; N, 8.8. C,7H3,,CoFgNs0gS3* 
C2HSOH*HOS02CF3 requires: C, 23.2; H, 3.8; 
N, 8.55%. The product may be recrystallized 
as a perchlorate, but was (apart from detected 
ethanol) pure by NMR measurement. ‘H NMR 
(DzO): 6 2.57 (CH3CN), 2.0-3.0 (--Cl-&-, multi- 
plets). Vis. spectrum (water): 495 nm (E 86 dm3 
mol- I cm- ‘), 405 (E 125). IR spectrum (KBr) : 2320 
cn- ’ (nitrile stretch). 

truns-[Co(cyclam)(NCCH3)Cl](CF3S03), 

A solution of truns-[Co(cyclam)C1(OS02 
CF3)](CF3S03) (0.5 g) in dry acetonitrile 
(20 cm3) was stirred at room temperature for 2 h, 
then added to rapidly stirring diethyl ether (100 
cm3). The resulting oil was separated from the 
supematant by decantation, the oil was dissolved 
in ethanol (20 cm’) and the product precipitated as 
a red powder by addition of diethyl ether (100 cm’) 
with stirring. The product was collected, washed 
with ether, and dried in vucuo (0.27 g, 50%). Found : 

A solution of truns-[Co(cyclam)(OSOz 
CF3)J(CF3S03) (0.5 g) was dissolved in dimethyl- 
formamide (20 cm’) and stirred at room tempera- 
ture for 4 h. The green product was isolated as 
described for the acetonitrile analogue, and dried 
in vucuo (0.39 g, 65%). Found : C, 26.9 ; H, 4.5 ; N, 
9.8. C1gH38CoFgN6011S3 requires: C, 26.75; H, 
4.5 ; N, 9.85%. ‘H NMR (DzO) : 6 7.95 (CHO), 
3.01,2.85 (CH,-), 2.0-3.0 (-CHr, multiplets). Vis. 
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spectrum (water) : 535 nm (E 53 dm3 mol- ’ cm- I), 
410 (E 87). IR spectrum (KBr) : 1670 cm-’ (amide). 

trans-[Ru(cyclam)C1(OS02CF3)](CF3S03) 

To truns-[Ru(cyclam)C1&lg (2.0 g) in a three- 
necked round bottomed flask fitted with a gas bub- 
bler was added anhydrous CF3S03H (6 cm’). A 
stream of nitrogen was passed through the solution, 
which was heated in an oil bath at 100°C for 2 h. 
After the mixture had been allowed to cool, the 
nitrogen flow was disconnected and precipitation 
of the product was achieved by careful addition of 
diethyl ether (50 cm3) with vigorous stirring. The 
brown solid was collected, washed several times 
with diethyl ether, and dried in a vacuum desiccator 
(2.95 g, 95%). The product was stable if stored in 
a desiccator in the dark. Found : C, 21.1; H, 3.5 ; 
N, 7.9. C12H24C1F6N406S2R~ requires: C, 21.6; 
H, 3.6; N, 8.4%. Vis. spectrum (CF,SO,H): 370 
nm (E 1520 dm3 mol- ’ cm- ‘). 

trans-[Ru(cyclam)(OS0,CF3),](CF3S03) 

A solution of truns-[Ru(cyclam)Cl,]Cl(2.0 g) in 
CF3S03H (6 cm3) was reacted at 100°C for 24 h 
under nitrogen. It was isolated as described above 
for the other ruthenium complex (3.3 g, 90%). 
Found: C, 19.9; H, 3.5; N, 7.1. C13HZ4FgN40gS3 
Ru-2H20 requires: C, 20.0; H, 3.6; N, 7.1%. To 
permit accurate analysis of this moisture-sensitive 
compound, it was hydrated and analyzed as the 
aqua complex ; all other triflato compounds were 
analyzed as isolated. 

Physical methods 

Electronic spectra were recorded using a Hitachi 
220A spectrophotometer, while infrared spectra 
were recorded with the complexes dispersed in KBr 
discs on a Nicolet MX-1 fourier-transform infrared 
spectrometer. Proton magnetic resonance spectra 
of complexes dissolved in DzO were recorded using 
a Jeol FX-90Q spectrometer. Rates of hydrolysis of 
triflato complexes were determined from absorb- 
ancetime responses determined spectrophoto- 
metrically, using standard computational methods. 

RESULTS AND DISCUSSION 

The facile and high yielding synthesis of triflato 
complexes from chloro precursors developed earl- 
ier’-’ has been applied successfully to the synthesis 
of truns-chloro(triflato) and trans-bi.s(triflato) com- 
plexes of (cyclam)cobalt(III) and ruthenium(II1). 

The truns-bis(triflato) complexes are the first 
reported for any complex, cis stereochemistry being 
common. ’ Spectroscopic evidence detailed later 
defines the truns geometry. Since synthesis and iso- 
lation is performed in strongly acidic conditions, 
preservation of the geometry is expected since many 
isomerization reactions of polyamine complexes 
involve deprotonation of secondary amine groups, 
which cannot occur under the experimental con- 
ditions employed. Although the lability of triflate 
forbids recrystallization, the compounds as isolated 
were of acceptable purity, and derivatives of mic- 
roanalytical and spectroscopic purity were prepared 
directly from the triflato precursors. The lability of 
the triflato ligand was demonstrated by the ready 
substitution by acetonitrile (AN), N,N-dimethyl- 
formamide (DMF) and even acetone at room tem- 
perature. 

It was apparent from the electronic spectra of 
both triflatocobalt(II1) precursors and their deriva- 
tives that tram geometry was maintained. A striking 
feature of the spectra was the large splitting of the 
octahedral ‘T, state under the tetragonal field to 
give a ‘E and a ‘A* state with the former of lower 
energy. Transitions (from a ‘A, ground state) to 
these states occurred in the visible region ; the ultra- 
violet region was dominated by intense bands due 
to charge transfer or intra-ligand transitions which 
masked the other titransition to the ‘Tz state. The 
two bands in the visible region (see Experimental) 
converged with increasing strength of the trans 
ligand. Spectra of triflato complexes were recorded 
in anhydrous CF3S03H, since variation in the spec- 
tra in dry acetone indicates that even that weak 
ligand may displace triflate, as previously 
observed. 4 Observed spectra are consistent with the 
earlier location of CF3SO; near Cl- in the spec- 
trochemical series, 5 since maxima for trans-dichloro 
(625, 420 nm), truns-chloro(triflato) (630, 410 nm) 
and truns-bis(triflato) (635, 410 mn) are similar. 
Substitution of CF3SO; by DMF or AN causes 
significant shifts of the low energy maxima to higher 
energy, as expected. 

The low frequency infrared spectra of the triflato 
complexes displayed evidence for coordinated as 
well as ionic triflate. The spectrum of ionic triflate 
has been studied in detail’*” and by comparison 
with the spectrum of the cobalt triflate complexes 
assignments to coordinated triflate were possible. 
One obvious difference was the appearance of a 
peak at 655 cm- ‘, adjacent to the resonance of ionic 
triflate at 640 cm- ‘. This higher energy peak, which 
was more intense in the bis(triflato) complex, dis- 
appeared on substitution of the triflato ligands by 
both DMF and AN. Earlier, it has been noted that 
the band at 1280 cm-’ for ionic triflate is shifted 
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approximately 100 cm- ’ higher in energy on coor- 
dination.4 

The IR absorption frequencies associated with 
the cyclam ligand are essentially invariant for all 
complexes of cobalt(III), consistent with retention 
of geometry. For derivatives, characteristic 
vibrations of carbonyl or nitrile groups were 
observed also. For the ruthenium(II1) complexes, 
the region from 800 to 1000 cm- ’ is useful for iden- 
tifying cis and truns cyclam complexes. ’ ’ The bands 
in this region, assigned to methylene group rocking, 
differ significantly, with a doublet near 890 cm-’ 
and a singlet at 805 cm-’ being indicative of truns 
geometry. The cis dichloro isomer shows a more 
complicated series of bands which are mutually 
exclusive with those in the trans complex. The spec- 
tra of the triflato complexes showed bands common 
with those of the truns dichloro complex, consistent 
with retention of geometry throughout. 

The lability of the triflato ligand was quantified 
by measurement of rates of aquation for complexes. 
The chloro(triflato)cobalt(III) complex hydrolyzes 
rapidly under acidic conditions (kobs = 0.048 s- ‘, 
25”C, 0.1 mol dm- 3 H+) to the truns-aqua chloro 
complex ; further reactions are slow, and were not 
pursued. This rate constant is similar to that 
reported for the simple [Co(NHJs(OS02CF3)]*+ 
ion (0.024 s- ‘, 25°C). The chloro(triflato)ruthen- 
ium(II1) also aquates rapidly (kobs = 0.060 s- ‘, 
25°C 0.1 mol dme3 H+), again with a rate 
constant similar to that reported for [Ru(NH,), 
(OS02CF3)]*+ (0.093 s-l, 25°C). The bis(triflato) 
cobalt(II1) complex displayed two successive 
relatively fast aquation processes (k, = 0.038 s- ‘, 
k2 = 0.0017 s-l, 25°C 0.1 mol dire3 H+) 
assigned to successive hydrolyses of triflato 
ligands. Notably, the aquation rate constant for 
[Co(cyclam)C1(OS02CF,)]+ is very close to that 
for [Co(cyclam)(OSO,CF,),]+ (0.048 s- ’ vs 0.019 
s-l, dividing the latter by two for statistical cor- 
rection), indicating that the truns labilizing influence 
of CF$O; is not a lot less than that of Cl-. 
Further, aquation of the truns-aqua(triflato) inter- 
mediate is approximately twenty times slower than 
aquation of the truns-chloro(triflato) complex, 
which may be related to the greater truns labilizing 
effect of chloro compared with aqua ligand. The 
lability of coordinated triflate observed in these 
complexes is consistent with general observations. ’ 

The lability of coordinated triflate permitted 
ready substitution by coordinating solvents, with 
the O-donor DMF and the N-donor AN introduced 
into the coordination sphere of the cobalt(II1) sys- 

tems to illustrate the process. Products isolated in 
high yield were microanalytically pure, and exhi- 
bited characteristic electronic and infrared spectra. 
Further, proton NMR spectra in D20 defined coor- 
dination clearly. For all derivatives a series of mul- 
tiplets associated with the cyclam ligand were seen 
in the region 2.0-3.0 p.p.m., comparable with 
known truns-cyclam complexes. Coordinated AN 
was apparent from the appearance of a singlet from 
the methyl of AN in both chloro(acetonitrile) and 
bis(acetonitrile) complexes at 2.57 p.p.m., shifted 
substantially from the resonance for free AN in the 
same solvent at 2.06 p.p.m. Both mono and his 
DMF complexes exhibited signals at 3.02 and 2.87 
p.p.m., from the two non-equivalent methyl groups 
on the DMF ligand, as well as a singlet at 7.95 
p.p.m. from the amide proton, again shifted as a 
result of coordination. 

Syntheses of labile truns-[M(cyclam)(OS02 
CF,)J+ complexes (M = Co, Ru) from dichloro 
precursors have been developed, and facile syn- 
theses of derivatives demonstrated for cobalt(II1) 
complexes. The cobalt(II1) complexes are the first 
geometrically stable cobalt triflato complexes with 
truns geometry, and their synthesis may provide a 
route to previously inaccessible complexes, includ- 
ing polymetallic chains with bridging ligands 
replacing the labile triflates. 
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Abstract-The cationic complexes [Mn(CO),_,(PHPh,),]ClO~, for n = 1 to 4 and 
[Mn(CO),_,,(L^L)(PHPh,),]A (LT = dppm or dppe, it = 1, A = ClO,; LT = bipy or 
phen, n = 1 or 2, A = ClO, or PF6) have been prepared from PHPh, and Mn(OC10,) 
(CO), or fat-MnX(CO),(L L) respectively (X = Br or OC103). Thefuc-tricarbonylsfac- 
[Mn(CO),(PHPh2),]C104 and fuc-[Mn(CO),(Lx)(PHPh,)]ClO, for Lx = dppm or 
dppe, isomerize upon heating to the corresponding mer-tricarbonyls, and the dicarbonyl 
cis-[Mn(CO)2(PHPh2),]C104 gives the tram isomer under UV irradiation. 

It is known that the reaction of the neutral per- 
chlorate complex Mn(OClO,)(CO), with mon- 
odentate ligands (L) gives [Mn(CO)SL]CIO, orfuc- 
[Mn(C0)3L,]C104, and that, in the case of the phos- 
phites [P(OR),], the more substituted products 
[Mn(CO),L,]ClO, can be obtained.’ The tetra- 
carbonyls [Mn(C0)4L2]C104 were not made from 
Mn(OClO,)(CO),, but the BF4 salts can be pre- 
pared by other routes.2 We have found that the 
reaction of the secondary phosphine PHPh2 with 
Mn(OClO,)(CO), leads to the cationic carbonyl 
complexes [Mn(CO),_,(PHPh,),JClO~ for n = 1 to 
4 by varying the reaction conditions. Herein we 
describe the preparation of those complexes and 
ofthe related species [Mn(CO),_,(LT)(PHPh,),1A, 
where for L^L = dppmt or dppe, n = 1 and for 
Lx = bipyorphenn = 1 or2andA = C1040rPFs. 

EXPERIMENTAL 

All reactions were carried out under dry, oxygen- 
free argon. The NMR spectra were recorded with 
a JEOL FX 9OQ instrument and the IR with a 
Perkin-Elmer 298 spectrometer. The compounds 
Mfi(OClO,)(CO),,’ fac-[Mn(OC10,)(CO)3(L>)] 
(L L) = dppm or dppe,’ L^L = bipy or phen” 
were prepared by published methods. 

*Author to whom correspondence should be addressed. 
t Throughout this paper dppm = Ph2PCH,PPh2, 

dppe = Ph,PCH&H,PPh,, bipy = 2,2’-bipyridine and 
phen = 1, lo-orthophenanthroline. 

DWCOMPHPb)lClO~ (1) 

A mixture of the complex Mn(OClO,)(CO), 
(0.32 g, 1 mmol) and the phosphine PHPh2 (0.19 
cm3, 1 mmol) in dichloromethane (40 cm3), was 
stirred for 17 h at room temperature and evaporated 
almost to dryness. The residue was washed repeat- 
edly with diethyl ether and crystallized from 
CH2C12: Et20 as a pale yellow microcrystalline 
solid (0.45 g, 86%). The compound was stored 
cooled and under dry argon 

cis-[Mn(CO),(PHPh,),]ClO, (II) 

A mixture of Mn(OClO,)(CO), (0.22 g, 0.75 
mmol) and PHPh, (0.39 cm3, 2.24 mmol) in ethanol 
(8 cm’) was refluxed for 75 min and cooled to 
room temperature. The white crystalline precipitate 
was separated from the mother liquor and recrys- 
tallized from CH2C12 : Et20 (0.32 g, 67.5%). From 
the mother liquor a mixture of II and III was 
obtained by concentrating and precipitating with 
ether. 

fac-[Mn(CO),(PHPh2),1ClO, (III) 

A solution of Mn(OClO,)(CO), (0.4 g, 1.36 
mmol) in acetone (15 cm”) was refluxed for 90 min 
and allowed to cool to room temperature. To the 
resulting solution of@-[Mn(CO),(Me2CO),3C10,, 
the phosphine PHPh, (0.85 cm3, 4.9 mmol) was 
added and the mixture was stirred for 2 h at room 
temperature. Part of the product precipitated as a 
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white solid. Excess of diethyl ether was added and 
the precipitate was separated and washed with 
ether. Recrystallization from CHzClz : Et,0 gave 
white microcrystalline III (0.78 g, 72%). 

zsomerization of111 

The salt III (0.1 g, 0.125 mmol) was heated in 
refluxing n-butanol (10 cm3) for 1 h and the result- 
ing solution was allowed to cool to room tempera- 
ture. Addition of a small amount of diethylether 
gave a first precipitate that was mainly the mer 
isomer (V), and from the mother liquor the remain- 
ing fat-tracarbonyl mixed with some V was pre- 
cipitated with hexane. 

cis-[Mn(CO)2(PHPh2)4]C104 (IV) 

To a solution of III (0.10 g, 0.13 mmol) and 
PHPh2 (0.1 cm3, 0.57 mmol) in acetone (12 cm3), 
freshly sublimed ONMe, (0.01 g, 0.13 mmol) was 
added and the mixture was stirred at room tempera- 
ture for 5 h. The volatiles were removed in vacua 
and the residue was washed with diethylether. The 
resulting solid was recrystallized from CH2C12: 
Et20 as pale yellow microcrystals (0.06 g, 49%). 

trans-[Mn(CO)2(PHPh2)4]C104 (VI) 

A mixture of III (0.16 g, 0.2 mmol) and PHPh2 
(0.8 cm3, 4.6 mmol) in CHzClz (10 cm’) was 
irradiated at - 15°C until the IR of the solution no 
longer showed the v(C0) absorptions of the starting 
material. The solution was concentrated to cu. 3 
cm3 and diethylether was added to give a pale yel- 
low microcrystalline precipitate (0.1 g, 52%) that 
was recrystallized from CH2C12 : Et,O. 

fuc-[Mn(CO),(L>)(PHPh,)]ClO, (VII) 

A solution offac-Mn(OC103)(CO)3(dppe) (0.74 g, 
1.16 mmol) and PHPh2 (0.36 cm3, 2.1 mmol) in 
CHzClz (40 cm’) was stirred for 7 h. The solvent 
was removed in vacua and the residue was washed 
with ether. Recrystallization from CH,Cl, : Et*0 
gave pale yellow microcrystalline VIIh (0.88 g, 
92.5%). 

The otherfac-tricarbonyls VII were similarly pre- 
pared from the corresponding fac-[Mn(O- 
ClO,)(CO),(L^L)] with the following reaction times 

* The IR spectrum of I in CH2C12 solution was better 
obtained using CaF z windows. On some occasions when 
NaCl windows were used, particularly in the presence of 
water vapour, the formation of the dimer was observed, 
probably favoured by the heat of the IR source. 

and yields : Lx = dppm, 48 h, 61% ; L^L = bipy, 
17 h, 60% (made in acetone) ; L^L = phen, 16 h, 
64% (made in acetone). 

fuc-[Mn(CO),(bipy)(PHPh,)]PF, (VIIe) 

A mixture of fuc-[MnBr(CO),(bipy)] (0.3 g, 0.8 
mmol), PHPh2 (0.24 cm3, 1.38 mmol) and T1PF6 
(0.4 g, 1.14 mmol) in CHzClz (15 cm3) was stirred 
for 5 h at room temperature and filtered through 
celite. Evaporation of the solvent in vucuo gave 
an oil that was washed several times with hexane. 
Recrystallization from CH2C12 : Et20 gave yellow- 
brown microcrystalline VIIe (0.49 g, 98%). 

Zsomerization offac-[Mn(CO),(L?)(PHPh2)]C104 
(Lx = dppm or dppe) 

The compound fat-[Mn(CO),(dppm)(PHPh,)] 
C104 (0.5 g, 0.62 mmol) was heated in refluxing 
n-butanol (25 cm3) for 4.5 h and the mixture was 
cooled to room temperature. After concentrating 
(in vacua) to half the volume, hexane was added 
and the yellow precipitate was washed with 
hexane to give 0.42 g of mer-[Mn(C0)3 
(dppm)(PHPht)]CIOd mixed with some cis-[Mn 

(CO) ,(dppm) dClO+ 
Similarly, the dppe compound gave a mixture of 

the corresponding mer-tricarbonyl and trans- 

[Mn(CO)~(dppe)~lClO~. 

cis-trans-[Mn(CO)I(bipy)(PHPh2)z]PF6 (VIII) 

A mixture of VIIe (0.10 g, 0.16 mmol) and PHPhz 
(0.05 cm3, 0.29 mmol) in toluene (10 cm’) was 
refluxed for 1 h and allowed to cool to room tem- 
perature. On standing an orange precipitate was 
formed that was recrystallized from CHzClz : Et,0 
(0.10 g, 78%). 

RESULTS AND DISCUSSION 

Stirring a 1: 1 molar mixture of Mn(O- 
C103)(CO)5 and PHPh* in CHzClz at room tem- 
perature (i in Scheme 1) gave the cationic pen- 
tacarbonyl [MWOMPHPh31C104 (I), 
characterized by the data in Tables 1 and 2. This 
compound could be purified by precipitation with 
Et20 from CH$l, solutions under argon, but when 
a solution in CH,C12: EtOH (free or PHPhJ was 
concentrated by heating at reduced pressure, it was 
almost quantitatively transformed into the pre- 
viously known dimer [Mn,(CO),&-PPh,),]3 with 
concomitant formation of CO and HC104, as evi- 
denced by the strong acidity of the mother liquor. 
This decomposition also occurred by heating the 
pure cationic pentacarbonyl I in ethanol and also 
in CHzClz solutions in the presence of H20* or 
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Scheme 1. Key to reagents and conditions. (i) PHPhz (1: 1) in CHzClz at room temperature, (ii), (iii) 
and (iv) PHPhz (excess) in refluxing ethanol, (v) PHPh, (3 : 1) in Me&O at room temperature, (vi) 
PHPhz (excess) and ONMe, in CH2C12 at room temperature, (vii) refluxing n-butanol, (viii) and (ix) 

in CH,Cl, at - 15°C with U.V. irradiation. 

Na2C03, although in the latter case the dimer was 
formed along with another red unidentified 
product. These transformations are clearly fav- 
oured by the stability of the diphenylphosphido 
bridged species, and by the enhanced acidity of the 
PHPh2 ligand coordinated to the Mn(C0): frag- 
ment. On the other hand, I reacted very quickly 
with Bu!NBr in refluxing CH2C12 to give the known 
tetracarbonyl cis-[MnBr(C0)4(PHPh2)],3 indica- 
ting that one CO is labilized in the cationic penta- 
carbonyl. 

The reaction of the perchlorate complex Mn(O- 
ClO,)(CO), with a two- or three-fold excess of 
PHPhz in refluxing ethanol (ii in the scheme) gave 
the tetracarbonyl cis-[Mn(CO),(PHPh,)JC104 (II) 
as a crystalline precipitate. The ‘H NMR of this 
compound in CDC13 solution showed a pattern con- 
sistent with an AA’XX’ system similar to that 
described for the analogous neutral molybdenum 
complex Mo(C0)4(PHPh2)2.4 In Table 2 only the 
centre of the multiplet and the separation (in Hz) 
between the two more intense signals (the external 
ones) are given. The preparation of the tetra- 
carbonyl II by reaction of PHPh* with Mn(O- 
C10)3(CO)5 is similar to the result obtained with the 
ligand tetramethylthiourea (TMTU), 5 but contrasts 
with the observation that the reaction of the per- 
chlorate complex with other monodentate ligands 

gives the tricabonyls fuc[Mn(C0)3L3]C104, prob- 
ably passing through the tetracarbonyls, although 
the latter are not detected by monitoring the reac- 
tion by IR. ’ In the reaction (ii in scheme) the 
fat-tricarbonyl fac-[Mn(CO)3(PHPh2)3]C104 (III) 
was also observed, but its formation from II (iii in 
Scheme) was slow in refluxing ethanol and on 
prolonged heating it was obtained together with 
some remaining II and the cis-dicarbonyl cis-[Mn 
(C0)2(PHPhJ4]C104 (IV). The latter compound 
could be prepared from the tricarbonyl III and 
excess of PHPh2 in refluxing ethanol (iv in scheme) 
but only in poor yield because it had to be carefully 
crystallized out from the mixture before the reaction 
is completed otherwise some decomposition to an 
unidentified dicarbonyl begins. 

The cationic tricarbonyl III could be con- 
veniently obtained pure in good yield from PHPh* 
andfac-~n(CO)3(MezCO)3]C104’ in acetone (reac- 
tion v in the scheme). The dicarbonyl IV was easily 
prepared, also in good yield, by reacting III with 
PHPhz in CH2C12 in the presence of 0NMe3, (vi in 
scheme) a method often employed to promote CO 
substitution,6 that in some cases has led to unex- 
pected isomers.7 Heating thefac-tricarbonyl III in 
refluxing n-butanol (viii in scheme) resulted in the 
formation of mer-[Mn(CO),(PHPhJ3]C104 (V), as 
evidenced by the changes in the v(C0) IR spectrum 
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Table 1. Melting point, conductivity, analytical and IR data for the compounds 

Compound 

PfWO)5(PHPb)lC104 0 

cis-[Mn(CO),(PHPh,),]ClO, (II) 

fat-[Mn(CO),(PHPh3,]ClO, (III) 

cis-[Mn(CO),(PHPh,),]ClO, (IV) 

rrans-[Mn(CO),(PHPh,),]ClO, (VI) 

fac-[Mn(CO),(dppm)(PHPh,)lClO, WWg 

fac-[Mn(CO),(dppe)~HPh,)lClO, (VW’ 

fat-[Mn(CO),(phen)(PHPh,)]ClO, (VIIc) 

fuc-[Mn(CO),(bipy)(PHPh3]ClO, (VIId) 

fat-[Mn(CO),(bipy)(PHPh,)]PF, (VIIe) 

cis-truns-[Mn(CO),(bipy)(PHPh,),]PF, (VIII) 

A Analysis 
M.p.” (Q- ’ cm2 [found (talc)%] IR (cm- ‘) 

(“C) mol-‘)b C H N v(CO)d 

80 120 42.8 2.46 2150m, 2102m, 
(42.5) (2.31) 2062s 

186 136 52.7 3.46 2102m, 2037s, 
(52.7) (3.47) 2022s, 1999sh 

183 144 58.6 4.19 2038s, 1965s.br 
(58.8) (4.14) 

171 123 62.8 4.61 1964s, 1909s 
(62.9) (4.61) 

149 133 62.6 4.47 1916sf 
(62.9) (4.61) 

120 106 60.0 4.05 203Os, 1955s.br 
(59.4) (4.11) 

110 120 59.0 4.30 2033s, 1958s.br 
(59.8) (4.29) 

177’ 132 53.0 3.09 4.49 2045s, 197Os, 
(53.6) (3.17) (4.63) 1935s 

136’ 140 50.7 3.19 4.67 2045s, 1972s, 
(51.7) (3.30) (4.82) 1938s 

156’ 125 47.3 3.28 4.15 2045s, 1972s 
(47.9) (3.03) (4.47) 1938s 

224 131 55.0 3.78 3.47 1952s, 1884s 
(55.1) (3.82) (3.57) 

‘With decomposition. 
*In 5 x 10m4 M acetone solution. 
‘In CH +Zl, solution. 
dThe v(PH) band could not be clearly observed. Ambiguities came because of the near coincidence with the CO? 

absorptions in this region. 
‘For the mer isomer v(C0) : 204Ow, 1972s.br. 
fv(PH) at 2330 cn- ‘. 
g For the mer isomer v(C0) : 205Ow, 1965s.br. 
h For the mer isomer v(C0) : 204Ow, 1960s.br. 
‘Before melting the colour changed from yellow to red. 

[from two equally strong bands to one weaker than 
the other (Table l)]. This process is similar to that 
observed in the case of many other cationic tricar- 
bonyls with phosphorus ligands ; ’ however, the iso- 
merization could not be completed after prolonged 
heating and a mixture of the two isomers III and V 
was obtained. This suggests that at high tem- 
peratures, the equilibrium vii shown in the Scheme 
is established. The 3’P(1H)NMR spectrum of III 
featured a very broad signal even at - 90°C centred 
at ca. 33 ppm with Av~,~ = 750 Hz. (920 Hz at 
-60°C) while the spectrum of the mixture having 
more of the mer-isomer taken at -60°C showed 
also a doublet centred at 43.6 ppm and a triplet 
centred at 26.1 ppm with intensity ratio 2 : 1 and 
with 2J(P,P) = 39 Hz. In the non-decoupled 3*P 
NMR spectrum the doublet centred at 43.7 ppm 

was split into two broad multiplets separated by cu. 
360 Hz and the triplet was split into two broad 
multiplets separated by cu. 390 Hz. The ‘H NMR 
spectrum of III showed a complex multiplet centred 
at 6.43 ppm with a separation of 396 Hz between 
the two extreme and more intense peaks. In the ‘H 
NMR spectrum of the isomer mixture, two complex 
multiplets assignable to the mer-tricarbonyl were 
observed, one was centred at 6.35 ppm with a sep- 
aration between the more intense peaks of 369 Hz 
but only half of the other multiplet (at 3.46 ppm) 
could be observed, the other half probably being 
hidden by the strong signal of the PPh2 groups. 
All these features are consistent with the structures 
proposed for III and V. 

The cis-dicarbonyl IV could be converted into 
the isomer truns-[Mn(CO)2(PHPh2)4]C104 (VI) by 
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Compound ‘H NMR” 3’P{ ‘H} NMRb 

I 
II 
III 
IV 
V 
VI 
VrIb 
We 
VIII 

7.53(413) 
7.41(417) 
6.50(398) 
6.80(370),’ 5.89(350)’ 
6.35(369), 5.63g(390) 
6.46(382) 
h 

h 

6.23(351)’ 

1 l(v.br.r 
23 
33(v.br.)d 
53.4(2P, t, ‘J(PP) = 36, PHPh3, 34.7(2P, t, ‘J(PP) = 36, PHPh,)’ 
43.6(2P, d, ‘J(PP) = 39, PHPh& 26.1(1P, t, ‘J(PP) = 39, PHPh,) 
43.6 
66.6(2P, d, ‘J(PP) = 39, dppe), 33.1(1P, t, ‘J(PP) = 40, PHPh3 
39.9 
54.4 

“In CDCl, unless otherwise stated. Measured at room temp. in ppm with ref. to TMS. Only the centre of the 
multiplet corresponding to the PHPh, proton is quoted; in parentheses is given the separation between the two more 
intense peaks that corresponds closely to the ‘J(PH) coupling constant (in Hz). 

‘In CH,Cl, solution measured at -60°C with reference to downfield of external 85% H,PO, (in ppm). Coupling 
constants in Hz. 

‘Av,,, cu. 1000 Hz. 
dAv ,,* = 920 Hz. 
‘Pseudotriplet with peak separation of ca. 8 Hz. 
‘The spectrum is in fact a AA’BB’ system, that has been measured directly from the spectrum as a first-order 

approximation. 
g Estimated. 
*Not observed because of the Ph protons. 
i In de-acetone. 

irradiating a CH&lr solution with UV light at 
- 15°C (viii in scheme), a reaction that resembles 
the UV promoted isomerization of the cationic 
dicarbonyl cis-[Mn(C0)2(dppm)z]C10~.* The spec- 
troscopic data obtained for both isomeric dicar- 
bonyls (Tables 1 and 2) were in accord with the 
structures proposed. The salt VI could be con- 
veniently prepared directly from III and PHPhz 
under W irradiation (ix in scheme). 

Replacement of the coordinated OC103 ligand 
by PHPhz from the neutral complexes fat-[Mn 
(OClO,)(CO),(L^L)], gave the cationic carbonyls 
fat-[Mn(CO),(L>)(PHPh,)]ClO, [L-L = dppm 
(VW dppe (VW, phen (VW or bipy WWI. 
The analogous salt fat-[Mn(CO),(bipy)(PHPh,)] 
PF6 (VIIe) could be prepared directly from fuc- 
[MnBr(CO),(bipy)] and PHPh,, in the presence of 
TlPF6. Heating the fuc-tricarbonyls containing 
the diphosphines resulted in the isomerization 
to the mer-tricarbonyls [v(CO) IR: 2050 w, 1965 
s.br (dppm) and 2040 w, 1960 s.br (dppe)]. This 
behaviour is similar to that observed for other 
cationic tricarbonyls with diphosphines,’ how- 
ever the mer-tricarbonyls with PHPhr were accom- 
panied by the dicarbonyls cis-[Mn(CO),(dppm)d 
C104 (in the case of the dppm complex) and 
truns-[Mn(C0)2(dppe)2]C104 (in the dppe com- 
pound) and were not obtained pure. 

By contrast, heating the fat-tricarbonyls with 
bipy or phen, resulted in decomposition giving the 
red dicarbonyls cis-trans-~n(CO),(N?)(PHPhJ~ 
ClO., (N% = bipy or phen). This was confirmed 
by reacting the PFs salt VIIe with PHPhr in reflux- 
ing toluene that gave the complex cis-trans- 
[Mn(CO)@ipy)(PHPhJ2]PF, (VIII), characterized 
by the data in Tables 1 and 2 and that is anal- 
ogous to other cationic cis-truns dicarbonyls with 
bipyridine or phenenthroline and two mono- 
dentate phosphorus ligands already known. lo 
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Abstract-The synthesis and characterization, chiefly as salts of the anions [x(ONO,),]- 
(X = H+ or Ag+) (by analysis, X-ray powder photography, vibrational spectra and 
thermogravimetry) of adducts of the nitrates trans-[M(L),X,](NO,) (M = Rh or Ir; 
L = pyridine, perdeuteriopyridine or 4-methylpyridine ; X = Cl or Br) with hydrogen 
nitrate and silver nitrate are described. 

Salts (usually nitrates) with incorporated “extra” 
nitric acid or silver nitrate have been known for over 
a century. CsNO, *HN03, described by Schultz2 in 
1862, was the first example of a hydrogen dinitrate 
salt,9 although unrecognized as such at the time. 

Double salts containing silver nitrate have also 
been known for a long time. Silver halide-silver 
nitrate combinations, nAgX * AgNO, (X = Cl or 
Br, n = 1; X = I, n = l-4) are among the earliest 
described. 3 The double salts CN03 - AgN03 
(C = K+ or NH:) were first made4 in 1877, but 
their structures have been determined’ only 
recently. 

In 1935, Poulenc reported6 the synthesis of 
salts of the complex cation trans-[Rhpy4Br2]+ 
containing “extra” nitric acid, silver nitrate and 
silver bromide ; he formulated them as 

[Rhw4BrJ%*HN03, [Rhw4Br2Agl(NW2 and 
[Rhpy4Br2Ag]Br2. The nitric acid adduct and some 
analogues have received much attention. The 

* For part XII see ref. 1. 
t Author to whom correspondence should be addressed. 
$ Present address: Department of Chemistry, Uni- 

versity of Otago, Dunedin, New Zealand. 
$We name these compounds of [H(QNO,),]- as 

hydrogen dinitrates [on the pattern of “hydrogen di- 
fluoride” for (HF,)-1. By analogy, we call the ion 
[Ag(QNO,)& silver dinitrate, though dinitrato- 
argentate(1) would be more fully descriptive. 

existence of the hydrogen dinitrate anion was 
first recognized by Gillard and Ugo7 in this com- 
pound. Our IR spectra indicated that the struc- 
ture involved pairs of nitrate ions linked through 
oxygen atoms by symmetrical hydrogen bonds 
thus giving the hydrogen dinitrate anion. 

trans-[Rhpy,Cl,]+ has proved useful for isolating 
unusual species as stable adducts ; besides its salts 
with [H(ONO,),]-, (X3)- B = Cl, Br or I], or 
Br2Cll as gegen-ions, double salts with (H,O,)+ 
have been described.’ In contrast to the fairly 
well understood adducts of Brsnsted acids, there 
are no published studies on the two argentous 
adducts of Poulenc since his original report, though 
Miss Davies confirmed9 their existence. 

The compounds known (from diffraction work) 
to contain hydrogen dinitrate anions are listed in 
Table 1. Two distinct conformations are known for 
the anion (1 and 2). The initial confusion 

O-N 

(1) (2) 

for CSH(ONO~)~ and trans-[Rhpy,CldH(NO,),, 
where the two nitrate groups were said to form a 
distorted tetrahedron’4y’5 around the proton, arose 
because, although the individual hydrogen dinitrate 
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Table 1. Structures of hydrogen dinitrate salts 

Conformation X-ray/neutron Ref. 

CWNW, 1 n 10 
truns-[Rhpy,Cl,]H(NO,), 1 11 
truns-[Rupy,Cl,]H(NO,), 1 ii 12 
Ph,AsH(N09)* 2 X 13 

anions in those salts have the structure 1, they occur methods,24 with minor variations. Bromo-ana- 
disordered throughout the lattice.“.” logues were then prepared24 from these : 

Oligonitric acid adducts have also been isolated 
and studied by infrared and Raman spectros- 
copy,1~i8 and one crystal structure has been 
determined, I9 that of NH4N03 - 2HN03. 

Hydrogen dinitrate and oligonitric acid adducts 

truns-[RhL,Cl,]+ = truns-[RhL,Br,]+. (3) 

are not confined to the solid or solution phases. 
A large number of such anions have been pro- 
posed2W23 as components of the troposphere 
and stratosphere. Families of nitrate- and/or 
sulphate-containing species form the bulk of 
the ions “identified” (by mass spectrometry): 
NO;(HNO&; HSO;(HNO&,; HSO;(H,SO,), 
ions (n = 1 and 2) are dominant** below about 
27 km. The enthalpy, AH’, of the dissociation, in 
the vapour phase, 

Subsequently, all halide salts were converted into 
nitrate salts by metathesis. The following complexes 
were prepared : trans-[Rhpy,C12]N03 - 5H20, truns- 
[Rh(py-dS),Cl,]NO, * 5H20, truns-[Irpy4C12]N03 * 
5H20, truns-[Rh(4-pic),C12]N03 - 2H20, fruns- 
[Ir(4-pic)&12]N03 * 2H20, truns-[Rh(4-pic),Br,] 
NO3 - 2H20. (Cpic = 4-methylpyridine). 

NO;.HN03 +NO;+HNO, (1) 

is given23a by Kebarle as > 26.4 kcal mol- ’ (i.e. 
> 110.4 kJ mall ‘), an estimate relying on a value 
for 

Nitric acid adducts were prepared by heating the 
parent complex in concentrated nitric acid. 
Crystals, usually flakes, were produced on cooling : 
these were filtered off, washed with 8 M HN03, and 
air dried. 

NO; .H20+HN0 s$NO~ *HN03+H20 (2) 

in the vapour phase, of AGjoO 2 -7.3 kcal mol- ’ 
(i.e. 30.5 kJ mol- ‘). 

EXPERIMENTAL 

Source complex cations were prepared first as 
chloride salts of chloro-complexes using published 

The silver nitrate salts were made by dissolving 
the parent nitrate salt in ethanol, and adding silver 
nitrate dissolved in a drop or two of water. Most 
solutions were then cooled to 0°C and kept at that 
temperature for crystallization. The concentrations 
and ratios of reactants used are shown in Table 2. 
Usually from 0.5-2 cm’ of solution were prepared 
for each experiment. The conditions were chosen 
with the following requirements in mind: (i) that 
the parent nitrate does not precipitate on addition 
of silver nitrate through the “common ion” effect, 
(ii) silver nitrate itself does not form and (iii) prod- 
uct formation occurs sufficiently rapidly that the 

Table 2. Preparative details for silver nitrate adducts 

Product 
Ag : Rh Yield 

Mx 10e3 (Rh = 1) (%) Formation 

tram-]Rhpy,ClJAg(NOJ, 9.9 2.5 
truns-[Rh(py-d5),CldAg(NO,), 24 2.9 
trans-[Irpy,Cl,IAg(NO,), 43 1.7 
truns-[Rh(4-pic),Cl,]Ag(NO,), 26 3.1 
trun.s-[Rh(4-pic)4C1z]N03 - 3AgNOs 18 11.2 
trans-[Rh(4-pic),BrJAg(NO,), 20 2.9 
rruns-[Rh(4-pic),Br2]N03 -4AgN0, 44 8.8 
truns-[Ir(4-pic),Cl,]NO, * 3AgN0, 20 15.2 

32.5 
60.5 

64.0 
74.4 
28.1 
60.0 

rapid 
rapid 
rapid 
overnight 
few hours 
few hours 
rapid” 
few hours 

a Then more slowly forms the 3AgN03 salt. 
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C H N M 

trans-[Rhpy,Cl,]NO,* 5H,O 

rruns-[Rhpy,ClJAg(NO,], 

truns-[Irpy,ClJAg(NO,), 

truns-[Rh(4-pic),Cl,]NO, * 1 .7H20 

truns-[Rh(4-pic),Cl,]Ag(NO& 

truns-[R(4-pic),Cl,]NO, - 3AgN03 

truns-[Ir(4_pic),ClJNO, -2H20 

truns-[Ir(4_pic),Cl,]NO, - 3AgN03 

truns-[Rh(4-pic),BrJNO,*2H,O 

truns-[Rh(4-pic),BrdAg(NO,), 

found 
expected 

found 
expected 

found 
expected 

found 
expected 

found 
expected 

found 
found 

expected 

found 
expected 

found 
expected 

found 
expected 

found 
expected 

found 
expected 

37.5 4.6 10.9 
37.4 4.7 10.9 

32.4 2.7 11.4 
33.3 2.8 11.6 

29.6 2.8 10.6 
29.6 2.5 10.4 

45.1 4.9 11.0 
45.1 5.0 11.0 

27.5 3.6 10.5 
26.9 3.2 9.4 
25.8 2.5 10.0 

39.7 4.4 9.2 
39.3 4.4 9.5 

24.8 2.4 9.6 
23.9 2.3 9.3 

33.2 3.4 9.3 
33.2 3.3 9.7 

19.6 2.5 8.5 
20.9 2.0 9.2 

16.1 
16.0 

29.2 
29.2 

36.5 
37.0 

16.0 
16.1 

27.1 
27.1 

36.5 
34.0 
38.1 

25.1 
26.2 

41.2 
42.7 

14.1 
14.0 

22.1 
24.3 

37.6 
38.8 

Hz0 

13.9 
14.0 

5.0 
4.8 

5.0 
4.9 

4.5 
4.9 

silver ion does not abstract the halide from the 
complex. The same requirements, especially (iii), 
have so far prevented growth of single crystals 
large enough for X-ray work, though powder 
pictures for [Mpy,Cl,][Ag(NO,),] are good. 

The pyridine complexes readily crystallize from 
solution as their silver dinitrate salts. For the 4- 
picoline complexes the usual procedure for for- 
mation of silver nitrate salts gave several products, 
depending on the concentration and ratio of factors. 

Thermogravimetric and chemical analysis 

Chemical analyses for carbon, hydrogen and 
nitrogen are consistent with compounds containing 
pyridine (or picoline) and nitrate. With metal analy- 
ses from the thermogravimetric runs, they enable 
the compositions to be calculated (Table 3). 

The residue found from thermogravimetric runs 
could not always be relied on as an analytical result. 
There are several sources of error; (i) the residue 
was not entirely metallic: silver and rhodium oxides 
sometimes formed that could not be decomposed 

* The tabulated data on X-ray powder diffraction are 
available from the Editor on request. 

on prolonged heating at 900°C and (ii) sublimation 
of silver halide sometimes occurred before a met- 
allic phase was reached. When these effects were 
gross they were readily observed, and the analysis 
rejected. There were only two instances of extensive 
sublimation, involving AgCl and AgBr. However, 
sublimation of trace amounts might have gone 
unnoticed, leading to under-estimation of silver 
content. The loss of silver from the residue is not 
unexpected because silver halides and nitrates melt 
at low temperaturesz5 (Cl-, 455; Br-, 432; NO;, 
212°C). Silver analysis by atomic absorption gave 
unsatisfactory results. For all compounds, the silver 
contents found were much too low (when compared 
with the content deduced from the thermogram and 
CHN analysis) probably due to the formation in 
solution of AgX (X = Cl or Br). 

Tables 3 and 4 give analytical details. 

X-ray powder d@raction 

X-ray powder diffraction patterns were recorded 
using a Guinier camera and CuK, radiation (unfil- 
tered). Exposure was from 2 to 5 h ; c+AlZ03 was 
included as a reference. The data have been 
deposited as supplementary material.* 
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Table 4. Thermogravimetric analysis for WUW[ML~X~]H(NO~]~ * nHN0, 

“free” HN03 HNO, 
M L X (%) (n) (%o) (Xc) 

Rh py Cl 29.1 4.0 - 7.0 7.3 
Ir py Cl 3.0 0.3 9.0 8.7 

Rh 4-pie Cl 13.4 1.6 - 7.8 8.1 
Ir 4-pit Cl 9.2 1.2 7.7 7.5 

Rh 4-pit Br 0 0 - 8.6 8.3 
Rh 4-pit Br 10.0 1.3 - 7.6 7.5 

‘Decomposition temperature of [H(NO,], I-. 

T” Metal residue 
“C (“ho) (%c) 

180 12.0 11.8 
180 26.6 26.5 
146 13.3 13.3 
160 22.6 22.9 
133 13.6 13.5 
146 12.0 12.2 

Infrared spectra 

Mulls were prepared using Nujol, fluorolube, 
hexachlorobutadiene, acetone or carbon tetra- 
chloride on caesium iodide plates. Attempts to pre- 
pare potassium bromide discs usually resulted in 
decomposition of the compounds, shown as a rever- 
sion to a pattern containing bands of free nitrate 
ion. Compounds containing an excess of nitric acid 
were dried by heating on a thermobalance to con- 
stant weight. An excess of nitric acid results in rapid 
decomposition and deterioration of the spectrum, 
extra bands appear and iodine forms. Similarly, 
with acetone mulls, there is fairly rapid decompo- 
sition, nitrate is liberated and extra unidentified 
bands appear. 

Infrared spectra are illustrated in Figs 1-3, and 
tables of data have been deposited as sup- 
plementary data.* The figures are composites of 
spectra recorded in Nujol, acetone and CC14. No 
bands due to the mulling agent are present, except 
where indicated. Nujol-free spectra (estimated from 
acetone mulls) are shown in Figs 1 and 3. 

RESULTS 

IR spectra of the parent nitrate and halide salts 
were used as a basis for identifying bands of the 
nitric acid and silver nitrate adducts. The changes 
in the spectrum of pyridine on its coordination to 
metal ions are well documented, and most bands 
may be readily assigned.26 Differences between 
compounds are chiefly confined to changes in the 
splitting pattern of the B2 modes (v23-v27), which 
are particularly sensitive to the crystal environment. 
There are of course also differences in the region 
(below about 400 cm- ‘) where the M-X/L bands 
occur (Table 5). 

* The tables of IR data are available from the Editor 
on request. 

Nitrate hydrates 

All the parent hydrated nitrate salts readily lose 
water to a drying atmosphere, either as the normal 
laboratory atmosphere or in a stream of nitrogen as 
used in the thermobalance. Consequently, samples 
were kept in a humidity chamber (Na,SO,* lOH*O, 
RH 93% at 20°C) for at least 12 h prior to analysis. 
Also, when available, large crystals were used in 
preference to powders or small crystals. On heating, 
water loss is complete by 8O”C, and if heating is 
stopped water will be reabsorbed, giving back the 
original hydrate. The pyridine complexes were all 
found to be pentahydrates, and the 4-picoline com- 
plexes dihydrates. 

The main weight loss from the anhydrous 
material begins with a rapid loss of pyridine or 4- 
picoline from 226280°C. This loss corresponds to 
between 2 and 3 mol of base per mol of metal. In 
general, loss of pyridine and 4-picoline occurs at 
a similar temperature for a given metal. Iridium 
complexes are more stable to heat than their rho- 
dium analogues. The rate of subsequent losses (hal- 
ide and remaining organic material) begins slowly, 
gradually increasing until a metal residue remains. 

Table 5. Metal-halide and N-heterocycle infrared bands” 
in trans-[ML&lNO,*nH,O 

Rh-Cllpy 
365s 
311w 
249m 

Rh-Cl/Cpic 
396~ 
349w 
282m 
266~ 

Rh-Cl/py-d5 
355m 
305w 
242m 

Ir-Cl/Cpic 
335w 
296m 

Ir-Wpy 
337m 
261m 

Rh-Br/4-pit 
none 

above 
- 240 cm-’ 

L1 Raman band frequencies for some related compounds 
(e.g. truns-[Rhpy,C1,][H(QN02)J) are in Ref. 12. 
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cm-’ 

1400 1200 1000 800 600 400 
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Fig. 1. Infrared spectra of trans-[RhL,ClJ[H(QNO,),] ; upper spectrum, L = C,D,N: lower 
spectrum, L = C5H5N. In this, and in both spectra of Fig. 3, in the region of 720 cm-‘, the lower 

curve of lesser absorption represents the Nujol-free spectrum. 

Two phases of pyridine complex were identified 
by X-ray powder diffraction. trans-[Rhpy,Cl,] 
NO3 * 5H20 and truns-[Irpy4Clz]N03 * 5H20 crys- 
tallize as different phases, while both these phases 
were found for trans-[Rh(py-d5)&lJN03 * 5H20. 
The governing factors were not studied. How- 
ever, in related work, we found that the chlorides 
trans-[Mpy,Cl,]Cl * 6H20 (M = Ir or Rh) each 
crystallized from water in two forms. The crystal 

structure of the “low temperature form” for 
iridium is known.27 

Nitric acid adducts 

When prepared in concentrated nitric acid, most 
salts incorporated nitric acid in excess over that 
required for H(NO&. Apparently dry samples 
showed an initial loss of weight on heating from 

cm-’ 

1500 1000 500 

I I I I I 

Fig. 2. Infrared spectrum (1900-200 cm-‘) of trans-[Rh(4-methylpyridine)&lJ[H(QNO&J 
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cm-’ 

1400 1200 ICCXJ 600 600 

L-PY 

L= py -d5 

T 

Fig. 3. Infrared spectrum (1700600 cm-‘) of truns-[RhL,Cl,][Ag(ONO,),] : upper spectrum, 
L = C 5D 5N ; lower spectrum, L = C ,H 5N. (See note in caption of Fig. 1.) 

room temperature. A stable stage is reached, the 
H(NO& salt, which loses no more nitric acid until 
about 145°C. This loss may merge with decompo- 
sition of the complex unit, 250°C for Rhpy and 
240°C for Rh(Cpic) (heating rate S”C/min). 

Diffraction lines of truns-[Rhpy,Cl,]H(NO,), are 
assigned to 2.913 8, (reflection 063). Assignments 
were made by comparison with line positions cal- 
culated from the known’ ’ orthorhombic cell of 
truns-[Rhpy,Cl,]H(NO,),. There was good agree- 
ment between the observed and calculated patterns. 
The iridium analogue gives an almost indis- 
tinguishable pattern, indicative of a similar struc- 
ture, and the pattern was similarly assigned (avail- 
able from the Editor). 

The three compounds trans-[M(4-pic),Cl,] 
H(N03)* (M = Rh, Ir) and trans-[Rh(Cpic),Br,] 
H(NO& give almost identical powder diffraction 
patterns (available from the Editor), but since no 
crystallographic details are yet known, lines cannot 
be assigned. With non-dried samples, a few new 
lines are observed, which are probably due to the 
presence of oligonitric acid adducts. 

Silver nitrate adducts 

Pyridine complexes : as already noted, the com- 
plex cations truns-[Mpy,XJ+ readily form silver 

dinitrate salts. In contrast to the picoline cases, no 
compounds with silver nitrate contents higher than 
one per complex unit were found. 

The X-ray powder diffraction patterns of the 
hydrogen and silver dinitrate salts of trans- 
[Mpy,Cl$ (M = Rh or Ir) are sufhciently similar 
in terms of line position and intensity that their 
structures may be considered isomorphous. Thus 
lines in the pattern of the silver dinitrate salts were 
assigned by analogy with the known line assign- 
ments of the hydrogen dinitrate salt. Using these 
lines, the unit cell dimensions were calculated by 
solving simultaneous equations for all possible 
combinations of these lines. This gave for truns- 

[Mw,WAidN0~)~; 

Rh a = 7.71(5), b = 21.55(12), c = 14.97(24)A 

Ir a = 7.72(3), b = 21.57(23), c = 15.05(lO)A 

from which a powder pattern was calculated (Rh 
only) and the remaining lines assigned. 

Thermograms of the silver nitrate adducts follow 
a pattern of decomposition similar to those of the 
anhydrous nitrates. The initial loss of pyridine 
occurs at a slightly lower temperature (190 vs 
240°C). Decomposition of the silver nitrate merges 
with decomposition of the complex. A stage is 
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reached where the residue comprises of rhodium or 
iridium and silver metals : limited oxidation of the 
silver may occur soon after and on prolonged heat- 
ing this returns to silver metal. 

Silver dinitrate infrared bands were located in the 
same manner as hydrogen dinitrate bands. The 
spectrum is shown in Fig. 3 and a table of these 
bands has been deposited with the Editor. 

Thermograms begin with an unexpected low tem- 
perature loss. The temperature of this loss is much 
lower than that of coordinated 4-picoline as found 
in the nitrate salts, and although ethanol or water is 
implicated in some compounds, this loss is probably 

F’icoline complexes : There was considerable 
difficulty with the analysis of these compounds, 
because-in part-of their intractable nature, and 

premature loss of 4-picoline. 

(for some) rapid decomposition. The formulae 
given may not completely describe each compound : 
they are used chiefly to indicate separate 
compounds, and their probable composition. A 
compound is recognized by its X-ray powder 
diffraction pattern (tables deposited with Editor). 
No assignment of the diffraction lines was made 
because there are no data available for single crys- 
tals of these compounds. 

The formulations were arrived at by using %mol 
ratios in the following way. The only source of 
carbon is from 4-picoline and that provides the 
rhodium content, %Rh, all of which is found in the 
residue. The percentage of silver is derived from 
the difference total %M (residue) minus %Rh. The 
nitrogen content arises from 4-picoline and nitrate : 
the amount due to 4-picoline has been fixed by the 
carbon analysis and thus the difference, the nitrate 
content, may be apportioned first to that part neu- 
tralizing the single positive charge of the complex, 
and the remainder to silver. As a final check on the 
validity of the above scheme the figures for silver 
and nitrate(silver) should be the same. 

The infrared bands arising from “nitrate” for all 
the complexes examined are collected in Table 6. 

Preparations based on trans-[Rh(Cpic),Cl,]NO, 

At low mol ratio (1 complex : 3 AgNO,) yellow 
crystals slowly form. These are the silver dinitrate 
salt. Raising the mol ratio to 1 : 11 gave fine golden 
yellow crystals of trans-[Rh(4-pic),C1JN03 - 
3AgN0,. 

trans-[Rh(Cpic),Cl,]Ag(NO,),. This prepara- 
tion was done thrice. Crystals (a) were grown 
overnight at room temperature. A thermogram of 
the product begins with a steady (0.15%/C’ heating 
rate lO”/min) weight loss from 133°C that becomes 

Table 6. Infrared “nitrate” bands of trans-[Rh(4- 
pic),Xz]NO, -A 

x= Cl Cl Br Cl 

A = AgNO, AgNOJ. AgNO,. 3AgNOS 
solvate solvate 

3415ti 343Ow” 
1422~ 

b 1398s 1400s 
1362s 1370sh 1367s 

1285wsh 1285wsh 1314s 
1272m 1272m 1300s 1290s 
1022m 1024~ 

‘From solvent. 
‘The region 140&1300 cm-’ was not studied. 

very rapid at 215°C and culminates in a steady 
decomposition leaving metal residue (27.1%), the 
figure expected for trans-[Rh(4-pic)4C12]Ag(N03)2. 

When crystals (b) from a second preparation 

Its X-ray powder pattern and IR spectrum (which 

(mol ratio 1 : 3.1, [Rh] = 2.62 x lo-’ M, grown at 
OC) were removed from solution they immediately 
went opaque. Their thermogram is the same as that 

showed no bands of solvent) have been deposited 

of (a) above 145°C but there is an early loss below 

with the Editor. 

145°C : it begins at 55°C and there are two distinct 
loss steps, of 2.9 and 3.5%. Crushing (b) released 
ethanol (smell) which may account for the loss of 
weight at low temperature. The IR spectrum has a 
weak band at 3375 cm- ’ which might indicate etha- 
nol or water. If ethanol is indeed present, then the 
thermogram indicates about 1 mol per formula unit. 
A diffraction pattern (of a sample which had been 
aged and crushed) shows a mixture of compounds ; 
the pattern of (a), that of silver chloride, and lines 
not identified with any other salt. The strongest new 
lines occur at 10.28, 7.00, 4.91 and 4.13 A. 

Crystals (c) from the third preparation (mol 
ratio 1 : 4.5, [Rh] = 3.93 x lo-’ M) were like (b) in 
going opaque, but if quickly returned to the mother 
liquor, transparency returned. The diffraction pat- 
tern is extremely similar to that recorded from (a), 
and the infrared spectrum has a band at 3415 cn- ‘, 
indicating that the compound contains a solvent. 

The nitrate bands from this compound are re- 
corded in Table 6. Unfortunately, decomposition 
occurs on the plates (CsI) and the bands at 1400- 
1300 cm- ’ increase in intensity at the expense of 
the pair at 130&1260 cm- ‘. 

trans-[Rh(Cpic),C1JN03 * 3AgN09. This com- 
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pound was also prepared three times, and gave ther- 
mograms substantially identical in form. There is a 
minor loss (1.5-2.0%) as a distinct step, beginning 
at 90°C and accompanied by the formation of a 
brown tar and AgCl. The major loss begins at 175°C 
with no distinct stages, and a metal residue is pro- 
duced (% obs: 32.1, 34.0 and 36.5). There was a 
considerable amount of sublimed AgCl in the fur- 
nace from the first of these. A table of IR spectra 
has been deposited with the Editor. 

DISCUSSION 

Hydrogen dinitrate 

Preparations bused on trans-[Ir(4-pic),C1,1NO,. 
The mol ratio 1: 15.2 gave a product of trans-[Ir(4- 
pic)&lz]N03 - 3AgN03 ; the thermogram is similar 
to that of the analogous rhodium complex, with 
the initial minor loss beginning at 150°C. Infrared 
spectra and X-ray powder patterns are identical 
with those of the rhodium analogue. 

The crystal structures of CsH(N09)* and of 
truns-[Rhpy4C1JH(N03)2 contain hydrogen di- 
nitrate anions with C2 symmetry on C2 sites: 
this corresponds to Speakman’s class A hydrogen 
bonding. 2 8 In both structures, two hydrogen di- 
nitrate anions occur disordered throughout the 
lattice. 1o,1 ’ 

Preparations based on trans-[Rh(Cpic),Br,]NO,. 
The silver dinitrate salt was produced at low mol 
ratio (1 : 3) of factors. At high mol ratio (1 : 9) the 
product that forms first is a 4AgN03 salt as orange- 
brown flakes ; the 3AgN03 salt crystallizes later. 

The anions have similar geometry. The 
O-H-O bonds are, as far as can be determined, 
symmetrical, the 0. . . 0 distances are the same, 
and thus the strengths of the O-H bonds must be 
similar. The only major difference is in the dihedral 
angle between the places of the nitrate groups. With 
CsH(NO,), this angle is 75.4(4)“, and in trans- 
[Rhpy4C12]H(NO& 96(3) and 91(4)“. 

truns-[Rh(4-pic)4Br2]Ag(NO&. This formed 
during several hours as orange crystals, which 
behave like their chloro-analogue in that when 
removed from solution they go opaque. There is a 
weak band at 3430 cm- ’ in the IR spectrum. 

The O-H-O bonds between the nitrate groups 
are considerably bent : 167.5(14)” (Rh) and 
172.6(7)’ (Cs). This bending does not destroy the 
point group symmetry but may contribute to deter- 
mining the band positions in the IR spectrum. 

The thermogram begins with a low temperature 
(33°C) loss of variable duration, magnitude (5.8 
1 l%), and form. It may be due in part to loss 
of ethanol but during this loss AgBr (X-ray 
powder picture) is formed. The subsequent losses 
follow the pattern already established for trans- 

[Rh(4-pic),C1~[Ag(NO,),1. 

The X-ray study of trans-[RupyqC12][H(N03)2] 
givesI the 0 . . . 0 distance for the hydrogen bond 
as 2.88 A, much larger than expected for a strong 
hydrogen bond, or as indicated by the position 
given for the O-H stretch. Our present recal- 
culation of this distance from the coordinates given 
indeed leads to the reported result. In the iso- 
morphous rhodium complex, this distance is” 
2.461(18) and 2.480(18) A. 

trans-[Rh(4-pit) qBr 2]N0 3 * 3AgN0 3. This com- 
pound has the same X-ray powder diffraction 
pattern as that found for its rhodium and iridium 
chloro-analogues. While recording a thermogram, 
silver bromide sublimed into the furnace. 

However, a large 0.. . 0 distance was also found 
for the other hydrogen dinitrates before allowance 
is made for disorder of hydrogen dinitrate in their 
lattices. 

trans-[Rh(4-pic),Br,]NO, * 4AgN0,. This has a 
thermogravimetric pattern similar to that of the 
corresponding silver dinitrate salt, except that a 
much higher residue is finally obtained. The first 
slow loss begins at 38°C. There is a weak band at 
3390 cm- ’ which may indicate solvent (ethanol) in 
the lattice. 

The “&” form of hydrogen dinitrate (2) found ’ 3 
in Ph4AsH(N03)2 may be considered as one 
extreme of the C2 structure with a nitrate-nitrate 
dihedral angle of 180”. This gives it higher sym- 
metry than C2, and changes symmetry-related prop- 
erties. However it occupies a site in the lattice with 
site symmetry (i), which lowers its point group from 
CZh (E, C2, i, rr) to Ci (E, i): even so, the nitrate 
groups are coplanar. ’ 3 

In each instance (except trans-[Rh(4-pic),X,] Infrared spectra. The symmetry of the hydrogen 
[Ag(NO,),]) where ethanol is thought to be present dinitrate anion is so different from that of nitrate 
in the structure, its calculated content is small that designations of molecular motion are not read- 
(less than 2%) and cannot itself account for all ily transferred. Treating it as a perturbed nitrate 
the low temperature loss seen in the thermo- allows only the qualitative estimation of a few band 
grams. Its loss may however initiate decomposition. positions and gives no indication where the many 
The easy decomposition of trans-[Rh(4-pic),X,] new modes will occur. In summary, the isolated 
[Ag(NO,),] (X = Cl or Br) shows that this first hydrogen dinitrate anion has 21 vibrational degrees 
loss is related to changes in the coordination of freedom, which occur as the following species for 
sphere. the geometries of symmetry C2, C2,, and Ci : 
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Cz : 1 lA, lOI%---all IR and Raman active 

CZh : 7A,, 2B,---Raman active ; 4A,, 8B,-IR active 

Ci : 9A,-Raman active ; 12A,-IR active. 

Normal coordinate calculations have been 
donez9 for the geometries of hydrogen dinitrate 
found in CsH(N03)* and Ph.,AsH(N03)2r assuming 
CZh symmetry in the latter. The same set of derived 
force constants was used to calculate frequencies, 
but torsion modes, of which there are five, were 
not included in the analysis. Comparison between 
observed and calculated (fitted) spectra show good 
agreement for the Cs salt, but less so for Ph4As as 
the gegen ion because just over half the bands were 
not located. One important result of the calculation 
is the indication of considerable mixing of hydrogen 
bond modes with nitrate modes. 

Other authors have assigned bands using as a 
model a perturbed nitrate group with D3h, CzV or 
C, symmetry. 7,‘2*30,3’ Although the spectra appear 
simple, this simplified approach to assignment 
leaves problematic the location of modes involving 
the hydrogen bonds. In broad terms, the descrip- 

tions of some bands agree with those found from 
the normal coordinate analyses. 

Nitrate and hydrogen dinitrate bands were 
located in our present work by comparison between 
spectra of the chloride, nitrate (hydrate and dehy- 
drated), and hydrogen dinitrate salts of the 
pyridine, perdeuteropyridine, and 4-picoline com- 
plexes. Spectra are shown in Figs 1 and 2 and the 
data have been deposited with the Editor. In par- 
ticular, the bands identified as arising from hydro- 
gen dinitrate or from its influence are given in 
Tables 7 and 8. 

The nitric acid adducts examined here divide into 
two groups according to their IR spectra ; these 
are typified by truns-[Mpy&l,]H(NO,), and trans- 

[M(4-pic)4XJH(N0~)2. 

truns-[Mpy,C12]H(N03)2 (M = Rh or Ir ; py = py 
or py-d5) 

The spectrum of hydrogen dinitrate in truns- 

[Rby4&lWNW2i~ 3o the same as in the dichloro- 
cobalt(II1) analogue (which is isomorphous3’ with 

Table 7. Hydrogen dinitrate IR bands of truns-[RhL,ClJH(NO,), 

Description 
(follows Ref. 29) 

Calc. 2q PY py-d5 

k0’ NO* 6” 

&O’ NO> 6”’ 
6OHO' 8NOH 
v&O’ NO, vN--Q 

6”’ ? 

vb’ ssNO'l vN4 
62 ii’ OHO’ NOH’ &O k-0 

%=CV vN4 

v&O’ NOH 6’ 

window + 
- 

window + 
- 

+ 

YNO, 

Y;uO, 

window + 
- 

%=o’ NO2 6” 

v&d NO2 6”, 

vhd 6NO’2 vNcO 

v~=o’ NO, h-0 6”’ 

&HO 

1542 
1531 
1419 
1330 
1331 
1037 

15lOsbr 

1326s 

1509sbr 

1330sb 

1018~ 
1008 
986 

865m 

801 
800 

743 
733 
687 
685 
619 

805~ 

775w 
770w 
728sbr 

~~O(+PY) 

841m( +py-d5) 
836~ 
83lm(+py-d’) 
806w(+py-d5) 

730sbr 

696m 

600wsh 
483sbr 

213 
481sbr 
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Table 8. Hydrogen din&rate IR bands” of trans-[I&(4- truns-[M(4-pic),XJH(NO,), (M = Rh, X = Cl or 
pie)J%lWNO& Br;M=Ir,X=Cl) 

1683mbr 
1428mb 
1326v/ 
1115wbr 
8lOsbr 
730m 
691m 
615wsh 
535sbr 
3 15wbP 

The spectra from the three compounds in this 
second isomorphous group are essentially identical, 
except for the expected differences in the 
M-X/M-L stretching region, which are the same 
as found in the parent nitrate salts. Thus comments 
and descriptions are made only on the spectrum of 
truns-[Rh(4-pic),C1,]H(N03)2 (Fig. 2). They apply, 
mututis mutundis, to the others. 

“Tentative assignments, basedz9 on CZh symmetry. 
b Of dubious validity as hydrogen d&rate bands. 

This spectrum is not complicated by Evans win- 
dows, but unfortunately a number of 4-picoline and 
hydrogen din&rate bands coincide : probable values 
for the latter are given in Table 8 (with caveats). 

the bromo-complex truns[Rhpy,BrJ[H(ON02)2]) 
but simpler than in CsH(NO& : it is however com- 
plicated by ligand modes. The pattern calculated 
for CsH(NO& may serve as a model for assigning 
the modes of trans-[Rhpy,C1,]H(N03)2, although 
the differences in structure must modify the pattern 
especially in respect of torsion modes. Hydrogen 
dinitrate bands from truns-[RhL&l,]H(NO,), 
(L = py, py-d5) are given in Table 7. 

The spectrum (Fig. 1). 1800-900 cm-’ : In this 
region there are three bands. Modes v, and v2, and 
v3 and vq (see Table 7 for descriptions, following 
Ref. (29) are well separated (A - 180 cm-‘), but 
neither shows the further splitting found for 
CsH(NO&, the extent of which was said3’ to be 
dependent on the nitrate-nitrate torsion angle. The 
third band (1018 cm-‘) might be vg, v, or both; 
whichever is the case, it is of symmetric com- 
ponents vN_ and vN__o. This region contains a 
group of bands reported7,‘2,3’ as belonging to the 
hydrogen dinitrate anion (1000-945 cm-‘). They 
are here identified as pyridine bands, since they 
also crop up in the spectra of trans-[Mpy,Cl,]Cl 
and26 mer-[Mpy,Cl,] (M = Rh or Ir). 

The spectrum (Fig. 2). 1800-1000 cm- ’ : There 
are two broad bands in this region, and another 
two that are possibly hydrogen dinitrate bands. The 
moderately strong picoline band at - 1430 cm- ‘, 
of irregular shape in the chloride and nitrate salts, is 
broader and more regular in the hydrogen dir&rate 
salt. This may indicate the presence of an underlying 
hydrogen dinitrate band. The 1334 cm- ’ picoline 
band (identified from Cl- salt) changes slightly, 
becoming broader and in some mulls appearing as 
a doublet : its structure may be due either to genuine 
splitting or to superposition of a weak hydrogen 
dinitrate mode on a picoline band. 

lOW200 cm- ’ : This region is in many respects 
similar to that of the pyridine analogue, but without 
the complicating Evans windows. There are six 
bands. The only band of dubious nature is at N 3 15 
cm- ’ (weak and broad). It is not present in chloride 
or nitrate salts or the dibromo-rhodium hydrogen 
din&rate analogue. 

Acetone mulls of the complex deteriorate rapidly 
(minutes). Only the limited range 900400 cm-’ 
was examined. The bands at - 810 and 535 cm- ’ 
rapidly disappear to reveal weak bands at 860 and 
618 cm-‘, while the medium bands at 730 and 691 
cm-’ are weakened. 

900-600 cm- ’ : This region is difficult to interpret 
because Evans windows and ligand bands are super- 
imposed on anion band(s). There are hydrogen dini- 
trate bands at 806, 728 and 696 cm-‘. The broad 
structure between - 850 and 710 cm- ’ may contain 
several broad bands (e.g. vg and vlo) or be the high 
frequency wing of a very asymmetric band peaking 
at 730 cm- ‘. 

The hydrogen bond 

The VOHO band has been placed here but cal- 
culations indicate a lower frequency. Discussion of 
its location follows. 

600-300 cm- ’ : There are two bands in this 
region. One at - 482 cm-’ is strong and roughly 
symmetrical while the other is a weak shoulder at 
higher energy (- 600 cm- ‘). 

If a hydrogen bond is considered to be the inter- 
action of a base and a proton donor as in 
-0-H.. . 0 then as the hydrogen bond strength 
increases the O-H bond is weakened, and becomes 
longer. Thus the O-H stretching mode shifts to 
lower wavenumber, becomes asymmetric and 
broadens considerably. 28*32 Eventually, with the 
proton midway between the oxygen atoms, there is 
no distinction between O-H and H . . . 0 stretching 
modes. 

Recently there has been detailed discussion33-35 
of infrared band shaping mechanisms, applied to 
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hydrogen stretching modes in particular. Although, 
strictly speaking this is restricted to non-crystalline 
phases, we adopt it here. The main band-shaping 
mechanism is anharmonic coupling with external 
modes, responsible 35 for the asymmetry and large 
band width. The broadened band can have a 
smooth profile or have many sub-bands. The sub- 
bands arise from Fermi coupling with low fre- 
quency fundamentals or combination bands, 
shown as regions of enhanced transmission, with 
“ABC” type structures36 or Evans windows.37 
Recent theory suggests that rather than continuing 
to broaden as the hydrogen bond gets stronger (i.e. 
very strong) the band becomes narrower and sym- 
metrica1.35 

Evans windows are regions of enhanced trans- 
mission observed on broad bands. Evans showed3* 
that they may be accounted for by Fermi coupling 
of a vibration capable of adopting many energy 
states with a sharply peaked transition of similar 
energy. The result of the interaction is to produce 
the broad-band regions of enhanced and decreased 
transmission connected by a sharp change of inten- 
sity, or, if the band maxima coincide-a sym- 
metrical window. The effect is seen at 856865 and 
775-770 cm- ’ in the spectrum of the pyridine com- 
plex and at about 836 cm- ’ in the deuteropyridine 
complex. 

In the particular cases of trans-[Rhpy,Cl,] 

P-W03)d, WWN03)21 and Ph&1[HW03h1, 
the hydrogen bonds are very short (0.. .O c 
2.5 A) and must be considered as being very 
strong. In each of these compounds, one nitrate 
half of the anion is related to the other by lattice 
symmetry. This would indicate possible class A 
hydrogen bonding in Speakman’s classification. 

Strictly, such class A hydrogen bonding would 
require’ ’ that the proton lie on a centre or along a 
two-fold proper or improper rotation axis. This 
would seem likely in the present compounds and 
would give equivalent O-H bonds. However, this 
may represent only the average situation, because 
it is not possible3’ even by neutron diffraction to 
distinguish between a proton occupying a single 
minimum potential well, or a symmetric double 
minimum well where the minima are less than 
0.1 A apart. 

There is a third possibility, unlikely in the present 
case because the nitrate groups are symmetry 
related, that the proton occupies an asymmetric 
double minimum potential well, which is disordered 
throughout the lattice giving apparently a sym- 
metric double minimum well. 

The vO__H mode in trans-[Rhpy,Cl,]~(NO,)J 
might be expected at similar energy to that in 
CsH(N03)* (observed3’ at - 600 cm-‘) in view 

of the similarity of structure. The differences, in 
particular the nitrate-nitrate torsion angle and 
O-H-O bend, are unlikely of themselves to deter- 
mine to any great extent the position of the vO_n 
mode. 

The accepted position for the O-H stretching 
mode of truns-[Rhpy,Cl,][H(NO,),] and analogous 
compounds is ’ * the broad feature between 85&700 
cm- ‘, peaking at 785-750 cm-‘. Its position may 
be estimated from the figure of Novak,32 in which 
the O-H stretching frequencies for a number of 
compounds are plotted against rO__H. Given 
ran = 1.23 A, a frequency of 690 cm- ’ is indicated 
for v&u. This is lower than the accepted position. 
Calculation of its position in CsH(NO3)2 and 
Ph4AsH(N03)* indicates still lower stretching fre- 
quencies, 619 and 621 cm- ’ respectively, while 
inelastic neutron scattering experiments on 
CsH(N03)* point4’ to an even lower frequency 
(450(30) cm- ‘). This latter technique is particularly 
sensitive to proton motion and so should give a 
reasonable indication of the stretching frequency. 

Thus one of the two bands found below 700 cm- ’ 
might not be a torsion mode but instead the &-H 
stretching mode, while the broad feature above 700 
cm-’ is-at least in part-the nitrate bending mode 
yN0, which is expected in this region. 

There is a good deal of similarity between the 
IR spectra of truns-[Rhpy4C1,]H(N03)2 and 
CsH(NO,),. It may be a little unreasonable to 
expect exact correspondence between bands of the 
two series in view of the differences in structure of 
the anion and lattice. The crystal environment must 
be important in determining the exact geometry of 
the anion. 

The analogous 4-picoline hydrogen dinitrate salts 
are new. Their IR spectra indicate that they have 
a different structure for the hydrogen dinitrate 
moiety from that in trans-[Rhpy4C12]H(N03)2. 
However the pattern does have features similar 
to those of Ph4AsH(N03)2, CsH(NO3)2 and tans- 

[Rby,CMWW,. 
All these nitric acid adducts give similar spectra 

over the region 1000400 cm-‘, indicating some 
similarity of structure. Since this region contains 
the O-H stretching mode, trans-[Rh(4-pic),X,] 
H(N03)* must be like the others in having a short 
and probably symmetrical hydrogen bond. 

Between 1800 and 1000 cm- ‘, its pattern is most 
closely similar to that of Ph4AsH(N03),. The 
modes v&-, and vsN,o, should aid assignment of 
its stereochemistry. If v&,~, is at - 1430 cm-’ and 
vsNoj is absent, then the hydrogen dinitrate species 
contains a centre of symmetry. The band at 1683 
cm-’ has an analogue in [Ph,As][H(NO,),]; this 
was first assigned3 ’ as vbo at 1670 cm- ‘, later as3’ 



1896 R. D. GILLARD and S. H. MITCHELL 

v&o, at 1705 cm- ’ and finally re-assigned” as bend- 
ing modes &,no and eNoH, these last calculated to 
be at least 1688 cm- ‘. However, the vibrational 
assignments are still insecure because over half 
the 27 fundamental modes of the anion in 
[Ph,As][H(ONO,),] have not been observed. 

Silver nitrate adducts 

There are quite a few reports of double com- 
pounds or adducts containing silver nitrate. Table 
9 lists some of them. 

The silver halide-silver nitrate double salts all 
have structures4’-45 in which silver is coordinated 
irregularly by halide, and mono and bidentate 
nitrate ions. Some nitrate is also present as a counter 
ion. These compounds include some “inverse com- 
plexes”. 

HgI, * 2AgN03 - Hz0 has a polymeric structure, 
the silver ions alternating with mercury in a chain 
linked by iodide ions ; nitrate acts only as a counter 
ion. The structures of [Ag(bipy)J(NO,), * 
AgNO 3 - HNO 3 and Ag[Ni(acac),] * AgNO 3 are 
not known, but the latter compound probably 
has a structure similar to that of Ag[Ni(acac),] * 
2AgN0, * H20. There, the silver ions are bonded 
to the “active methylene” carbons and oxygen 
atoms of the acetylacetonate (2,4+entanedionate) 
ligands. Of the three unique silver ions, one binds 
intermolecularly, while the others bind intramol- 
ecularly and are also coordinated to nitrate. The 
coordination geometry is approximately tetra- 
hedral about each silver. 

CAg(NO& (C = K+, NH: or Rb+) are the only 
compounds of those in Table 9 where the sole ligand 
available is nitrate. Its structure is composed of 
J[Ag,(N0J4]‘- chains. Bridging monodentate 
nitrate and silver ions form a spiral parallel to b, 
and bridging bidentate nitrates link together every 
other silver. We made KAg(N03)z to examine 
nitrate bands in its IR spectrum. The data on its 

Table 9. Adducts of silver nitrate 

AgCl - AgNO 3 Ag,ClN03 41,42 
AgBr - AgNO 3 Ag,BrNO, 43 
AgI * AgNO 3 AgJNO, 44 
AgI * 2AgN0 3 AgJ(NO,), 45 
CN03*AgN0, CAg(NO,), 

(C = K+, NH: or Rb+y 
HgI,.2AgN03-H,O HgAgI,(NO,),*H,O 46 
tAg(bim)&NOJ~- AgNO, -HNO, 47 
Ag[Ni(acac),]*2AgNO, -Hz0 48,49 
Agmi(acac) J - AgNO 3 49 

preparation, X-ray powder pattern and IR spec- 
trum have been deposited. 

The only other compound that might have a 
structure with discrete silver-containing anions 
analogous to silver dinitrate (itself, of course, like 
other [AgXJ, where X- = Cl- or Br-) isso 
[Ag(NHJ,][Ag(NO,),]. However, that structure 
contains linear diamminosilver ions, and an 
Ag-NO2 framework in which one silver ion is 
coordinated by four nitrite ions to give a distorted 
tetrahedron. 

Given that the monomeric anion silver dinitrate 
does exist in the solid state, then it follows that it 
must also exist at some concentration in solution. 
Its known salts are “insoluble” and so its con- 
centration need not be large. 

There have been many studies on the species pre- 
sent in solutions or melts containing silver nitrate. 
Chief and most useful among these are the Raman 
spectroscopic studies. In aqueous solution a num- 
ber of species have been established.’ 1-53 They have 
been resolved from each other by fitting curves to 
the observed bands arising from nitrate. The species 
proposed and their relationship are described by 
eqn4: 

Ag&, + NO,,,, = (Ag - Hz0 - N03):~ 

= (Ag-NO,)&,, = (Ag*nN03)/&j’)- (4) 

No bands due to vibration of Ag-0 were identified 
in the Raman spectrum, and at high concentration 
(> 6 M), the last species has been describeds3 as a 
“second inner-sphere complex”. 

Silver dinitrate has not been thought to be a 
participant species in concentrated solutions of sil- 
ver nitrate, but might actually be one of the inner 
sphere complexes described. Its symmetry might 
well be such that there is only one Raman active 
Ag-0 stretching mode, and this at a frequency as 
yet unidentified. 

The situation is much the same in melts of 
AgN03 or AgNO,-alkali metal nitrates. There iss4 
preferential association of silver and nitrate ions, 
more along the lines of a salt-like structure in which 
Ag+ ions occupy holes in a lattice of nitrate ions, 
rather than specific coordination of silver by nitrate. 

There have been no studies on the species present 
in solutions of silver nitrate in ethanol or ethanol- 
water mixtures. But it must be that as the con- 
centration of silver and nitrate ions increase, they 
associate to a greater extent. Because ethanol’s 
dielectric constant is lower than that of water, an 
ethanol-water mixture would be expected to favour 
a higher concentration of associated species includ- 
ing silver dinitrate. 

The isomorphism of the silver and hydrogen dini- 
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trate salts of trans-[Rhpy,Cld+ indicates that they 
may have similar structures in respect of the anion, 
namely monomeric C2 (1). One factor controlling 
the size of the unit cell is the volume occupied by 
the anion. Replacing a proton (with OH0 ca 2.5 A) 
by silver (OAgO ca 4.8 A) might-by increasing 
the size of the anion-be expected to produce a 
significantly larger unit cell. However, the hydrogen 
dinitrate anions do occupy a larger volume, through 
disorder, than they would in an ordered arrange- 
ment, and if the silver dinitrate anions are ordered 
then the difference in cell dimensions might not be 
so large. 

Assuming a linear sequence O-X-O in the dini- 
trate ions, then for X = H the 0. . . 0 distance is 
known” at 2.5 A, and given a Ag---O(nitrate) dis- 
tance’ of 2.4 8, (the smallest of several) then the 
0. . . 0 distance is 4.8 A, nearly twice that of hydro- 
gen dir&rate. The 0.. . 0 line lies parallel to the UC 
plane and so expansion would not affect the b axis. 
For trans-[Rhpy,ClJX(NO,), (X = H and Ag) 
expansion is 0.18 8, in a and 0.25 A in c, as against 
X = H, but there is contraction by 0.17 A in b from 
X=HtoX=Ag. 

The isomorphous series found are indicated in 
Table 10. 

Most of these relationships are not too unex- 
pected, particularly when the only difference is at 
the metal centre. What is surprising is that the 4- 
picoline silver dinitrate complexes do not form an 

Table 10. Isomorphous relationships 

trans-[Rh(py-d$,ClJNO, * 5H20= 
trans-[Irpy,Cl,lNO, - 5H20 

truns-[Rhpy,C1,]NOS * 5H,O 
rruns-[Rh(py-d5),Cl~NO, - 5H,O* 

trans-[Rhpy,Cl,]H(NO,), 
trans-[Irpy,Cl~H(NO,), 
trans-[Rhpy,Cl,IAg(NO,), 
trans-[Irpy,ClJAg(NO,), 

truns-[Rh(4-pic),C1dN03 - 2H20 
truns-[Ir(4-pic),C1,]N03 - 2Hz0 
truns-[Rh(4_pic),BrdNO, * 2H20 

truns-[Rh(Cpic),Cl,]H(NO,), 
trans-[Ir(4-pic),Cl,]H(NO,), 
truns-[Rh(4-pic),BrJH(NO,), 

truns-[Rh(4_pic),ClJNO, * 3AgN03 
truns-[Ir(4-pic),Cl,NO~ * 3AgN0, 
bans-[Rh(4-pic),BrJNO, - 3AgN0, 

“This compound exists in two phases. 
*The second phase. 

isomorphous group. Perhaps they are (like so many 
coordination compounds) polymorphic, and it hap- 
pens that different phases have been produced ; the 
nitrate infrared bands do indicate that the structures 
of the anions may differ. 

The infrared spectrum of silver dinitrate (see Fig. 
3) in trans-[Rhpy&lJAg(NO& is, not unex- 
pectedly, quite different from that of free nitrate, 
being more akin to hydrogen dinitrate but with 
fewer bands. 

A nitrate group with Dsh symmetry has four 
vibrational modes, three of which are IR active. 
Coordinating a single nitrate group lowers its sym- 
metry from D3,, to CzV or C, species. This means 
that there are (at least potentially) six active bands 
and additionally an X-ON02 mode.5s57 The 
coordination modes of nitrato-groups have been 
reviewed by Addison and his colleaguess6 and 
Rosenthal.57 However, no features of the spectra 
were found to be sufficiently reliable to distinguish 
consistently between them. With two nitrate groups 
coordinated to the same centre, the situation is 
exacerbated because the variety of species and num- 
ber of vibrations is greater. However, some indi- 
cation of the structure and geometry of Ag(N0,); 
can be obtained from its spectrum. 

First, the nitrate bands derived from v@‘) are 
narrow with half-widths of 30 cm- ’ at 1439 cm- ’ 
and 20 cm- ’ ar 1279 cm- ‘. In contrast, broad bands 
are found in the spectra of AgN03 and KAg(NO&, 
the half-widths being 65 cm-’ at 1386 cm-‘, and 
395 cm-’ over the three vN=o bands, respectively. 
Each nitrate in these structures5,58*5g binds together 
two or three silver atoms into chains. The lengths 
of the Ag-0 bonds are between 2.37 and 2.70 A. 
The narrow bands we find for the present anion 
indicate that it does not have a chain structure 
but is probably monomeric. The broad bands of 
hydrogen dinitrate are either hydrogen bond modes 
or out of plane deformation modes of nitrate ; its 
nitrate stretching modes are comparatively narrow. 

Secondly, the v3 mode of free nitrate is split [see 
Table 111 into two components, at 1438 and 1281 
cm- ‘. Thus the symmetry of the nitrate in the silver 
dinitrates is lower than D3h namely C, or CZV. 

Thirdly the band at 1281 cm- ’ is further split. 
If this results from nitrate-nitrate coupling across 
silver, then the molecule cannot contain a centre 
(otherwise coupling would give rise to two bands, 
one IR active and the other Raman active only). 

There are no bands found above 230 cm-’ that 
can be associated with Ag-0 stretching modes. 

All this, and isomorphism with nuns-[Rhpy,Cl,] 
H(NO,), tend to confirm that the silver dinitrate 
anion has the same structure as hydrogen dinitrate. 

The case of the 4-picoline complexes is more 
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Table 11. Infrared bands due to silver dinitrate in trans- 

NL+W‘WW,), 

L= PY PY-d5 

vNzO 1438s 1439s 
vN=O 1281s” 1279s” 
vN4 1024m 1027m 
vNO, 816w 817~ 
6 No1 733w 733w 

a Doublet. 

difficult to resolve. The table of IR bands has been 
deposited with the Editor. Unfortunately bands 
from 4-picoline occur where some of the nitrate 
bands would be expected. Further it is not known 
to what extent loss of solvent changed the spectrum 
of those compounds. 

In each compound except trans-[Rh(4-pic)&12] 
NO3 * 4AgN03, for which no spectrum was re- 
corded, the v3 mode of nitrate is split into v, and 
v,, components by 70-8 1 cm- ‘, and its band width is 
increased over that of trans-[Rhpy,C12]Ag(N03)2. 
The two monosilver nitrate salts each have one 
component of the split v3 band further split, but 
these splittings are on different components. These 
salts may require solvent (in the lattice, on a ligand, 
or even coordinated to the silver) to maintain their 
structure. 

The splitting pattern of all these 4-picoline 
complexes is similar in form to that of trans- 

[Rhpy4C12]Ag(N03)2, and so similar constraints 
must apply to the symmetry of the nitrate. The 
structures, however, of the [Ag(ON02)2]- moieties 
must all be quite different from that in the 
pyridine complex because the primary splitting 
of v3 is by comparison quite small, while the 
secondary splitting (coupling between the two 
nitrate units linked to silver) is quite large. 

Coordination of silver to halide (to give a silver 
halide molecule as ligand) as Poulenc envisaged6 is 
unlikely for these compounds because the Rh-X/L 
band system remains unchanged from that of the 
nitrate salt. However, there are a number of facts 
which should encourage the search for intact silver 
halide molecules as ligands. 

(i) Halide (X) bridges are increasingly common ; 
(where say M = W”‘) 

(M-X-M)‘“-“+. 

The structures of solid silver halides contain the 
elements 

(Ag-X-Ag) + 

so that the “average” situation 

(M-X-Ag)“+ 

is to be expected, as in mixed halides of silver and 
transition metals. 

The “inverse” or “metallo-” complexes (Ag,Br)+ 
and the like (responsible for the solubility of silver 
halides in excess of aqueous silver salt solutions) 
may, of course, be regarded as a silver halide ligand 
coordinated to a silver ion 

J(Br\ 
[Ag WI+. 

(ii) Many complexed pseudo-halides form 
bridges to other metal ions as in 

and 

(iii) Silver ions often promote the solvolysis of 
halide coordinated to kinetically inert metal ions, 
e.g. Co(III)-Cl, presumably via [Co-C1-Ag]3+ 
intermediates, some of which may have reasonable 
lifetimes. 

(iv) Werner isolated compounds like truns- 

[Co(en)&12]C1 * AgCl which he believed to con- 
tain silver chloride ligands. However, we refor- 
mulated Poulenc’s very similar 1: 1 adduct of silver 
bromide, “trans-[Rhpy,Br(BrAg)]Br,” as truns- 

[Rby&r211A@r~l. 
Finally, we extend the present comparison 

between two-coordinated silver ion and two-coor- 
dinated proton to other systems. There are many 
linear species [MX,]+ for M = H+ or Ag+ and 
X = an uncharged Brarnsted base, like water, pyri- 
dine, or pyridine-N-oxide. Similarly, for [MY *I-, 
for both H+ and Agf as M, there are isolable 
derivatives for Y = halide or NO; as in the present 
work. For Y = (RCO& [where, with R = CH3, 
we have a 24-electron system, isoelectronic with 
(ONO,))], the species {(RCOO),H}- are very well- 
known. The corresponding dicarboxylato-argen- 
tates(1) seem not to have been isolated, though they 
certainly exist. In aqueous media, silver ion remains 
in solution at pH > 7 when acetate is present, 
“through formation of [Ag(OOC * CH3)2]-“.60 

In view of Emsley’s work on the remarkably 
stable mixed species [RCOO * H * F]-, where R = H 
or CH3, we could expect mixed species like 
[Ag(QNO,)(OOC * R)J- and [AgF(QNO,)]- to 
have reasonable stability. 



Adducts of coordinati 

REFERENCES 

1. Nabila S. Al Zamil, E. H. M. Evans, R. D. Gillard, 
D. W. James, T. E. Jenkins, R. J. Lancashire and 
P. A. Williams, Polyhedron 1982, 1, 525. 

2. C. Schultz, 2. Chem. 1862,5, 531. 
3. J. W. Mellor, A Comprehensive Treatise, Vol. 3, p. 

466. Longmans, London (1921). 
4. W. J. Russell and N. S. Maskelyne, Proc. Roy. Sot. 

1877, 26, 357. 
5. E. Zobetz, Mh. Chem. 1980,111, 1253. 
6. P. Poulenc, Annals Chim. 1935, ser. 11, 4, 567. 
7. R. D. Gillard and R. Ugo, J. Chem. Sot. A 1966, 

549. 
8. A. W. Addison and R. D. Gillard, J. Chem. Sot., 

Dalton Trans. 1973, 2009. 
9. R. A. Davies and R. D. Gillard, unpublished work 

(1969-70). 
10. J. Roziere, M.-T. Roziere-Bories and J. M. Williams, 

Znorg. Chem. 1976, 15,249O. 
11. J. Roziere, M. S. Lehmann and J. Potier, Acta Cryst. 

1979, B35, 1099. 
12. N. S. Al-Zamil, E. H. M. Evans, R. D. Gillard, 

D. W. James, T. E. Jenkins, R. J. Lancashire and 
P. A. Williams, Polyhedron 1982, 1, 525. 

13. B. D. Faithful and S. C. Wallwork, J. Chem. Sot., 
Chem. Commun. 1967,121l. 

14. G. C. Dobinson, R. Mason and D. R. Russell, J. 
Chem. Sot., Chem. Commun. 1967,62. 

15. J. M. Williams, N. Dowling, R. Gunde, D. Hadzi 
and B. Orel, J. Am. Chem. Sot. 1976,98, 1581. 

16. L. Diop and J. Potier, J. Mol. Struct. 1977,36, 191. 
17. M. Pham Thi, M. H. Herzog-Cance, A. Potier and 

J. Potier, J. Raman Spec. 1981, 11,96. 
18. L. Diop, Spectrochim. Acta 1982,38A, 509. 
19. J. R. C. Duke and F. J. Llewellyn, Acta Cryst. 1950, 

3, 305. 
20. E. Arijs, D. Nevejans, P. Frederick and J. Ingels, 

Geophys. Res. Lett. 1981, 8, 121. 
21. D. Smith, N. G. Adams and E. Alge, Planet. Space 

Sci. 1981 29,449. 
22. F. Arnold, A. A. Viggiano and H. Schlager, Nature 

1982,297,371. 
23. H. Heitmann and F. Arnold, Nature 1983, 306, 

747. 
23a. P. Kebarle, Ann. Rev. Phys. Chem. 1977,28,445. 
24. A. W. Addison, K. Dawson, R. D. Gillard, B. T. 

Heaton and H. Shaw, J. Chem. Sot., Dalton Trans. 
1972,589. 

25. CRC Handbook of Chemistry and Physics, 59th edn, 
(Edited by R. C. Weast) (1979). 

26. S. H. Mitchell, The complex mer-trichlorotris ligand 
metal(II1) and its solvates. M.Sc. Thesis, University 
of Wales : University College, Cardiff (198 1). 

27. R. D. Gillard, S. H. Mitchell, P. A. Williams and 
R. S. Vagg, J. Coord. Chem. 1984,13,325. 

28. J. C. Speakman, Structure and Bonding, 1972, 12, 
141. 

Ion compounds-XIII 1899 

29. B. Barlic, D. Hadzi and B. Orel, Spectrochim. Acta 
1981,37A, 1047. 

30. S. Detoni, L. Diop, R. Gunde, D. Hadzi, B. Orel, A. 
Potier and J. Potier, Spectrochim. Acta 1979, 35A, 
443. 

31. B. D. Faithful, R. D. Gillard, D. G. Tuck and R. 
Ugo, J. Chem. Sot. (A) 1966, 1185. 

32. A. Novak, Structure and Bonding, 1974,18,177. 
33. S. Bratos, J. Chem. Phys. 1975,63, 3499. 
34. E. G. Weidemann and A. Hayd, J. Chem. Phys. 1977, 

67, 3713. 
35. S. Bratos and H. Ratajczak, J. Chem. Phys. 1982, 

76, 77. 
36. M. F. Claydon and N. Sheppard, J. Chem. Sot., 

Chem. Commun. 1969,143l. 
37. J. C. Evans and N. Wright, Spectrochim. Acta 1960, 

16, 352. 
38. J. C. Evans, Spectrochim. Acta 1960,16,994. 
39. W. C. Hamilton and J. A. Ibers, Hydrogen Bonding 

in Solids. A. Benjamin, Hamburg (1968). 
40. J. Roziere and C. V. Bemey, J. Am. Chem. Sot. 1976, 

98, 1582. 
41. G. Zhou and B. Wu, Hua Hsueh Hsueh Pao, 1981, 

39,319. Chem. Abstr. 1981,95: 179134. 
42. K. Persson, Acta Cryst. 1979, B35, 1432. 
43. K. Persson and B. Holmberg, Acta Cryst. 1977, B33, 

3768. 
44. K. Persson, Acta Cryst. 1979, B35, 302. 
45. R. Bimstock and D. Britton, Z. Krist. 1970,132,87. 
46. K. Persson and B. Holmberg, Acta Cryst. 1982, B38, 

904. 
47. G. T. Morgan and F. H. Burstall, J. Chem. Sot. 

1930,2594. 
48. W. H. Watson and C.-T. Lin, Znorg. Chem. 1966, 5, 

1074. 
49. R. J. Kline, C. S. Grinsburg and C. H. Oestreich, 

Spectrochim. Acta 1966,22, 1923. 
50. H. M. Maurer and A. Weiss, Z. Krist. 1977, 146, 

227. 
5 1. D. E. Irish, Ionic Interactions (Edited by S. Petrucci). 

Academic Press, New York (1971). 
52. T.-C. G. Chang and D. E. Irish, J. Solution Chem. 

1974,3, 175. 
53. R. L. Frost and D. W. James, J. Chem. Sot., Faraday 

Trans. 1982,78, 3263. 
54. B. Holmberg and G. Johansson, Acta Chem. Stand. 

1983, A37,367. 
55. B. 0. Field and C. J. Hardy, Quart. Rev. 1964, 18, 

361. 
56. C. C. Addison, N. Logan, S. C. Wallwork and C. D. 

Gamer, Quart. Rev. 1971,25,289. 
57. M. R. Rosenthal, J. Chem. Ed. 1973,50,331. 
58. P. Meyer, A. Rimsky and R. Chevalier, Acta Cryst. 

1978, B34, 1457. 
59. P. F. Lindley and P. Woodward, J. Chem. Sot. A 

1966,123. 
60. A. F. Clifford, Inorganic Chemistry of Qualitative 

Analysis, p. 302. Prentice-Hall, London (1961). 



Polyhedron Vol. 6, No. 10, pp. 190-1907, 1987 
Printed in Great Britain 

0277-5387/87 $3.OfJ+.oO 
0 1987 Pergamon Journals Ltd 

TRANSITION METAL COMPLEXES WITH THE 
THIOSEMICARBAZIDEBASED LIGANDS-I. NICKEL@) 
COMPLEXES WITH THE QUADRIDENTATE LIGANDS 

BASED ON S-METHYLISOTHIOSEMICARBAZIDE; 
X-RAY CRYSTAL STRUCTURE OF (ACETYL- 

ACETONE N(l)-SALICYLIDENES- 
METHYLIZOTHIOSEMICARBAZONATO)NICKEL(II) 

VUKADIN M. LEOVAC,* VLADIMIR DIVJAKOVIC and 
VALERIJA I. CESLJEVIC 

Faculty of Sciences, University of Novi Sad, I. DjuriEi&a 4,210OO Novi Sad, Yugoslavia 

and 

PETER ENGEL 

Laboratory for Chemical and Mineralogical Crystallography, University of Bern, 
3012 Bern, Switzerland 

(Received 17 December 1986; accepted after revision 5 May 1987) 

Abstract-The reaction of a warm ethanolic solution of mi(SALSMeTSC-H)Py]Cl * 0.5Py 
(SALSMeTSC = salicylaldehyde S-methylisothiosemicarbazone) with salicylaldehyde 
and acetylacetone (HACAC), yielded the corresponding square-planar complexes 
Ir\ri(SAL,SMeTSC-2H)] (A) and mi(SALACACSMeTSC-2H)] (B) (SAL$MeTSC, and 
SALACACSMeTSC = quadridentate 202N ligand : N( l),N(3)-bis(salicylidene)-S-methyl- 
isothiosemicarbazide, and acetylacetone N(l)-salicylidene-S-methylisothiosemicarbazone, 
respectively). An X-ray analysis of complex B showed that in the reaction of the starting 
complex with HACAC a rearrangement of the salicylaldehyde moiety takes place (while 
the C-N(3) bond of the azomethine group is ruptured) and its binding to the N( 1) nitrogen. 
At the same time, HACAC is simultaneously bonded to the liberated N(3)-nitrogen of the 
hydrazine fragment. Crystal data for the complex B (NiC1qHL5N302S) are: M, = 348.0, 
orthorhombic, space group Pna2,, a = 7.484(3), b = 21.995(8), c = 8.866(3) A; 
I/= 1459.44 A3, Z= 4, F(OO0) = 720, DC = 1.58 g CIK’, Do = 1.56 g cm-‘, 
p(MoKa) = 14.45 cm- ‘. The structure was solved by the heavy-atom method and refined 
anisotropically to an R value of 0.078 for 1174 non-zero reflections. The complex molecules 
are planar, the Ni-Ni distance of nearest molecules being about 3.76 A. The compounds 
have been characterized by elemental analysis as well as by IR and electronic spectra. 

It has been shown’,’ that in the presence of some ions with the quadridentate (202N) ligand, 
ions, such as VO(II), Ni(II), Cu(I1) and Fe(II1) a N(l),N(3)-bis(salicylidene)-S-alkylisothiosemicar- 
template condensation reaction takes place between bazide, HO-C,H,-CHN(3)N(2)C(-SR)-N(l)CH- 
salicylaldehyde thiosemicarbazone and its S-alkyl C6HrOH, SAL,SRTSC. To our knowledge, there 
derivatives, yielding the complexes of these metal has been no report on the preparation of metal 

complexes with the ligands which would contain 
some other carbonyl compound instead of one 

* Author to whom correspondence should be addressed. salicylaldehyde moiety. Therefore, the objective 
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of this work was to investigate the conditions for 
the synthesis and to determine the structure 
of the [Ni(SALACACSMeTSC-2H)] com- 
plexes, where SALACACSMeTSC is acetyl- 
acetone N( l)-salicylidene-S-methylisothiosemicar- 
bazone. Also, we propose here a novel procedure 
for the synthesis of the earlier described Ni(I1) 
complex with N( l),N(3)-bis(salicylidene)-S-methyl- 
isothiosemicarbazide, [Ni(SAL,SMeTSC2H)]. ’ 

EXPERIMENTAL 

Chemicals and methods 

The starting complex mi(SALSMeTSC-H)Py] 
Cl - OSPy was prepared according to the procedure 
described earlier. 3 Salicylaldehyde and acetyl- 
acetone (HACAC) were puriss grade (“Fluka”). 

Nickel was determined as bis(dimethylgly- 
oximato)-nickel(II), while C, H and N were 
determined by standard micro-methods. 

Magnetic measurements were performed by 
Gouy balance, and melting points were determined 
by Kofler apparatus with no correction. IR (KBr 
pellet) and solution electronic spectra (C - 4 x lo- 5 
mol/dm3 in EtOH and Py) were obtained on a 
Perkin-Elmer 457 and on a Unicam SP 800 
spectrophotometer, respectively. 

Structure solution of complex B 

Crystal data : M, = 348.0, formula 
NiC, qH 1 5N302S, orthorhombic, Laue symmetry 
mmm, a = 7.484(3), b = 21.995(8), c = 8.866(3) 8, ; 
V = 1459.44 A3, 2 = 4, F(OO0) =720 DC = 1.58 g 
cm-l, Do = 1.56 g cn- ‘, p(MoK&) = 14.45 cm-‘. 
Systematic extinctions : Ok1 for k+ 1 = 2n+ 1, h0l 
for h = 2n+l, (ho0 for h = 2n+ 1, Ok0 for 
k = 2n + 1 and 001 for I = 2n + 1) define the possible 
space-groups Pnam (No. 62) or Pna2i (No. 33). 
Since Z = 4 and the molecule does not have the 
required symmetry (i or m) for Pnam, Pna2, was 
chosen and shown to be correct by the subsequent 
successful structure analysis. The density was mea- 
sured by flotation in benzene/methyl iodide. Pre- 
liminary data on lattice parameters, crystal sym- 
metry and space group were determined from 
rotation and Weissenberg diffraction patterns. 
Accurate cell dimensions and X-ray intensity data 
were measured on a PHILIPS PW 1100 computer- 
controlled four-circle diffractometer using graphite 
monochromatized MoKa radiation (2 = 0.71069 
A) and the ~28 scan technique. Unit cell par- 
ameters were refined from measurements on 14 

carefully centred reflections. Intensities were col- 
lected in the range 0 < 20 < 50”, h : O-9, k : O-26, 
I: &lo. A total of 1195 independent reflections 
were measured of which 1174 with I > 30(1) were 
considered as observed and were used in the struc- 
ture analysis. All intensities were corrected for 
Lorentz and polarization factors but no absorption 
correction was applied. 

The intensity statistics confirmed the non-cen- 
trosymmetric space group (theoretical values are 
given in parentheses): (E) = 0.885 (0.886); 
(E2) = 1.000 (1.000); (]E’-11) = 0.748 (0.736). 
The structure was solved by the heavy-atom 
method ; the positions of the Ni atoms are found 
from a three dimensional Patterson function. The 
positions of the non-hydrogen atoms were deter- 
mined by subsequent Fourier maps. The structure 
was refined with full-matrix least-squares cal- 
culations using anisotropic temperature factors. 
The final agreement index was R = 0.078. A cor- 
rection for extinction was not applied. Atomic scat- 
tering factors including the corrections for anom- 
alous dispersion were taken from the International 
Tables for X-ray Crystallography.4 Final atomic 
coordinates, thermal parameters and a list of Fo/Fc 
values were deposited as supplementary material ; 
copies are available on request. Bond distances and 
bond angles are given in Table 1. 

Preparation of complexes 

[Ni(SAL,SMeTSC-2H)] (A): 0.50 g of 
[Ni(SALSMeTSC-H)Py] Cl - 0.5Py3 was dissolved 
by heating in 5 cm3 of EtOH to which was then 
added 1 .O cm3 of salicylaldehyde. The red solution 
was heated mildly with stirring for about 10 min 
and left at room temperature for about 12 h. The 
obtained needle-like crystals of cherry-red colour 
were filtered off and washed with the EtOH-Et20 
(1: 1) mixture, and finally with Et20. Yield : 0.30 g. 
Found: Ni, 15.6; C, 52.1; H, 3.3; N, 11.2. Calc. 
for [Ni(SAL,SMeTSC-2H)] : Ni, 15.9 ; C, 51.9 ; H, 
3.5; N, 11.3%. 

[Ni(SALACACSMeTSC2H)] (B) : This complex 
was prepared in an analogous way, i.e. by the reac- 
tion of 1.0 g of the starting complex, dissolved in 
10.0 cm3 of EtOH and by adding 3.0 cm3 of 
HACAC. The red solution was heated for about 
30 min with reflux. After keeping the solution for 
several days at room temperature, the dark-red 
crystals were filtered off and washed carefully with 
the EtOH-Et20 (1: 1) mixture and with Et20. 
Yield: 0.25 g. Found: Ni, 16.7; C, 48.6; H, 4.2; N, 
12.4. Calc. for [Ni(SALACACSMeTSC-2H)] : Ni, 
16.9; C, 48.3; H, 4.3; N, 12.1%. 
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Table 1. Bond distances (A) and bond angles (“) 
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Ni-O( 1) 
N&O(2) 
Ni-N( 1) 
Ni-N(3) 

s--c(l) 
s--c(2) 
0(1)--c(9) 
0(2)-W 1) 
N(lFC(3) 
N(l)-C(l) 
N(2)-C(l) 
N(2)-N(3) 
N(3FW3) 
C(3vJ4) 
C(4)-W 
CW-C(6) 
C(6)-C(7) 
C(7>--c(8) 
C(8)-C(9) 
C(9)--C(4) 
C(lO)-W 1) 
C(1 lFW2) 
C(l2)-cv3) 
C(l3)--c(l4) 

O(l)-Ni--O(2) 
O(l)-Ni-N(1) 
O(2)-Ni-N(3) 
N(l)-N&N(3) 

C(l)-s--c(2) 

1.852(7) 
1.836(7) 
1.824(9) 
1.818(8) 
1.723(11) 
1.804(14) 
1.314(10) 
1.265(11) 
1.307(13) 
1.411(12) 
1.324(13) 
1.374(13) 
1.343(12) 
1.421(16) 
1.434(10) 
1.380(19) 
1.357(21) 
1.418(14) 
1.423(13) 
1.401(15) 
1.490( 14) 
1.399(16) 
1.397(15) 
1.513(15) 

85.9(3) 
95.2(3) 
95.3(3) 
83.5(4) 
102.5(5) 

C(9)-0(1)-Ni 
C(11)-0(2)-Ni 
C(l)-N(l)-Ni 
C(3)-N( l)-Ni 

C(3)--N(l)-W) 
C(l)-N(2)-N(3) 
N(2)-N(3)-Ni 

N(2)-N(3)--C(l3) 
C( 13)-N(3)-Ni 

N(l)-W)_-S 
N(2>-C(l)_-S 
N(lFW)-N(2) 
N(l)+X3)--C(4) 
C(3)--c(4>--c(5) 
C(3)-C(4)-C(9) 
C(5)-C(4)-C(9) 
C(4)-C(5)--c(6) 
C(5)--c(6)--c(7) 
C(6)-C(7)--c(8) 
C(7F--C(8yC(9) 
C(8)-C(9)-C(4) 
C(8)-C(9>--0(1) 
C(4)-C(9H(l) 
C(lO)-WlW(2) 
C(10~(11)--c(12) 
C(l2)--c(l lH(2) 
C(1 l)-C(l2)-C(l3) 
C(l2>--c(l3FN(3) 
C(l2)-C(l3)-W4) 
CU4FfJl3FNt3) 

125.8&i) 
127.1(8) 
112.4(7) 
128.1(8) 
119.6(9) 
110.4(8) 
117.4(6) 
114.3(8) 
128.3(7) 
122.4(7) 
121.4(8) 
116.2(9) 
123.5(9) 
117.3(11) 
122.0(7) 
120.7(11) 
118.8(14) 
121.4(10) 
121.4(12) 
118.9(11) 
118.7(8) 
116.0(9) 
125.3(8) 
116.4(10) 
119.8(9) 
123.8(10) 
125.9(8) 
119.5(9) 
122.0(9) 
118.5(10) 

RESULTS AND DISCUSSION 

Synthesis and general characteristics of complexes 

It is well known from the literature,>7 that thio- 
semicarbazide, HzN(3)-N(2)HC(=S)-N(l>H,, is 
condensed with monocarbonyl compounds solely 
via the hydrazine nitrogen N(3), while the amide 
nitrogen N(1) does not enter such reaction. 
However, it has been shown recently’ that this 
nitrogen atom can, under special reaction 
conditions, take part in similar reactions. Thus, the 
method of template condensation of salicy- 
laldehyde thiosemicarbazone and salicylaldehyde 
itself, in a basic medium and in the presence of 
VO(II), Ni(I1) and Cu(I1) yielded the complexes of 
general formula M’[M(SAL,TSC_3H)] *nHzO 
(M’ = Na, K; M = VO(II), Ni(II), Cu(I1) and 
SAL2TSC = quadridentate ligand HO-&H4 
-CHNNC(-SH)NCH-C,H,-OH).’ The com- 
pounds obtained can react with CHJ giving 
the corresponding complexes of the non-electrolyte 
type [M(SAL$MeTSC-2H)l.i It has been estab- 

lished that the above condensation reaction in the 
case of Ni(I1) can proceed only in an alkaline 
medium (KOH or NaOH). However, in the present 
work we have shown that [Ni(SAL,SMeTSC-2H)] 
can be prepared in another way, with no OH- ions 
present in the solution. 

The reaction of hot ethanolic solution of 
[Ni(SALSMeTSC-H)Py]Cl * 0.5Py3 (SALSMeTSC 
= salicylaldehyde S-methylisothiosemicarbazone) 
and salicylaldehyde appeared to be the route for 
obtaining the desired complex. Such a course of 
the reaction can be explained by the coordination 
of salicylaldehyde S-methylisothiosemicarbazone 
from mi(SALSMeTSC-H)Py]Cl * 0.5Py which is 
also established, apart from the oxygen of the 
deprotonated OH group and the hydrazine nitro- 
gen, via the nitrogen atom of the amide group.3 
The configuration formed is favourable for the 
occurrence of the template condensation reaction 
which is in addition catalysed by the coordination 
effect of the NH2 group. 

With the aim to employ the same condensation 
reaction for preparation of the complexes with an 
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P Me 
HO-C 

+ 'CH 

o=c’ 
+ 

‘Me 

Scheme 1. 

asymmetric quadridentate ligand containing some 
other carbonyl compound, we have tried out (under 
same conditions) the reaction of acetylacetone with 
the above Ni(I1) complex. It appeared, as concluded 
from an X-ray analysis of the resulting compound, 
that HACAC has not entered the condensation 
reaction with the non-condensed amide group. 
Instead, an unexpected rearrangement of the salicyl- 
aldehyde moiety took place, accompanied by its 
binding to the azomethine nitrogen, and preceded 
by the rupture of the C-N bond. At the same time 
HACAC was bound to the newly liberated nitrogen 
atom of the hydrazine fragment N(3). The general 
reaction can be represented by Scheme 1. 

Such a course of the reaction can be explained 
by the difference in reactivity of the correspond- 
ing hydrazine and amide group of thiosemicar- 
bazide (TSC) and S-methylisothiosemicarbazide 
(SMeTSC), respectively, as well as by different con- 
densation capabilities of aldehydes and ketones. 
Namely, it is well known that the condensation 
reactions with NH2 groups proceed more readily 
with aldehydes than with ketones, and the hydra- 
zine group of both TSC and SMeTSC is more reac- 
tive than the amide NH2 group.* 

With regard to the nature of the compound 
obtained and the ligand, respectively, it can be con- 
cluded that the rupture of the bond salicylidene- 
hydrazine moiety [followed by the bonding of the 
latter to the amide nitrogen N(l)] is energetically 
preferable to the formation of an ACAC-N(1) 
bond. 

Both complexes are well soluble in common 
organic solvents, (DMF, CHC13, C6H6, MeOH, 
EtOH, Me&O), less soluble in Eta0 and insoluble 
in water. 

Their molar conductivities are close to zero, 
which is in agreement with their coordination for- 
mulae. 

As it could be expected, complex A exhibits 

* Apparently, the latter difference disappears under 
special reaction conditions (alkaline medium, presence of 
a suitable transition metal ion) when, due to the template 
effect, the condensation of TSC with salicylaldehyde 
takes place via the two terminal nitrogen atoms. ’ 

PyH++ H 20 

greater thermal stability (m.p. = 297”(Z), compared 
to complex B (m.p. = 208°C). 

Finally, the complexes are diamagnetic, both 
crystalline and in solution, which also confirms their 
square-planar structure. 

Descriptions of the structure of complex B 

The shape of the molecule, atomic numbering 
scheme and the packing of the molecules are indi- 

Fig. 1. Arrangement of molecules in two asymmetric 
units viewed along the a axis. The thin lines represent 
molecules with a z 0, and the thick lines those with 

a x 0.5. Van der Waals contacts are in A. 
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cated in Fig. 1. The neutral complex molecules are 
almost planar, in which the ligand is the qua- 
dridentate (202N) doubly deprotonated acetyl- 
acetone N( l)-salicylidene-S-methylisothiosemicar- 
bazone. The ligand coordination around the nickel 
atom is square-planar with a deviation from the 
best-plane not exceeding 0.01 8, (compare Table 
2). The distances Ni-N(1) and Ni-N(3) of 1.824 
and 1.818 8, respectively, agree well with those 
found in similar compounds having square-planar 
coordination around the Ni atom. The distance 
N&O(l) (1.852 A) and N&O(2) (1.836 A) 
are in good agreement with the corresponding 
values observed in the structure of 
ammine(salicylaldehyde 4-phenylthiosemicarba- 
zonato)nickel(II). 8 In the present structure the 
salicylidene fragment of the ligand is bonded via 
the amide nitrogen N(1) to the S-methyl- 
isothiosemicarbazide moiety instead, as it would be 
expected, via the hydrazine nitrogen N(3). Such a 
configuration of salicylidene and S-methyl- 
isothiosemicarbazide was found in some transition 
metal complexes with the similar ligands”’ in 
which two salicylidene fragments were coupled to 
both N(1) and N(3). The bond distances and bond 
angles found in the salicylidene and S-methyl- 
isothiosemicarbazide fragments of the title com- 
pound are in good agreement with the cor- 

Table 2. The best-planes in the complex molecule 

Plane 1. 0.93387”X+O.O0293”Y-0.35759”Z = 0.60581 
Distance (A) 

from the 
Atom best-plane 
O(l) -0.00216 
O(2) 0.00217 
N(l) 0.00223 
N(3) - 0.00225 
Ni” - 0.00632 

Plane 2. 0.93779”X+O.O092o”Y-0.34707”Z = 0.65401 
Distance (A) Distance (A) 

from the from the 
Atom best-plane Atom best-plane 
S 0.32631 C(5) 0.01995 
O(1) 0.00327 C(6) 0.03022 
O(2) 0.01438 C(7) 0.01686 
N(l) -0.03039 C(8) -0.01396 
N(2) -0.04507 C(9) -0.01382 
N(3) -0.02182 C(l0) 0.00936 
C(l) -0.01712 C(11) 0.01724 
C(2) 0.05734 C(l2) 0.04817 
C(3) -0.03965 C(13) -0.00825 
C(4) - 0.02682 C(l4) - 0.02598 

“Atoms not forming the plane. 

responding values from the above references. The 
bond distances C(I)-N(1) (1.411 A) and 
C(l)-N(2) (1.324 A) indicate a partial delo- 
calization of the electronic density within the car- 
bazide fragment of the ligand. In this case the delo- 
calization is realized in an opposite way with respect 
to the similar x-electronic delocalization (in the 
same moiety) of some transition metal complexes 
with different derivatives of S-methyl- 
isothiosemicarbazones in which the ligands appear 
in an imido form. I2 In the deprotonated acetyl- 
acetone fragment, an asymmetric delocalization of 
electronic charge takes place. As a result, the C-C 
bond lengths are 1.399 and 1.397 A, while the C-N 
and C-O bond distances are 1.343 and 1.265 A, 
respectively. The observed C-CH3 bond lengths 
are 1.5 13 and 1.490 A. These values correspond 
to those observed in the bis(acetylacetone)Ni(II) 
dihydrate. ’ 3 

The quadridentate ligand chelating the nickel 
atom forms two (acetylacetoneimine and salicyl- 
idene) six-membered, and one (S-methylisothio- 
semicarbazide) five-membered ring. The ligand 
molecule as a whole lies approximately in one 
plane with the largest deviation from the best- 
plane of 0.06 8, (compare Table 2) for the carbon 
atom of the thiomethyl group. The S-C(2) bond- 
ing is in the trans-position with respect to the 
C( l)-N( 1) bond. 

The ligand molecules are mutually linked by van 
der Waals contacts in the layers perpendicular to 
the b axis (Fig. 1). Van der Waals contacts are 
realized via methyl carbon and both oxygens 
IC(2’)H3.. . O(1) = 3.23 A, C(2)H3.. . O(2) = 3.27 

Al. 
These intermolecular contacts are slightly shorter 

compared to the sum of van der Waals radii of the 
methyl group (2.0 A) and oxygen (1.4 A). r4 The 
shortest Ni-Ni distance of neighbouring com- 
plexes is 3.76 A. 

IR spectra 

The character of the IR spectra is in concordance 
with the established structure of the ligands and 
complexes. Their prominent feature is the absence 
of the v(OH) and @II-I) vibrations in the region 
3600-3050 cm-‘. On the other hand, in the region 
1615-l 5 10 cm- ’ there are five strong bonds which, 
apart from v(C=C) vibrations of the benzene ring, 
can be ascribed to the valence vibrations v(C=-), 
v(C=N) and v(C=N). ” The three strong and 
clearly split bands appearing at 1440-1370 cm-’ 
are characteristic of 6(CH3) of the acetylacetone 
moiety, ’ 5 as well as of G(QJ-H).‘~ The only sig- 
ticant band appears in the spectrum of complex 
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Table 3. Electronic spectral data (cm- ‘) 

Complex d-d bands Other bands 

[Ni(SAL,SMeTSC-2H)] 19,880” 25,300” 30,770” 39,200” 
(2300) (5580) (5650) (15,350) 

19,840b 24,750’ 33,300” 41,670” 
(7070) (7070) (6980) (18,800) 

[Ni(SALACACSMeTSC2H)] 21,280 24,750” 27,900“ 42,550” 
(6670) (8700) (10,430) (35,360) 

20,6606 24,2706 34,480“ 43,860” 
(6950) (7540) (15,650) (36,810) 

a In EtOH. 
b In Py. Molar extinction coefficient (a, dm3 mall ’ cm- ‘) in parentheses. 

A at about 1450 cm-‘, which makes the principal 
difference in the appearance of the spectra of the 
two compounds. This is in agreement with the 
absence of the acetylacetone moiety in complex A, 
since this band is obviously due to the skeleton 
vibrations of the benzene ring. The band in the 
spectrum of complex B is overlapped with 6,,(CH3) 
and G(Cy-H) vibrations. l6 The strong band at 
about 1160 cm- ’ in both the spectra is due to 
v(C,~) of the coordinated phenolic hydroxyl. 
Finally, the bands of medium intensity at 750 cm- ’ 
can be unambigously ascribed to the 1 ,Zsubstituted 
benzene ring, i.e. to the out-of-plane vibrations of 
four neighbouring hydrogen atoms. ’ 7 

Electronic spectra 

The position and intensity of Ad bands 
( N 20.000 cm- ’ for A, and N 21 .OOO cm- ’ for B) in 
the electronic absorption spectra of the complexes 
(Table 3) recorded in EtOH and Py, suggest that 
the square-planar structure is also preserved in the 
solution. ‘* The practically identical position of the 
bands obtained in both solvents, as well as the 
absence of lower energy bands ( < 15.000 cn- ‘) ’ 9*20 
indicate the lack of Ni-Py interactions, i.e. the 
coordination number of Ni(I1) has not been 
changed even in a solvent of strong donor character, 
such as pyridine. The explanation should be based 
on a very strong ligand field of both ligands so that 
the alteration of electronic structure of Ni(I1) ion, 
i.e. of its spin state, would require a larger amount 
of energy than it would obtain on account of an 
axial coordination with solvent molecules. 

A further support to the square-planar structure 
of the complexes in the solution is their dark-red 
colour, as well as their established diamagnetic 
properties. 
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Abstract-The formation of complexes of the cyanide ion with Co(I1) and Mn(I1) has been 
studied potentiometrically in an aqueous sodium perchlorate medium of unit ionic strength 
at 298 K. Studies of the equilibria in the cobalt(II)-cyanide system show that at least 
one strong mononuclear complex exists, while in the manganese(II)cya system two 
mononuclear complexes can be formed in the concentration range studied. 

Despite the large number of studies carried out so 
far’-’ to indicate the number and nature of com- 
plexes formed when cyanide is added to an aqueous 
solution of cobalt(I1) salts, our knowledge is by no 
means complete. A common opinion is that a strong 
fifth mononuclear complex exists in cobalt(I1) cyan- 
ide solutions ; but no value for the formation con- 
stant seems to have been evaluated. Besides, to the 
best of our knowledge no equilibrium studies deal- 
ing with the formation of cyanide complexes of 
manganese(I1) have ever been reported. 

The aim of the present work was to determine 
the step-wise complex formation equilibria in the 
cyanide systems of Co(I1) and Mn(I1). 

Potentiometry has been the main technique used 
for studying the complex formation in aqueous 
solution.’ Potentiometric measurements may be 
applied to a central ion-ligand system if a suitable 
electrode is available. Here, the most suitable 
method for ligand determination seems to be pH 
and/or direct [L], i.e. free ligand, measurements in 
a buffer of the ligand ion and the corresponding acid 
by using both glass and cyanide-specific electrodes. 
From such measurements the free ligand con- 
centration [L] and the average ligand number fi can 
be found.9 All measurements in this study have been 
carried out at 298.15 K in an aqueous medium of 
ionic strength I = 1 .O M with sodium perchlorate 
as an inert electrolyte. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Chemicals 

Co(I1) perchlorate solution was prepared from 
Co(ClO&* 6Hz0 (Fluka, purum). Mn(I1) per- 
chlorate was made by dissolving Mn(I1) carbonate 
(Fluka, purum) in perchloric acid (Merck, p.a.) and 
recrystallizing several times. Co(I1) and Mn(I1) 
were analysed as before.’ The free acid con- 
centrations in the stock solutions have been deter- 
mined potentiometrically. The perchloric acid 
(Merck, p.a.) solutions were standardized against 
borax. Sodium perchlorate was prepared and ana- 
lysed as described before. lo Sodium cyanide 
(Merck, p.a.) solutions were prepared daily. The 
NaCN solutions were standardized with a standard 
AgNO, solution. Oxygen-free nitrogen was used 
for deaeration. The Ag, AgCl electrodes were pre- 
pared as described previously. ’ ’ 

Apparatus and procedure 

A Metrohm E580 ion-activity-meter and/or a 
Metrohm E500 digital pH meter equipped with a 
Metrohm EA-306-CN ion-specific electrode and a 
Radiometer type G202 C glass electrode have been 
used for the potentiometric measurements. The 
slopes of both the electrodes have been checked 
repeatedly and found to be 59.2 f0.2 mV. The 
reproducibility in the measurements was usually 
within + 1 mV for the Co(II)-CN- system, but 
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much better, +0.4 mV, for the Mn(IIECN- 
system. All solutions in the cobalt(II)-cyanide sys- 
tem were de-oxygenated by purging with purified 
nitrogen for about 15 min before titrations. A mag- 
netic stirrer was used for mixing. The e.m.f.s of the 
following cell were measured. 

- RE//CM M Me(ClO&, CL M NaCN, 

C, M HC104, NaClO, 

to I = 1 M/glass of cyanide electrode + 

where 

RE// = Ag, AgC1/0.025 M NaCl, 

0.975 M NaClO,/l.OO M NaClO,/. 

Here, Me denotes Co or Mn. Both the cyanide 
and glass electrodes were used in the Co(IIkCN- 
system, while in the Mn(IIFN- system, measure- 
ments were performed with a glass electrode. The 
measurements were arranged as titrations where the 
solutions in the right-hand half-cell were obtained 
by adding a known volume v (cm3) of a ligand 
solution to V0 (cm’) of metal perchlorate solution. 
Special attention has been paid to obtain reliable 
measurements. The precipitate of Co(CN), is 
slightly soluble ; therefore the measurements were 
performed at very low cobalt ion concentrations, 
ca 1O-4 M, in order to avoid the precipitation. The 
e.m.f.s have been read within as short a time as 
possible after each addition. All solutions used in 
the cobalt(II)cya system have been carefully 
de-oxygenated and kept under an inert atmosphere 
during the measurements. 

Calculations 

The step-wise formation constants have been 
evaluated both graphically and numerically. The 
graphical method has been described elsewhere.g,’ ’ 
The numerical calculations have been carried out 
by using different programs designed by Sandell. ” 
In order to calculate the formation constants from 
these measurements, it is necessary to know the 
acidity constant of HCN under the same conditions. 
This has therefore been determined in separate 
measurements and found to be K, = (1.12 kO.01) 
lo-’ M. 

RESULTS AND DISCUSSION 

Co(II+2yanide system 

Potentiometric titrations were carried out on five 
differentC,,i.e. 0.245,0.490,0.633,0.980and 1.960 
mM at constant acid concentrations of 0.0468, 
0.0537,0.217,0.0277 and 0.0554 mM, respectively. 
A free ligand ion concentration up to - 1 mM 
could be reached in the measurement. Thus, the 
possible formation of a hexacyanide could have 
been studied. 

Both the graphical and numerical evaluations of 
constants clearly indicate the formation of more 
than one complex, and the mononuclear pen- 
tacyanide complex strongly dominates the complex 
formation. Furthermore, these calculations show 
that both fll = 0 and /Is = 0. The graphical cal- 
culations indicate the existence of ML3, ML, and 
ML, mononuclear complexes. Another one, 
namely ML*, might be present but no significant 
value could be obtained. In the numerical cal- 
culations, on the other hand, the fifth complex is 
well established. However, it is not possible to 
decide with certainty the sufficiency of the complex 
ML, alone to describe the experimental material. 
However, in all models to be tested ML5 has to be 
included. Nevertheless calculations showed that the 
introduction of the the third, or fourth, complex 
gives a much better fit to experimental data. For a 
model containing ML4 and ML5 b4 = (1.2f 1.8) 
lOI* Mp4 and /?5 = (1.0+0.8)1023 Mp5 are found. 
Another calculation by considering ML3 and ML5 
gave a better fit with the results of p3 = (5 f4)1013 
Mm3 and /Is = (1.0+0.6)1023 MW5. Thus, intro- 
ducing the third, or fourth, complex gives a 
better fit but increases the uncertainties in the 
estimates. On the other hand, including the three 
mononuclear complexes, such as ML3 + ML4 + 
ML,, ML2+ML3+MLS etc. or taking account 
of all the possible combinations of the probable 
six complexes always results in very large errors. 
Moreover, some runs with polynuclear com- 
plexes and/or hydrolytic species such as ML,(OH), 
have been performed but no estimates could ever 
be obtained. Such combinations should thus be dis- 
carded. This means that the experimental data can 
adequately be described by just two parameters. 

Table 1. 

Graphical 0 -<5x10’ <2x1014 <6x1019 (5&2)1023 0 
Numerical 0 0 (Sf4)10’3 0 (1.0f0.6)1023 0 
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The results of these calculations are shown in Table 
1. Obviously, only the value of fi 5 is well established. 
The errors given in the numerical calculations cor- 
respond to confidence limits at the 99.9% level of 
significance. 

Since the best fit to the potentiometric data is 
obtained with the model including only ML3 and 
MLS, this has been accepted to be the best rep- 
resentation of this system. The distribution of the 
complexes ML, and MLS as a function of [L], cal- 
culated from the formation constants, is shown in 
Fig. l(a). 

Mn(I1) cyanide system 

Titrations were performed with four different 
values of CM, namely 10,20,30 and 40 mM. Higher 
metal ion concentrations were used without any 
precipitations, which permit the study of the system 
in a wider range of concentration. The acid con- 
centrations, constant during the titrations, were 10 
mM for CM = 10 mM, 20 and 40 mM for CM = 20 
mM, 15 mM for CM = 30 mM, 20 and 40 mM for 
CM = 40 mM. A free ligand ion concentration up 
to N 80 mM could have been reached in these 
measurements. Higher free ligand concentrations 
were not allowed due to a blue precipitate of the 
hexacyanide complex. l3 No systematic deviations 
could be observed when both CM and Cr., were 
varied, which shows that neither polynuclear nor 
acid complexes seem to exist. 

The mononuclear complexes are formed in the 
concentration range studied. The consecutive for- 
mation constants were evaluated both graphically’ 
and numerically by a high-speed computer using 
the data program UNINUX. ’ 2 Both methods gave 

Table 2. Over-all formation constants of the Co(II)- and 
Mn(II)-cyanide systems at 298.15 K and Z = 1.0 M : 
errors given correspond to confidence limits at the 99.9% 

level of significance 

System 

Co(II+zyanide 

Mn(II)-cyanide 

j (I&) 

3 (5+4)10’3 
5 (1.0+0.6)1023 

1 75fll 
2 (2.3 +0.5)103 

the same estimates : j?, = 75 + 11 M- ‘, /I2 = (2.3 
f 0.5) lo3 Mp2. The distribution curves of the com- 
plexes are shown in Fig. l(b), and the results of this 
work are collected in Table 2. 

The cyanide system of Co(I1) shows an unusual 
course of complex formation, in which a strong 
pentacoordinate is dominating. Potentiometric 
data indicates further the formation of complexes 
in small quantities before the main pentacyanide. 
The experimental difficulties do not allow the stud- 
ies of other complex equilibria in a wider range of 
concentrations. However, the formation of the third 
complex can be detected with a formation constant 
of the order of 10’ 3 Mp3. In this respect, the Co(II)- 
CN- system is reminiscent of another cyanide 
system, i.e. Ni(TI)-CN-. Also in this system a very 
strong complex of tetracyanide with /I4 = 1.16 x 
1031 Mm4 was found, while the formation of 
other complexes could have been discarded. I4 

Comparing with Co(I1) complexes, Mn(II)-cyan- 
ides have markedly lower stabilities. This, of course, 
is expected as all Mn(I1) complexes show the same 
trend. In the range of cyanide concentration studied 

Fig. 1. Distribution of (a) cobalt(II) and (b) manganese(II) between the different ML, complexes with 
varying cyanide ion concentrations ([L] in mM). 
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only the formation of the first two complexes takes 
place in appreciable amounts. Addition of further 
cyanide causes a blue precipitate of the hexacoordi- 
nate complex, ’ 3 which changes colour on storing. 
The cyanide ligand can be bonded to a metal ion 
essentially by covalent bonds. Most metal cyanide 
complexes have metal-carbon rather than metal- 
nitrogen bonds. As a very soft ligand the cyanide 
forms strong complexes with the most transi- 
tion-elements. 
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Abstract-Complexes of uranyl ion with I-phenyl-3-methyl-4-acetyl-pyrazolone_5(MAP) 
and various oxo-donors such as aliphatic sulphoxides [R,SO, where R = i-CSH 1 l(DISO), 
n-C6H l ,(DHSO), n-C7H l 5(DSSO), n-C8H, 7(DOSO), n-&H I g(DNSO), n-C, oHz l(DDSO), 
n-Cl ,H,,(DUDSO) and n-CqH9(DBUSO)] tributylphosphate (TBP) and tri-n-octyl phos- 
phine oxide (TOPO) have been synthesised and characterized. Analytical data establish that 
they have the stoichiometry UO,(PMAP),X where X is the oxo-donor. The IR spectra of 
the sulphoxide complexes in the S-O stretching region indicate that the ligands RzSO are 
O-bonded. The methyl protons of the pyrazole ring and acetyl group in the PMAP ligand 
are equivalent giving rise to a single sharp peak in the PMR spectra, whereas in the 
synergistic complexes with the oxo-donors, two deshielded peaks of equal intensity are 
observed which indicate the non-equivalence of the methyl groups. The peak which is more 
deshielded has been ascribed to the methyl of the acetyl group. The higher deshielding of 
these methyl protons arises due to the transfer of electron density to the metal atom on 
complexation. 

4-aroyl pyrazolones, such as 1-phenyl-3-methyl-4- 
benzoyl-pyrazolone_5(PMBP) are being increas- 
ingly used as extractants for several metal ions’-” 
in view of their relatively lower cost” and their 
ability to extract metal ions from relatively acidic 
solutions.2.6,‘2 This has resulted in the investigation 
of extraction of several metal ions by various 
workers. However, relatively little is known about 
the stabilities and structure of metal chelates of 
pyrazolones. 

We have been investigating the synthesis, infrared 
and NMR spectra of solid synergistic complexes of 
uranyl ion with pyrazolones and oxo-donors such 
as sulphoxides and phosphorus oxides. ’ 3 Rao and 
Arorai4 have reported the synthesis and infrared 
spectra of uranyl-PMBP adducts with tributyl 
phosphate(TBP) and tri-n-octyl phosphine oxide 
(TOPO). Recently, Okafor ’ 5 has isolated the lan- 
thanide chelates of PMAP and investigated their 
spectroscopic properties. The present paper reports 

* Author to whom correspondence should be addressed. 

on the synthesis, characterization, infrared and 
PMR spectra of synergistic complexes of uranyl ion 
with PMAP and the oxo-donor aliphatic sulph- 
oxides and tributyl phosphate and tri-n-octyl phos- 
phine oxide. 

EXPERDlENTAL 

Reagents 

All chemicals used were of B.D.H./A.R. grade. 
PMAP was synthesised by a modified Jensens’ 
methodi described by Okafor and recrystallized 
from hexane to obtain yellow crystals of the enol 
form m.p. = 67°C C = 66.6%, H = 5.6%, N = 
12.9% ; required for Ci2H1202N2, m.p. = 67°C C 
= 66.8%, H = 5.6%, N = 13.0%. All the sul- 
phoxides were prepared by a general method re- 
ported earlier for the synthesis of long chain 
aliphatic sulphoxides. l7 TOP0 was obtained from 
Koch Light Co. and used as such. TBP was puri- 
fied and distilled by the usual procedure. 

1913 
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Preparation of the complexes 

The complexes were prepared by solvent extrac- 
tion of 50 cm3 of uranyl nitrate solution (1 mM) at 
a pH 2 with 50 cm3 of benzene solution containing 
2 mM of PMAP and 1 mM of the neutral oxo- 
donor. The benzene layer was dried with anhydrous 
sodium sulphate, evaporated to dryness in a rotary 
evaporator and the product recrystallized twice 
from n-hexane. 

Characterization of the complexes 

Table 1 summarises the analytical data of the 
complexes. Melting points were determined using 
an automatic melting point apparatus, Mettler FP- 
61. Carbon and hydrogen were determined by 
microanalysis using the empty tube combustion 
method described by Belcher and Spooner. ’ ’ Sulphur 
was by combustion in an oxygen filled flask and 
conductometric titration of the sulphate in neutral 

solution with standard barium acetate solution in 
alcohol-water medium. Uranium was determined 
by back-extracting from benzene, a weighed 
amount of the complex with 5 N sulphuric acid, 
passing through a Jones’ reductor to convert to 
U(W) and titrating with standard cerium(IV) solu- 
tion using ferroin as indicator. It was also obtained 
from the weight of the oxide residue (U,O,) after 
C-H combustion. Infrared spectra were measured 
in Nujol mulls between CsI discs in the range of 
400&200 cm- ’ using a Perkin-Elmer 577 infrared 
grating spectrophotometer. Proton magnetic res- 
onance spectra were measured in CDC13 with a 
Varian EM-360,60 MHz NMR spectrophotometer 
using 0.1 M solutions and TMS as internal stan- 
dard. 

RESULTS AND DISCUSSION 

A few typical bands in the infrared spectra of 
these complexes have been assigned empirically 

Table 1. Analytical data of UO,(PMAP),X complexes 

M.p. 
X Colour % yield (“C) %C %H %N % s %U 

TBP 

TOP0 

DISO 

DHSO 

DSSO 

DOS0 

DNSO 

DDSO 

DUDS0 

DBUSO 

yellow 

orange 

yellow 

orange 

yellow 

yellow 

yellow 

yellow 

yellow 

yellow 

yellow 

61 Dec. 

71 163.2 

89 125.4 

78 238.1 

65 152.0 

63 164.2 

82 156.2 

58 133.1 

66 130.0 

67 126.3 

71 196.0 

40.2 3.4 7.6 
40.0 3.3 7.8 

44.6 5.2 6.0 
44.6 5.3 5.8 

53.4 6.9 4.9 
52.9 6.7 5.2 

46.2 5.0 6.2 
45.7 4.9 6.3 

46.5 5.3 6.0 
46.9 5.2 6.1 

48.1 5.5 5.9 
48.1 5.5 5.9 

49.1 5.7 6.0 
49.3 5.7 5.8 

50.1 5.9 5.7 
50.2 6.0 5.6 

51.1 6.3 5.5 
51.2 6.2 5.4 

51.3 6.0 5.5 
52.1 6.4 5.3 

46.6 5.0 6.3 
44.4 4.6 6.5 

3.8 
3.6 

3.6 
3.5 

3.3 
3.4 

3.4 
3.3 

3.4 
3.2 

3.3 
3.1 

3.0 
3.0 

3.8 
3.7 

32.8(G), 32.901) 
33.0 

24.7(G), 24.6(V) 
24.6 

21.5(G), 21.9(V) 
21.9 

26.6(G), 26.801) 
26.7 

26.0(G), 26.0(V) 
26.0 

25.2(G), 25.1 (V) 
25.1 

24.4(G), 25.4(V) 
24.4 

23.8(G), 23.7(V) 
23.8 

23.1(G), 22.701) 
23.1 

22.2(G), 22.5(V) 
22.5 

26.0(G), 25.4(V) 
27.7 

Second line entry under each heading indicates calculated values. In TBP and TOP0 complexes, the 
tinal product of decomposition has been assumed to be (UOJ2P,0,. DISO = i-(CgHI@O; 
DHSO = (n-C,H,,),SO; DSSO = (n-C,H,,),SO; DOS0 = (n-C,H,,),SO; DNSO = (n-C9H1J2SO; 
DDSO = (n-C,J121)zSO; DUDS0 = (n-C, ,H&SO; DBUSO = (n-C4H,),S0. 
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Table 2. Characteristic infrared bands of UO,(PMAP),X complexes 

X 

H,O 
TOP0 
TBP 
DUDS0 
DNSO 
DSSO 
DOS0 
DHSO 
DISO 
DBUSO 

s=o; Pysing CH in 
p-0 O-U-O M-O(Pyr) M-O(donor) vCH str. plane def. 

927 750 1525 1075 
1083 915 495 400 753 1530 1082 
1210 920 490 395 752 1535 1080 
965 910 485 395 756 1530 1080 
965 905 490 395 760 1530 1078 
970 910 485 392 755 1530 1080 
967 910 490 400 760 1530 1081 
967 905 490 396 755 1530 1083 
968 916 490 395 760 1530 1082 
960 908 490 400 755 1528 1083 

1915 

Table 3. Pmr spectral data of chelate protons of U02(PMAP)zX complexes in CDClx at 60 MHz (6 ppm) 

Phenyl protons 
ortho m.p. Pyrazolone methyl protons 

X B I M J B I M J B I M J 

TBP 8.33 

TOP0 8.40 

DBUSO 8.48 

DISO 8.45 

DSSO 8.40 

DOS0 8.40 

DDSO 8.42 

DHSO 8.45 

DNSO 8.45 

DUDS0 8.40 

MPP‘= 7.86 

PMAP“ 7.85 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

2 

2 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

7.43 

7.45 

7.42 

7.46 

7.40 

7.40 

7.40 

7.45 

7.47 

7.50 

7.32 

7.42 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

2.51 
2.77 

2.53 
2.82 

2.56 
2.75 

2.60 
2.90 

2.60 
2.90 

2.60 
2.88 

2.58 
2.88 

2.60 
2.88 

2.60 
2.85 

2.58 
2.85 

2.15 
3.40 

2.44 
11.30 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
1 

1 
1 

- 

- 

- 

- 

a Denote free ligands. 
B = Band position ; I = Intensity ; M = Multiplicity; J = Coupling constant. 
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(Table 2). These indicate a small shift of the car- 
bony1 vibration indicating chelation. The C--n 
stretching frequency in the sulphoxide adducts has 
been observed as a strong band in the region of 
96&970 cm- ‘. Since these are reduced with respect 
to the free sulphoxides, it has been concluded that 
the bonding is through the oxygen atom of the 
sulphoxide. A band at 1083 cn- ’ and another at 
1210 cm-’ have been ascribed to the p---O stret- 
ching frequencies in the TOP0 and TBP complexes 
respectively. In all these complexes, the O-U-O 
asymmetric stretch has been observed as a strong 
band at 910-920 cm- ‘. This is lower than the fre- 
quency observed at about 950 cm- ’ in ionic uranyl 
compounds indicating the presence of the uranyl 
group in the complexes. In all these complexes 
a band at 485-490 cm-’ which is absent in the 
free PMAP ligand is observed and this has been 
attributed to the U-O (pyrazolone) stretching 
frequency. This compares with the assignment 
made by Okafor for the M-O stretching frequency 
of lanthanide chelates of PMAP.lS Another band 
at 39WlOO cm-’ which is absent in the free ligand 
has been ascribed to the M-O(oxo-donor) stret- 
ching frequency. No correlation of this frequency 
with the base strength of the oxo-donor has been 
observed. Strong bands at 755 and at 1080 cn- ’ 
have been assigned to the vCH and CH in-plane 

deformation modes respectively as observed by 
Okafor for lanthanide chelates of PMAP. 

In the PMR spectra, two sets of signals of the 
phenyl protons are observed due to the ortho pro- 
tons and m,p protons in the synergistic complexes 
of PMAP and oxo-donors (Table 3). The chemical 
shift of the ortho protons occurring at 8.45 ppm 
shows significant deshielding as compared to the 
PMAP ligand (7.85 ppm) whereas no shift is 
observed in the case of the m,p protons. This can 
be attributed to the bonding site being nearer to 
the ortho protons of the phenyl ring. The methyl 
protons of the pyrazole ring and those of the acetyl 
group give only a single signal at 2.44 ppm in the 
PMAP ligand. However, in the synergistic 
complexes, they are deshielded with respect to the 
ligand and occur as two sharp separate signals at 
2.60 and 2.85 ppm. The latter is ascribed to the 
methyl protons of the acetyl group as it is more 
deshielded with respect to the methyl protons of the 
pyrazole ring due to the transfer of electron density 
to the metal on coordination. The single peak cor- 
responding to the enolic proton occurring at 11.3 
ppm in PMAP disappears in the synergistic com- 
plexes on the formation of the chelate. The alpha 
methylene protons of the sulphoxide groups (Table 
4) in these complexes show the expected multiplet 
(8 lines) at 3.15 ppm corresponding to the ABX, 

Table 4. PMR spectral data of oxodonor protons of UO,(PMAP),X complexes in CDC13 at 60 MHz (6 ppm) 

Oxodonor protons 
Alpha CH, Other CH, Methyl protons 

X B I M J B IMJ B IMJ 

TBP 

TOP0 

DBUSO 

DISO 

DSSO 

DOS0 

DDSO 

DHSO 

DNSO 

DUDS0 

4.24 

3.15 

3.12 

3.10 

3.15 

3.15 

3.15 

3.18 

3.15 

6 4 6 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

multiplet 

1.4 12 

2.23 36 
- 8 

1.70 6 

1.20 6 
1.90 4 

1.20 20 
1.90 4 

1.23 28 
1.90 4 

1.20 12 
1.88 4 

1.20 24 
1.90 4 

1.22 32 
1.90 4 

multiplet 

1 - 

multiplet 

multiplet 

multiplet 

3 (B--CH,) 

: &(I&-CH,) 

1 - 
multiplet(B-CH,) 

multiplet 
3 5-(B-CHz) 

1 - 
multiplet(B-CH~) 

1 - 
multiplet(B-CH,) 

0.83 9 

0.88 9 

0.80 6 

0.87 12 

0.83 6 

0.82 6 

0.85 6 

0.80 6 

0.85 6 

0.85 6 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

5 

5 

5 

6 

6 

B = Band position; I = Intensity ; M = Multiplicity ; J = Coupling constant. 
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pattern as observed in complexes with TTA as the 
chelating ligand. 19,20 In the U02(PMAP)2 * TBP 
complex however, these protons are observed as a 
quartet occurring at 4.24 ppm due to coupling with 
the adjacent P-31 nuclei. The methyl protons of the 
oxo-donor are found to occur at much higher fields 
of 0.85 ppm compared to those of the methyl pro- 
tons of pyrazolone due to the inductive effect of the 
adjacent methylene groups. In addition, these peaks 
appear as triplets with a J value of 5-7 Hz due 
to coupling by the adjacent methylene protons 
whereas the pyrazolone methyls occur only as single 
sharp peaks in these complexes. 

CONCLUSIONS 

Solid synergistic complexes of uranyl ion with 
PMAP and oxo-donors have the stoichiometry, 
U02(PMAP)2.X where X is the oxo-donor. These 
are similar to the PMBP systems in which the oxo- 
donor binds giving a possible coordination number 
of seven for uranium. 
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MAKOTO MIWA 

Department of Industrial Chemistry, Faculty of Engineering, Seikei University, Musashino, 
Tokyo 180, Japan 

(Received 6 April 1987 ; accepted 5 May 1987) 

Abstract-By utilizing homogeneous decatungstate solution, we have found a novel catalyst 
system for photooxidation of isopropyl alcohol under excess of OZ. The decatungstate 
with countercation ratio of K : TBA (tetrabutylammonium) = 3 : 1 shows an activity about 
double that of the homogeneous K or TBA salt of decatungstate. A new redox cycle 
considering the ion-pair between decatungstate and countercations is proposed. 

Under excess of 02, a catalytic photooxidation of 
isopropyl alcohol to acetone, initiated by 
irradiation (> 300 nm) of the charge-transfer bands 
of decatungstate isopolyanion [w 1 ,,03d4- proceeds 
in conjunction with a redox cycle of the polyanion 
between oxidized (pale yellow) and 2e--reduced 
(blue) forms. l-3 The reoxidation of 2e--reduced 
species is attained by reaction with OZ. Recently we 
have found spectrophotometrically for liomo- 
geneous solution containing K or TBA salt that 
the relative velocity of redox cycle is markedly 
influenced by the countercations, i.e. a photo- 
reduction of polyanion proceeds faster for the K 
salt than for the TBA salt, but a reoxidation of the 
reduced polyanion by reaction with O2 proceeds 
slower for the K salt than for the TBA salt.’ In spite 
of such a difference, however, the conversion of 
isopropyl alcohol to acetone and the catalytic turn- 
over are almost unchanged for the two salts. In 
order to seek a more active catalyst using deca- 
tungstate, we have studied the photooxidation of 
isopropyl alcohol by mixed-countercation species 
of decatungstate, K,(TBA),_,mIOO& under 
excess of 02. 

* Author to whom correspondence should be addressed. 
Present address: the laboratory of Prof. R. G. Finke, 
Department of Chemistry, University of Oregon, 
Eugene, Oregon 97403, U.S.A. 

EXPERIMENTAL 

All chemicals used were of analytical grade. 
K4[W10032]-4H20 and (TBA)4[W10032] were pre- 
pared as previously described. ‘,2 Solvent was used 
as a 1: 1 mixture of CH3CN and water (pH 2.5, 
H2SO4). A sample solution (50 cm’) was prepared 
using two decatungstate salts at a constant con- 
centration of [w,,O,J’- (2 x lop3 mol dmp3) con- 
taining various molar ratios of K: TBA (4: 0, 
3.5:0.5, 3:1, 2.5:1.5, 2:2, 1:3, 0:4), into which 
isopropyl alcohol (0.4 mol dm- ‘) as a substrate and 
benzene (0.24 mol dm- 3, as an internal reference 
for gas chromatography had been added. Appar- 
atus for the photoreaction, comprising of a 75-W 
mercury lamp (SHL lOO-UV, Toshiba Cor- 
poration) for an external irradiation and 75 cm3 
Pyrex reaction-flask, was described elsewhere. Acti- 
nometry was performed by irradiation with 2-hex- 
anone and the light intensity was 1 .O x low4 einstein 
h- ‘. Decrease of substrate and production of ace- 
tone during irradiation (> 300 nm) under excess of 
O2 were monitored by TCD gas chromatography 
(Shimadzu GC-8A) on a PEG 20M glass-column 
(3 m) and the data were treated by Chromatopak 
(Shimadzu C-R3A). The formation of reduced 
decatungstate under N2 and the reoxidation of it by 
reaction with O2 were monitored by a spec- 
trophotometer (Hitachi-340). 
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oRate constant 

-Catalytic turnover 

e a4 

K:TBA 

Fig. 1. Relation of the countercation-ratio of deca- 
tungstate to the rate constant of decreasing isopropyl 
alcohol determined by the assumed first-order kinetics 
and to the catalytic turnover per hour for production 
of acetone. Conditions: [decatungstate] = 2 x 10e3 mol 
dm-3 and [isopropyl alcohol] = 0.4 mol dme3 in 50 cm3 
solution containing benzene as an internal reference for 
gas chromatography. Solvent : 1: 1 mixed media of 

Ch3CN and water (PH 2.5, H,S03. 

\ 
HC-OH 

\ 

/ /(I, ----q F=O 

(K~~~~~~[W,o 03J4-, (K,..,..,CHzW,00,,]4-) 

I 

-.._ (2) H-0* --_____--- 

(6) 

I 

(5) 

,.dC 
__---------__‘~ 

(T BA.+W,, O&, IT BJI....‘[H,W,~ O,,]4-) 

Hz0 02 

Fig. 2. Proposed redox cycle of decatungstate for catalytic 
photooxidation of isopropyl alcohol. 

RESULTS AND DISCUSSION 

Since the stoichiometry between consumed iso- 
propyl alcohol and produced acetone is retained, 
side-reactions do not need to be considered. For 
each countercation ratio of decatungstate, the rate 
constant for decreasing isopropyl alcohol deter- 

Wavelength (nml 

Fig. 3. Absorption spectral changes of photoreduced decatungstate under Nz (a) and of reoxidation 
process of reduced decatungstate by reaction with 0, (b). Irradiation is performed for the deca- 
tungstate with the cation-ratio K : TBA = 3 : 1 ([decatungstate] = 6.25 x lo- 5 mol dm - ‘), isopropyl 
alcohol (5 x 1 O- 3 mol dm- ‘) and benzene (1.6 x 1 O- 3 mol dm- ‘) in the 1: 1 mixed media of CH ,CN 
and water (pH 2.5, H,SOJ. The spectra in (a) are recorded for 18 min each after 1-min irradiation 
and then for each after 5-min irradiation. The spectra of reoxidation (b) are recorded after exposure 

to air of the solution of saturated photoreduced species obtained in the experiment of (a). 
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mined by the assumed first-order kinetics and the 
catalytic turnover, or the molar ratio of deca- 

tungstate to produced acetone, per hour are 
depicted in Fig. 1. Significant effects by coun- 
tercations are seen in the cases, other than when 
the K: TBA ratio is 4:0 and 0:4. Such mixed- 
cation systems show a higher activity about 1.5-2 
times than that of the decatungstate with homo- 
geneous countercation composition. A maximal 
activity is especially observed when the coun- 
tercation ratio is 3 : l-2.5 : 1.5. These facts could not 
be explained by the redox cycle of only a polyanion- 
moiety, but by the cycle of an ion-pair, or an outer- 
sphere complex between decatungstate and coun- 
tercations. 

In Fig. 2, we propose a new redox cycle involving 
ion-pairs with countercations. The paths (1) and (3) 
show the photoreduction of decatungstate and the 
paths (2) and (4) the reoxidation of reduced deca- 
tungstate by reaction with Oz. (K . . . [w ,,O,z]“-) 
and (TBA . . . [W 1 ,,032]4-) represent the ion-pair of 
oxidized decatungstate, and (K . . . [HzW,00J2]4-) 
and (TBA.. . [HzW,,,032]4-) the ion-pair of 2ee- 
reduced decatungstate. For the homogeneous K 
salt, the redox cycle consists of paths (1) and (2), 
and for the homogeneous TBA salt, it consists of 

paths (3) and (4). It has been spectrophotometri- 

tally evident that the paths (1) and (4) proceed 
faster than those of (2) and (3).2 For the mixed- 

countercation system, the paths (1)-(5k(4)-(6) 
form a new redox cycle, where the paths (5) 
and (6) are assumed as a process comprising of 
a rearrangement of countercations. 

Figure 3 shows the absorption spectral changes 
of photoreduction of decatungstate with a K : TBA 
ratio of 3 : 1 during irradiation under N2 and of the 
reoxidation of saturated 2ee-reduced decatungstate 
by exposure to air. These spectra show that both of 
these processes are well balanced. They markedly 
contrast to recently reported spectra for homo- 
geneous K or TBA salt, where both processes are 
unbalanced. 2 The proposed redox cycle is consistent 
with these spectral changes. 
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SYNTHESIS AND RING INVERSION OF THE FIRST 
HAFNOCENE DITELLUROLENE CHELATE : 

[(‘15-CSH5)2Hf(1,2-Te2c,H31 

TH. KLAPoTKE,* H. KOPF and P. GOWIK 

Institut fur Anorganische und Analytische Chemie, Technische Universitat Berlin, D-1000 
Berlin 12. F.R.G. 

(Received 23 April 1987 ; accepted 11 May 1987) 

Abstract-[(cp),Hf(l,2-TezC6H4)] (1) (cp = $-CsHs) was obtained from [(cp)2HfC12] and 
equivalent amounts of 1 ,2-(LiTe)2C6H4 as the lirst hafnocene ditellurolene metallacycle and 
the last missing member of the widely investigated subgroup IV metallocene dichalcogenolene 
chelate complexes of the type [(Cp)2M(1,2-X2C6H4)] (M = Ti, Zr, Hf; X = S, Se, Te). 
Hafnocene benzene-1,Zditellurolate (1) was shown by temperature-dependent ‘H NMR 
spectroscopy to exist in toluene solution in an envelope conformation, the five-membered 
HfTe2C2 chelate ring undergoing rapid inversion at room temperature. 

Metallocene heterocycles of subgroup IV with 
S,S- l-6 and SeJe-coordinated 7-8 benzene- 1,2dich- 
alcogenolato chelate ligands have been synthesized. 
Recently there were reports about the preparation 
of the analogous tellurium derivatives of the titan- 
ocene’ and zirconocene” systems using different 
reaction routes and that no metallacycle could be 
obtained analoeous to the svnthesis of the Zr com- ~~~~~ ~~_~ ~~~ ~~ ~~~_ m, ~~~~~~-~~ 
plex when the metal was Hf. lo We now report on 
the synthesis and spectroscopic characterization of 
hafnocene benzene- 1,2-ditellurolate (l), the first 
example of a Te containing hafnocene metallacycle 
and the last missing member of the metallocene 
ditellurolene chelates of subgroup IV. 

The reaction in an argon atmosphere and ex- 
clusion of air and moisture of hafnocene dichloride 
[(cp)ZHfC12]‘1 (5.14 mmol) with l,2-(LiTe)2C6H4’2 
(5.19 mmol) in 200 cm3 tetrahydrofurane 
(thf)/ether (1: 1) at - 78°C afforded the desired 
hafnocene ditellurolene metallacycle (1) as a 
deep red solid, sensitive towards air and moisture 
(Scheme 1). The product was recrystallized from 
dry toluene and gave 1 in 37% yield with sat- 
isfactory elemental analysis and spectroscopic 

results in agreement with the expected theoretical 
values: IR (KBr) $: v (CH, cp) 3105, w (CC, cp) 
1435, 6 (CH, cp) 1010, y (CH, cp) 800, y (CH, 1,2- 
C6H4) 720 cm- ’ ; ‘H NMR (toluene-d,) : 8.30-6.75 
(m, 4H, 1,2-&H& and 5.74 (s, lOH, cp) ppm; MS 
(ET, 70 eV, 180°C) m/z: 640 (46%) M+, 564 (20) 
bi+ -C6H4, 512 (25) M+-Te, 436 (19) 
M+-CH-Te; 384 (60) M+-2 Te, 308 (100) “mm., 
M+ -TeZC6H4, 243 (11) M+ -Te,C,H,-cp, 178 

Te Li 
kplZHfCIZ + 

I 
TeLi 

kp12Hf Br2 kp12HfC12 

+ +iTeH12C6Hk 

Scheme 1. Preparation and reaction behavior of 1, 
* Author to whom correspondence should be addressed. cp = $-CSH,. 
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Table 1. ‘H NMR data“ and activation parameters of [(c~)~M(~,~-X&H~)] 

6 (cp) AG,+ 
M X (Ppm) & (2) (kJ mol- ‘) Ref. 

Ti Te 5.76 -38 10.0 51 9 
Zr Te 5.96’ -30 20.9 51 10 
Hf Te 5.74 -50 9.4 48 present work 
Hf Se 5.46 -75 - 8 
Hf S 5.46 -64 20.0 45 6 

“Solvent: CD&D,; b~p = r$-‘BuC,H,. 

(28) Hf+ ; (values given relate to “‘Hf and 12*Te) ; 
Fp: 225°C decomposition. 1 reacts with halides 
such as bromine, dissolved in thf, or hydrogen hal- 
ides as with hydrogen chloride saturated benzene 
yielding the corresponding hafnocene dihalides 
(Scheme 1). 

In the dynamic ‘H NMR spectrum the singlet 
due to the ten equivalent cp protons at room tem- 
perature was subject to a coalescence phenomenon 
at a lower temperature and was split into two sharp 
singlets of equal intensity at temperatures below 
- 50°C (Fig. 1). From this result an envelope con- 
formation of the five-membered chelate ring, folded 
along the Te - - - Te axis and undergoing rapid inver- 
sion at room temperature, can be derived (Fig. 2). 
The activation parameters of the chelate ring inver- 
sion of 1 and the analogous titanocene and zir- 

Fig. 1. Temperature-dependent ‘H NMR spectrum (cp 
region) of 1 in CD&DS, 6 in ppm, T in “C. 

Fig. 2. Cbelate ring inversion of 1. 

conocene derivatives as well as those of the S or 
Se coordinated hafnocene complexes are given 
in Table 1. With regard to an estimation of the 
error of these AGP values (f 13%) surprisingly 
there is no significant connection between this acti- 
vation parameter and the central atom or the 
coordinating chalcogen atom. 

Acknowle&ements-We are grateful to the Fonds der 
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lsoLATiON OF THE COMPLEXES in-Bu4ru,*~cKe2Ci,jz~~-~~Lj~~, 

WHERE L-L = Ph2PCdPPh, OR TRANS-Ph2PCH=CHPPh2. 
THE FIRST EXAMPLES OF QUADRUPLY BONDED 
DIRHENIUM(IIIj ANIONS OF THE TYPE [Re,Cl,L]- 

MOHAMMED BAKIR and RICHARD A. WALTON? 

Department of Chemistry, Purdue University, West Lafayette, IN 47907, U.S.A. 

(Received 23 March 1987 ; accepted 27 May 1987) 

Abstract-The reactions of (rr-Bu4N)2Re2Cls with the bidentate bridging phosphine ligands 
(L-L) = Ph2PC=CPPh2 or trans-Ph2PCH=CHPPh2 in methanol-cone. HCl give the 
salts (n-Bu4N)2[(Re2C17)2{~-(L-L)}], the first examples of quadruply bonded dirhen- 
ium(II1) anions of the type [Re2C17L]-. Their spectroscopic properties and reactivity have 
been examined. 

1925 

The octahalodirhenate(II1) anions [Re,X,]‘- 
(X = Cl or Br) react with monodentate phosphine 
ligands (PR,) to form the neutral quadruply- 
1._-1-J _.-__:_, n- V I__ \ oonoco bpecicb KezA6(rK3)2, and from thence to 
the lower valent complexes Re2X,(PR3)3 (Re-Re 
bond order 3.5) or Re,X,(PR,), (Re-Re bond 
order 3) depending upon the reducing propensity 
of the phosphine ligand. ’ In no instance has a salt 
of the intermediate monoanionic mono-substituted 
type [Re,X,(PR,)]- been isolated. We report for 
the first time the isolation of such species as present 
in the salts (n-Bu4N)2[(Re2C17)2{~-(L-L)}] (l), in 
which L-L is the bidentate bridging phosphine 
Ph,PCkCPPh,(dpa) or trans-Ph2PCH=CHPPh2 
(t-dppee). 

t Author to whom correspcndence should be addressed. 
$ Bis(diphenylphosphino(acetylene (dpa) and truns- 

1,2-bis(diphenylphosphino)ethylene (t-dppee) were pur- 
chased from Strem Chemicals and used as received. Sol- 
vents used in the preparation of complexes were of com- 
mercial grade and were thoroughly deoxygenated prior 
to use. All reactions were performed in a nitrogen atmo- 
sphere using standard vacuum line techniques. 

$ When the reaction which gave this complex was car- 
ried out in methanol in the absence of cont. HCl, a brown 
solid precipitated. Although this product has not yet been 
fully characterized, it is not Re,Cl,(dpa)z. 

L-L = Ph2PCkCPPh2 (la) 

L-L = trans-Ph,PCH=CHPPh, (lb) 

A representative recipe is as follows.$ A mixture 
of (n-Bu4N)2Re2Cls2 (0.20 g, 0.175 mmol), dpa 
(0.09 g, 0.228 mmol) and 10 cm3 of methanol, to 
which 10 drops of cont. HCl had been added, was 
stirred at room temperature for one day. The result- 
ing insoluble purple precipitate was filtered off, 
washed with methanol, hexanes, diethyl ether and 
dried in vacm ; yield 0.17 g (91%). Found : C, 34.1; 
H, 4.6; Cl, 22.9. Calc. for C58Hg2C114N2P2Re4: 
i.e. (n-Bu4N)2[(Re2C1,)2{~-(Ph2PCkCPPh2)}] : C, 
32.9 ; H, 4.4 ; Cl, 23.4. The slightly high C and H 
microanalyses reflect the difficulty of purifying such 
an insoluble complex.§ 

A similar procedure gave (n-Bu4N)2[(Re2C17)2 
{y(trans-Ph2PCH=CHPPh2)}] as a green solid 
in a yield of 86%. 

Although both complexes display very limited 
solubility properties we were, nonetheless, able to 
adequately characterize them although neither 
could be obtained in single crystal form. We favor 
a structure such as that depicted below in which 
the individual dirhenium units retain the eclipsed 
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rotational geometry of the parent [Re2Cls]*~,’ (see 
Structure 1). 

CL Cl CL CL 

The electronic absorption spectrum of la, re- 
corded as a Nujol mull, has a band at N 740 nm, 
assigned to the 6 + 6* transition,’ weak absorp- 
tions at - 540 and 480 nm, and more intense fea- 
tures at 390 and 325 nm. In CH2C12 solution, the 
spectrum is very similar to this, with absorptions 
(relative intensities in parentheses) at 730(9), 
- 540(2), - 470(2), 380sh( 13) and 315(34) nm. The 
Nujol mull spectrum of (lb) shows the 6 + 6* tran- 
sition at 735 nm, a weak band at - 570 nm, a 
shoulder at - 410 nm and an intense absorption 
at 290 nm. Although (la) and (lb) decompose in 
CH&N (vide in@), the ‘H NMR spectrum of a 
freshly prepared solution of (la) in CD$N shows 

proton resonances due to the dpa ligand and n- 
Bu4N+ cation in the expected intensity ratio of 1 : 2. 

Further evidence for the identity of these salts as 
derivatives of the quadruply bonded Rez+ core was 
obtained from reactions with monodentate phos- 
phines. (la) reacts with PEt3 in ethanol to form 
Re2C1,(PEt& in 55% yield, while PMePh, and 
PEtPh2 under these same conditions form 
Re,Cl,(PMePh,), and Re2C1,(PEtPh2)3, respec- 
tively, in yields of - 80%. These yields are similar 
to those in which Re,Cl,(PMePh,), and Re,Cl, 
(PEtPhJ3 are formed (90% and 75%, respectively) 
from (n-Bu4N)2Re2Cl,.3 (lb) shows this same reac- 

tivity behavior ; it forms Re2C14(PEt & in 68% yield 
and Re2ClS(PMePh2), in 85% yield. These pro- 
ducts, which are the ones expected from such a 
quadruply bonded Re;+ starting materiak3 were 
identified on the basis of their spectroscopic and 
electrochemical properties. 3*4 

Of special note is the reaction of (la) with PPh3 

in hot ethanol. An excess of PPh3 affords an almost 
quantitative yield of green insoluble Re2Cls(PPh3)2 
(94%), whereas 2 equivs of PPh3 gives 
Re2C16(PPh3)2 (49%) and from the filtrate a mix- 
ture of dpa and (n-Bu4N)2Re2Cls.t These ob- 
servations imply that the following reactions are 

TThe dissociation of dpa in this reaction under non- 
acidic conditions is in marked contrast to the reaction of 
(n-Bu,N) ,Re *Cl 8 with dpa in methanol to give (la) which 
requires the presence of HCI. 

occurring : 

(1) [Re,C1,(~-dpa)Re,C1,]2- 

+2PPh3 + Re2C1,(PPh3)2 

+ (n-Bu4N)2Re2Cls +dpa 

(2) (n-Bu4N)2Re2Cls + 2PPh, 

In this same context we have observed that (la) 
reacts slowly with CH3CN to give (n-Bu4N)2Re2Cls 
(36% yield of isolated product) together with an as 

yet unidentified blue Rez+ complex (&,,, at 656 nm 
for its 6 + 6* transition). When the latter reaction 
is carried out at room temperature in the presence 
of an excess of n-Bu,NCl for 2 h, the blue salt (n- 
Bu4N),Re2Cls can be precipitated in quantitative 
yield upon the addition of an excess of diethylether. 

The yield of pure recrystallized product (from 
methanol/cone. HCl) was - 80%. These reactions 
not only confirm the structural identity of (la) but, 
furthermore, demonstrate the lability of the p-dpa 
ligand. 

The cyclic voltammogram (CV) of (la) in 
0.1 M n-Bu4NPF6 (TBAH)-CH2C12 shows a pair 
of closely spaced couples at E,,* N - 0.3 1 V and 
-0.43 V vs Ag/AgCl (Fig. 1) which signify that the 
reductions of the two dpa-coupled Rei+ cores occur 
at different potentials.5 A similar phenomenon is 
seen in the CV of (lb) with El,* values of 11 -0.40 

V and -0.52 V vs Ag/AgCl. These potentials are, 
as expected, intermediate between those for the 
one-electron reductions of Re2C1,(PR3)Z1’4 and 
[Re2C1,]*-. 1,6,7 When acetonitrile is added to a solu- 

tion of (la) in 0.1 M TBAH-CH2C12, the CV 
changes with time and shows the formation of 
[Re2C18]*- (E,,, N + 1.5 V and E,,* N -0.93 V vs 
Ag/AgC1)6,7 together with a couple at N -0.7 V 
which must be associated with another Re,6+ species. 

Studies on the chemistry of these systems 

I I 
05 0 -05 

Volts “s Ag/AgCL 

Fig. 1. Cyclic voltammogram (recorded at v = 200 mV 
s- ’ using a Pt-bead electrode) for a 0.1 M n-Bu,NPF,- 
CH,Cl, solution of (n-Bu,N),[(Re,Cl,),@-dpa)]. For 
each of the closely spaced couples at E ,,2 = - 0.3 1 V and 
-0.43 V, the peak separations AE, (= Ep.o-Ep,e) are 
ir 100 mV. Under our experimental conditions the 
ferrocenium/ferrocene reference standard had E ,, 2 = 

+0.47 v. 
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are continuing. We note that the reaction of 2. 

trans-dppee with (n-Bu4N)2RezCls in methanol- 
COW. HCl to give (lb) is different from that with 3. 
chelating cis-dppee. In the latter case, cleavage 
of the ReZRe bond predominates to give truns- 4. 

[ReC12(dppee),]C1.’ 
5. 
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LOSS OF WATER AND HYDROGEN CYANIDE FROM 
AQUOPENTAMMINECOBALT(III) 

HEXACYANOFERRATE(II1) 

J. E. HOUSE, Jr.* and FADZILAH MOHD TAHIR 

Department of Chemistry, Illinois State University, Normal, IL 61761, U.S.A. 

(Received 4 March 1987 ; accepted 27 May 1987) 

Abstract-Previous studies on the non-isothermal decomposition of [Co(NH,),H,O] 
[Fe(CN),] showed that Hz0 and three molecules of HCN are lost simultaneously but the 
results of the isothermal studies reported here show that these processes can be partially 
separated. It was found that the first reaction involves the loss of Hz0 and two mol- 
ecules of HCN and the second reaction results in the loss of an additional molecule of HCN. 
Kinetic studies have been performed and kinetic parameters are reported here and pos- 
sible mechanisms are discussed. 

Since our initial proposal of a defect-diffusion 
mechanism for solid state reactions,’ numerous 
dehydration reactions have shown the utility of this 
description for such reactions.’ Many of the reac- 
tions similar to that first reported by Haim et al. 3 

+ [(NH3),Co-NC-Fe(CN)sl(s)+H20(g) (1) 

have been studied by Ribas and co-workers.’ These 
reactions include the dehydration of double com- 
plex salts containing two different metals. Our TGA 
study of the process shown in eqn (1) showed that 
it follows first order kinetics and has an activation 
energy of 232&40 kJ mol- l4 while Simmons and 
Wendlandt reported 239 kJ mol- ‘. However, an 
isothermal study on the reaction showed it to be a 
first order process with an activation energy of 144 
kJ mol- ‘.’ Other complexes of this type which have 
been studied include [Co(NH3),H,0][Cr(NCS)6], 
[Co(NH3),H,ol[Cr(CN),1, and [Co(NH3)&01 
[Fe(CN) J.4*7 Ribas and co-workers have also stud- 
ied a series of complexes of the type [M(NI-13)5 
H,O][Co(CN),] where M is Co(IIQ Rh(II1) 
or Ir(III).8 These can be dehydrated without fur- 
ther decomposition. In the case of [Co(NH,),H,O] 

*Author to whom correspondence should be addressed. 

[Fe(CN),] the study using TGA showed that 
Hz0 and three molecules of HCN per molecule of 
complex were lost in a single reaction. Analysis 
of the data showed that the reaction is second order 
with an activation energy of 224 +8 k.J mol-‘.4 
Since the behavior of [Co(NH,),H,O][Fe(CN),] is 
so different from that of other hexacyanometallates, 
we have studied this decomposition using iso- 
thermal techniques in an effort to separate the dehy- 
dration reaction from the loss of HCN and to deter- 
mine the kinetic parameters for the processes. This 
report presents the results of that work. 

EXPERIMENTAL 

The [Co(NH,),H,O][Fe(CN),1 was prepared by 
mixing equal numbers of mols of [Co(NH,), 
H20]Br3 amd K,[Fe(CN),] in equal volumes of 
water.4 After the precipitate of [Co(NH,),H,O] 
[Fe(CN),] formed, it was removed by filtration, 
washed with water, absolute ethanol and ether. 
The product was allowed to dry in air for two days. 

Kinetic studies were performed using a Perkin- 
Elmer Thermogravimetric System model TGS-2. 
Samples were contained in platinum pans and were 
heated at constant temperature in a dry nitrogen 
atmosphere with a flow rate of 20 cc min- ‘. Carry- 
ing out the tit reaction at low temperature (lOO- 
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12OC) resulted in the loss eventually of Hz0 and 
two molecules of HCN per molecule of complex. 
When higher temperatures were used (180-195”Q 
an additional molecule of HCN was lost. The frac- 
tion of the reaction complete, a, was obtained by 
measuring the mass loss with time. Each reaction 
was studied at several temperatures. The data were 
analyzed by fitting the data to 14 kinetic models for 
solid state reactions. 9 

RESULTS AND DISCUSSION 

The results of mass loss studies on [Co(NH,), 
H,O][Fe(CN),] heated isothermally show that a 
partial separation of the loss of Hz0 and HCN 
can be effected. While TGA studies showed that 
three molecules of HCN per molecule of complex 
were lost during dehydration4 prolonged heating at 
temperatures of 10&12O”C results in a mass loss 
corresponding to the reaction : 

[Co(NH,),H,OI[Fe(CN)d(s) 

-, [(NH 4 &o(NH J 2NCFe(W 31(s) 

+ &O(g) + 2HWg). (2) 

The solid product appears to have one CN and two 
NH2 bridges. This reaction is different from that 
indicated earlier by non-isothermal techniques where 
Hz0 and three molecules of HCN were lost.4 Heat- 
ing the complex which had already lost Hz0 and 
two HCN molecules at 185195°C resulted in the loss 
of one molecule of HCN per molecule of complex : 

[(NH3),Co(NH,),NCFe(CN)31(s) 

+ [(NH 3) #WNH J 3NCWCN) 21(s) 

+ HCW)- (3) 

I 
OO 
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Fig. 1. Extent of reaction vs time for loss of Hz0 and 
two molecules of HCN [eqn (2)]. 

TIME. MIN 

Fig. 2. Extent of reaction vs time for loss of the third 
molecule of HCN [eqn (3)]. 

Consequently, it is possible to perform kinetic stud- 
ies on both of the reactions that are shown in eqns 
(2) and (3). Figures 1 and 2 show the plots of a, the 
fraction of reaction complete vs time for the reac- 
tions shown in eqns (2) and (3), respectively. These 
curves are characteristic of solid state reactions of 
this type. 

The usual analysis of the kinetics of solid state 
reactions involves representing some function of a 
as a function of time. Theoretical models result in 
fourteen commonly used functions.9 Fitting the a, 
t data for the first reaction to these models results 
in the best fit being the functionf(a) = 1 - (1 - a)“*. 
This function corresponds to a two dimensional 
diffusion controlled process. As far as the physical 
process is concerned, the diffusion controlled mech- 
anisms frequently result when gaseous products are 
lost. Although the rate law provides some indi- 
cation of this aspect of the mechanism, it does not 
give insight as to how the H20 and HCN are lost 
from the coordination spheres. 

Analysis of the 0: and time data shown in Fig. 1 
using the rate lawf(a) = 1 - (1 -a) ‘I* yields the rate 
constants shown in Table 1. Applying the Arrhenius 

Table 1. Rate constants for the reaction shown in eqn (2) 

Temperature Uncertainty Corr. 

(“C) k (min- ‘) in k coeff. 

100 3.128 x 1O-3 3.364 x 10-s 09993 
105 4.623 x 1O-3 5.102x lo-’ 0.9992 
110 8.362 x 1O-3 5.812 x 1O-5 0.9998 
115 13.911 x 1o-3 4.065 x IO- 4 0.9983 
120 18.346 x 1O-3 2.068 x 1O-4 0.9998 
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equation to these rate constants leads to an acti- 
vation energy of 113 + 7 kJ mall ’ and a pre-expon- 
ential factor of 2.19 x 1013 min- ‘. This value for the 
activation energy is much smaller than the 224 f 8 
kJ mol- ’ found from non-isothermal measure- 
ments when H,O and three molecules of HCN are 
lost.4 

The second reaction, the loss of the third HCN, 
gave the best fit to the data whenf(a) = - In (1 - tl), 
which corresponds to the unimolecular growth con- 
trolled mechanism. It would be expected that this 
process would be unimolecular since the last mol- 
ecule of HCN lost is probably the result of an intra- 
molecular process in [(NH3)3Co(NH2),NCFe 
(CN),]. Apparently, in this case, diffusion of the 
HCN from the solid product is not the rate-control- 
ling process. The structure of the product, [(NH& 
CO(NH~)~NCF~(CN),], would be of interest since 
it may contain Fe3+ with a coordination number 
of four. 

Analysis of the a and time data shown in Fig. 2 
for the loss of the third molecule of HCN yields the 
data shown in Table 2. These rate constants yield 
an activation energy of 96.8 kJ mol- ‘. This reaction 
takes place readily at the temperatures used but 
could not be studied successfully at lower tem- 
peratures. Because of this, only a narrow range of 
temperatures could be employed and relatively few 
data points were obtainable, especially at the higher 

Table 2. Rate constants for reaction shown in eqn (3) 

Temperature Uncertainty 
(“C) k (min- ‘) in k Corr. coeff. 

185 0.1046 2.148 x 1O-3 0.9983 
190 0.1177 2.424 x lo- ’ 0.9985 
195 0.1802 7.415 x 10-j 0.9975 

temperatures. As a result, the error limits are large 
for this activation energy, being about f40 kJ 
mall ‘. The pre-exponential factor for the reaction 
is 7.28 x lo9 min- I. It is interesting to note that the 
sum of the activation energies for the two reactions 
studied here, about 210 kJ mol- ‘, is within exper- 
imental error of the 224 k 8 kJ mol- ’ found for the 
loss of the H,O and three HCN molecules studied 
as a single process using TGA.4 

This work has shown that by using isothermo- 
gravimetry it is possible to study the loss of Hz0 
and two molecules of HCN from [Co(NH,), 
H,O][Fe(CN),] in one step and the loss of the third 
HCN in another. The first step follows a rate law 
for a two dimensional diffusion controlled process, 
perhaps because three molecules of gaseous 
products are produced. The second process does not 
follow such a rate law and that may be a reflection of 
the fact that only one HCN is lost and the rate is 
not diffusion limited. 
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FIFTH INTERNATIONAL SYMPOSIUM 
ON THE EFFECT OF TIN UPON MALIGNANT CELL GROWTH 

18-20 JULY 1989 
BRUSSELS, BELGIUM 

ORGANIZATION 

Chairman Marcel Gielen (Free University of Brussels V.U.B.) is being assisted by a Local 
Organizing Committee and an International Scientific Committee. The Symposium will be 
supported by the Free Universities of Brussels, industrial sponsors, government sources, the 
Federation of the European Chemical Societies and the Belgian Chemical Societies. 

DATE AND LOCATION 

The Fifth International Symposium on the Effect of Tin upon Malignant Cell Growth will be 
held in Brussels, Belgium from Tuesday to Thursday, 18-20 July 1989. The scientific sessions of 
the symposium will take place on the campus of the Free University of Brussels V.U.B. 

SCOPE 

The technical sessions of the symposium will be concerned with the synthesis and 
characterization, in vitro and in vivo activity, fate in living organisms, mechanisms of action, 
physiological effects, toxicity, experimental and clinical therapeutics, and pharmacology of tin- 
based anti-tumour drugs. 

ACCOMMODATION 

Inexpensive housing will be available in single rooms of the Free University of Brussels 
dormitories. 

SOCIAL PROGRAMMES 

A welcoming reception will be held on Tuesday evening. A banquet and special events are 
planned for the symposium participants and their guests. 

YOUNG SCIENTISTS 

Participation of young scientists will be especially encouraged through reduced registration fees 
for graduate students and post-doctoral research associates, and by Conference Fellowships. 
Details will be included in the second circular. 

PRE-REGISTRATION 

Individuals interested in receiving the second circular describing the symposium, to be mailed in 
July 1988, are asked to complete and return the preliminary registration form before 1 May 1988. 
The second circular will contain a list of the major speakers, final registration forms, instructions 
for preparing and submitting abstracts, housing information, special events and social activities. 

All correspondence should be addressedto: 5th TUC, Prof. Dr Marcel Gielen, Free University 
of Brussels V.U.B., AOSC Unit, 8G512, Pleinlaan 2, B-1050 Brussels, Belgium. Phone: (2) 6413279. 
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SIXTH INTERNATIONAL CONFERENCE 
ON THE ORGANOMETALLIC AND COORDINATION CHEMISTRY 

OF GERMANIUM, TIN AND LEAD 

23-28 JULY 1989 
BRUSSELS, BELGIUM 

ORGANIZATION 

Chairman Marcel Gielen (Free University of Brussels V.U.B.) is being assisted by a Local 
Organizing Committee and an International Scientific Committee. The Symposium will be 
supported by the Free Universities of Brussels, industrial sponsors, government sources, the 
Federation of the European Chemical Societies (124th event of FECS) and both Belgian Chemical 
Societies. 

DATE AND LOCATION 

The 6th ICCC GeSnPb will be held in Brussels, Belgium from Sunday to Friday, 23-28 July 
1989. The scientific sessions of the symposium will take place on the campus of the Free University 
of Brussels V.U.B. 

SCOPE 

The technical sessions will be concerned with theoretical, structural, mechanistic and synthetic 
aspects of the chemistry of these elements, together with applications in areas including 
agriculture, biology/medicine, catalysis, electronics, environmental, polymer and solid-state 
chemistry, and organic synthesis. 

ACCOMMODATION 

Inexpensive housing 
dormitories. 

will be available in single rooms of the Free University of Brussels 

SOCIAL PROGRAMMES 

A welcoming reception will be held on Sunday evening. A banquet and special events are 
planned for the symposium participants and their guests. 

YOUNG SCIENTISTS 

Participation of young scientists will be especially encouraged through reduced registration fees 
for graduate students and post-doctoral research associates, and by Conference Fellowships. 
Details will be included in the second circular. 

PRE-REGISTRATION 

Individuals interested in receiving the second circular describing the symposium, to be mailed in 
July 1988, are asked to complete and return the preliminary registration form before 1 May 1988. 
The second circular will contain a list of the major speakers, final registration forms, instructions 
for preparing and submitting abstracts, housing information, special events and social activities. 

All correspondence should be addressed to: Prof. Dr Marcel Gielen, Free University of Brussels 
V.U.B., AOSC Unit, 8G512, Pleinlaan 2, B-1050 Brussels, Belgium. Phone: (2) 6413279. 
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INTRODUCTION 

This report is aimed at highlighting the syntheses, structures, bonding and chemistry of metal- 
laboranes which exhibit a metal to boron ratio of greater than or equal to one ; that is, metallaboranes 
possessing equal numbers of metal and boron atoms, or else, possessing more metal nuclei than 
boron nuclei in their framework. Several classes of compounds are excluded from the review. These 
exclusions are monometallic borohydride complexes of type L,M[BH&, ’ complexes in which the 
source of boron is an organo-borane or -borate ligand, and metallocyclic complexes. Excellent 
reviews covering the area of metallaboranes with emphasis on the boron-rich cluster compounds 
have recently been presented by Kennedy.2 Comprehensive surveys have also been compiled by 
Shore et al.’ and Grimes.’ A review of boron containing metallocycles has been provided by 
Herberich. 3 

In the last few years, metallaborane chemistry has developed rapidly. In particular, the prolific 
results from Greenwood et al.’ illustrate the extent to which metallaborane cluster chemistry has 
expanded, and a diversity of fascinating structural types has now been characterized. Perturbation 
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of a borane cage by a metal fragment is thus well documented. On the other hand, cluster chemistry 
exhibits a plethora of transition metal aggregates with a very rich associated chemistry, a fair 
proportion of which involves organic ligands of one type or another. In most of these transition 
metal-hydrocarbon clusters, the metal nuclei outnumber the organic carbon centres in a given cluster 
core. Despite the adjacent position of boron to carbon in the periodic table, there are only limited 
examples of metal hydrocarbon complexes which have metallaborane analogues.4 As is now quite 
commonly exemplified, transition metal-carbon interactions extend to metal carbide (i.e. bare 
carbon) clusters.“‘j Carbon is not the only naked hetero-atom encapsulated within a transition metal 
framework; for example, metal nitride,7 oxide,’ and phosphide9 clusters have been characterized. 
And yet, the trail from a boron-rich metallaborane to a metal-rich metallaborane or a discrete metal 
boride cluster is only now beginning to be laid. 

BOROHYDRIDE (BH,-) COMPLEXES 

There are several unusual borohydride complexes which deserve a mention because each exhibits 
a BH, ligand coordinated to multi-metal centres. On the basis of infra-red data, it is proposed that 
KPh3WXBH41f [Fig. WI contains a borohydride ligand bridging through two hydrogens to 

[bl [cl 

Ml kl 

Fig. 1. (a) Proposed structure of [L,Cu,BH.J + ;I0 (b) Molecular structure of V2ZnZH4(BH4)2 
(PPh2Me)4;” (c) Molecular structure of [(C ,Me,)Ir],H ,(BH.,) ; I2 (d) Molecular structure of 

Co,(BH4),(Ph,P[CH?l,PPh2),; I3 (e) Molecular structure of {Th(BH,CH,),} ,*THF.14 



From metallaboranes to transition metal borides 1937 

each of two copper centres. lo Although clearly not a “cluster” compound, this complex is of interest 
because it exemplifies a borohydride ligand in which there are no terminal hydrogen atoms. This is 
an unusual feature for ligated BH;. A hydrogen-rich borohydride derivative, VZZnZH4(BHJ2 
(PPh,Me),, [Fig. l(b)] has been made in 50% yield from the reaction of (V&J-C~)~(THF)~}~ 
ZnzCls with PPh,Me and BH;. ’ ’ The structure is described in terms of two Zn(BH,)+ units inter- 
acting with a divanadium polyhydride anion rather than as containing BH; ligands inter- 
acting with a cationic metal centre. Another polyhydride complex containing a borohydride 
ligand is {(CSMe5)Ir}2H3(BH4),12 [Fig. I(c)]. The complex has the unusual feature that the borohy- 
dride ligand bridges between two metal atoms thereby making the complex “metal-rich” as regards 
the metal to boron atom ratio. In addition, whereas it is usual for bridging and terminal hydrogen 
atoms in coordinated BH; ligands to undergo exchange on the NMR timescale, those in 

{(CSMe&}zH~(BHJ d o not. Nor do the iridium associated metal hydrides exchange with the 
Ir-H-B bridge hydrogen atoms. Bridging of two metal centres by BH; has also been observed 
in Co,(BH,),(Ph,P(CH,},PPh,),13 [Fig. I(d)], and the related methyltrihydroborate complexes 
{Th(BH3CHJ4} z - L (L = OEt, ; THF), I4 [Fig. l(e)]. It is interesting to ponder whether or not thess 
complexes can be usefully classified as clusters rather than as simple coordination complexes. For 
example, in Co2(BH4)z(Ph2P[CH2]sPPh2)2, counting each CoL, unit as a one electron cluster 
fragment and breaking down each borohydride ligand into a cluster BH unit plus three endo- 
hydrogen atoms provides six electron pairs for cluster bonding. On the basis of PSEPT, ’ ’ the Co2B2 
core is predicted to be a nido-cluster, either a tetrahedron or an open butterfly (internal dihedral 
angle of 140” for an ideal homonuclear cage). However, the observed Co2B, core has an internal 
dihedral angle of 170” if one defines the Co-Co vector to lie along the butterfly hinge ; i.e. the four 
atoms are virtually coplanar. In addition, the Co-Co distance of 2.869 A is too long to be considered 
a bonding interaction. Presumably, the deviation from an obvious cluster bonding picture may 
be a steric consequence of the bidentate phosphine ligands. Nonetheless, the compound 
Co,(BH,),(Ph,P[CHJ,PPh& does seem to present us with an appropriate bridge from borohydride 
ligand complexes to clusters. 

CLUSTERS WITH METAL : BORON RATIO 1: 1 

The air and light sensitive diiron-diboron cluster Fe2(C0)6B2HS has been prepared from the 
reaction of Fe(CO)s and BSHg in yields of less than 10%. l6 This ferraborane is also a by-product 
in the reaction of Fe(CO)Ii, BH3 * THF and LiBEt3H in hexane, (O’C for 3 h), followed by acidi- 
fication, I7 and in the reaction of [Fe(C0)4COCH ,]PPN with BH 3 - THF (1 : 3 equivalents) in hexane 
at 60°C followed by acidification. I8 Formulation is deduced from mass spectroscopic data and a 
proposed structure is given on the basis of infra-red and multinuclear NMR spectra. Initially, 100 
MHz room temperature NMR results were interpreted as being consistent with a diborane-like 
fragment interacting with a diiron hexacarbonyl unit [Fig. 2(a)]. I6 The structure recently proposed 
for Fe2(CO)gB2Hs [Fig. 2(b)] is postulated from Miissbauer spectroscopic data and the results of a 
300 MHz variable temperature ‘H NMR study. ” The resonances at 6 - 10.3 and 0.2, originally16 
assigned to four equivalent Fe-H-B protons and two terminal B-H protons respectively, are 
now observed to be the coalesced signals of three Fe-H-B protons (two at 6 - 15.6 and one at 6 
- 12.9) and one terminal B-H proton (6 2.3), and of one terminal B-H hydrogen (6 2.3), and one 
bridge B-H-B proton (6 - 2.4) respectively. “The electronic structure of Fe2(CO)hB2H, has been 
probed by UV-photoelectron spectroscopy and by extended Hiickel and Fenske-Hall quantum 
chemical techniques. [The geometrical structure assumed for the calculations is that shown in Fig. 
2(a).] The results permit a comparison between the bonding in Fe,(CO)gB2H6 and Fe,(C0)6S2,1g 
and suggest a greater Fez(CO)i+BzHi- charge separation than Fe2(C0)66+Si- separation (1.16 vs 
0.07 electrons by the Fenske-Hall method). The results also imply that the B-B bond should exhibit 
significant Lewis basicity. Indeed, in the more recently postulated structure [Fig. 2(b)], the B-B 
bond is “protonated”. Deprotonation of Fe2(C0)6BZH6 by methanol/PPNCl or methanol/Ph4AsC1 
leads to the removal of an Fe-H-B rather than a B-H-B bridging proton. Two isomeric anions 
are proposed [Fig. 2(c)].” 

Cobaltaboranes provide examples of &so-metal-rich metallaboranes containing equal numbers 
of metal and boron atoms. The air-stable solids 1,2,3-{(CSHS)Co}3B3H520-22 and [(C,HJCo14 
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Fig. 2. Proposed structures of Fe2(CO),B2H6 (a) Ref. 16; (b) on the basis of low temperature 300 
MHz ‘H NMR ; ” (c) proposed structures of trans- and c&isomers of [Fe 2(CO) 6B2H J -. ” 

B4H421-23 are minor products of the reaction of [B,H,]- with cobalt(I1) chloride and [C,H,]-. 
Interestingly, however, the pentamethylcyclopentadienyl analogues of these clusters have not 
been detected in an analogous reaction using [C,Me,]- in place of C,H;. 2’ The structure” of 
1,2,3-{(C5H5)Co}3B3H, [Fig. 3(a)] consists of staggered B3 and Co, triangles which make up an 
octahedron. Each boron atom is therefore adjacent to two cobalt and two boron atoms. The same 

Lb1 

Fig. 3. Molecular structures of the cobaltaboranes (a) 1,2,3-[(C ,H ~CO] JB ,H 5 ; 2o (b) 1,2,3-[(C,H J 
Co]$~H&~-CO) ;24 (c) l,2,3-[(C5H,)Co]2Fe(C0)4B9HJ (proposed).26 
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cluster core is present in 1,2,3-((C5H5)C~}3B3H3(~&O) 24*25 [Fig. 3(b)], which is prepared in 2.7% 
yield by reacting cobalt vapour and cyclopentadiene with B5H9. The source of the cluster-bound 
CO is unproven but may originate either from metal oxide impurities in the cobalt powder used in 
the reaction, or from THF used to extract the products. When the preparation is carried out in the 
presence of carbon monoxide, the yield of 1,2,3-{(C5H5)Co}3B~H&-CO) rises to 6.4%.24 In 1,2,3- 
{(C5H5)Co}jB3H5, it is deduced f rom ‘H and ’ ‘B NMR spectroscopy and electron difference maps 
that the two non-terminal protons occupy disordered bridging sites along the three Co-Co edges. 2o 
The two electrons provided by the two endo-hydrogens in 1,2,3-{(CZH5)Co}3B3H5 are donated by 
the ,u,-carbonyl ligand in {(C,H5)Co) 3B3H3(p3-CO), Just as the e&o-hydrogen atoms are associated 
with the metal atoms, so too is the carbonyl ligand. There is, however, no suggestion that the two 
clusters interconvert in the presence of HZ or CO respectively. This type of interconversion is 
exemplified for another pair of metal-rich metallaboranes, [Fe3(C0)9BH4]- and [Fe3(CO),,BH;1-, 
described below. 

1,2,3-{(C5H5)Co}2Fe(CO)4B3H3 is prepared by the photochemically initiated reaction of 2- 
(C5HS)CoB4HB with Fe(CO)S. 26 The structure [Fig. 3(c)] of this mixed metal cluster is deduced from 
spectroscopic data and assumed to be related to that of 1,2,3-[(C5H5)Co13B3H5. Two bridging 
carbonyl ligands are invoked to provide the molecular twofold symmetry required by the NMR 
spectra. 

{(CSHS)C~}~B~H~ and {(C5H5)Nij4B$14 are the highest nuclearity (i.e. total metal plus boron 
nuclei) metal-rich metallaboranes yet reported. The cobaltaborane is among the products of the 
reaction of Na[B,H,] with excess CoC12 and Na[CSHS] carried out in THF below 20°C.27 It is a 
green, air-stable solid. The brown, air-stable {(C5HS)Ni}4B4H4 is a product of the reaction of 
Na[B,H,] with nickelocene in cold THF in the presence of one equivalent of sodium amalgam.28 

((C~H~)CO)~B~H~~~ and ((C5H5)Ni}4B4H4 29 both exhibit closed cages, although they are not 
isostructural. From Fig. 4, it is apparent that the cobalt atoms in [(C5H5)Co14B4H4 occupy sites of 
high connectivity, whereas the nickel atoms in [(C5Hs)Ni14B4H4 occupy sites of low connectivity on 
the dodecahedral skeleton. The (C,H,)Co and BH fragments in {(CSH5)Co}4B4H4 can contribute 
a total of eight electron pairs to cluster bonding (i.e. one pair short of the number required by 
PSEPT for a close dodecahedral cluster structure). On the other hand, the cluster fragments of 

bl 
Fig. 4. Molecular structures of (a) [(C,H5)Co]4B4H423 and (b) [(C,H,)Ni],B&.29 
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Fig. 5. Schematic representation of the combination of elongated and flattened tetraheclra to generate 
a D 2d dodecahedron. 

((C&Wi} B H 4 4 4 provide ten electron pairs, (i.e. one pair in excess of the PSEPT requirement). An 
extended Hiickel analysis of the dodecahedral cluster in terms of its formation from the inter- 
penetration (Fig. 5) of two tetrahedra, one flattened and one elongated, has been used to rationalize 
this structural difference.30 Since the energies of the metal fragment orbitals are always lower than 
the energies of the BH fragment MO’s, the metal-boron cluster bonding orbitals will exhibit more 
metal than boron character. Thus, the metal will tend to be predominant in the cluster bonding. If 
the metal fragments occupy the vertices designated by the flattened tetrahedron, then the electron 
requirement will reflect those of that tetrahedron ; i.e. eight cluster bonding pairs are available in 
{(C,H,)Co) B H 4 4 4 and so the cobalt atoms define the flattened tetrahedron. In {(CSHs)Ni).,B4H4, 
the electron pair availability fits the needs of the elongated tetrahedron. Alternatively, Wade3’ 
had demonstrated that the degeneracy of the highest occupied molecular orbitals of the parent 
dodecahedral cluster BsH$- (which is close with nine cluster bonding electron pairs) allows flexibility 
in the number of bonding electrons required. Single occupancy of the degenerate set leads to the 
“normal” close cluster. In {(CSH,)Co} 4B4H4, the degenerate MO set is left unoccupied and becomes, 
therefore, the LUMO of the complex. In {(CSH5)Nij4B4H4, both these MO’s are fully occupied. 
Wade3’ has explained this in terms of the charge distribution over the cluster surface ; the nickel 
fragment is a three electron donor and will occupy the site of low connectivity which corresponds 
to the site of highest electron density in the parent B8Hi-. 

A cluster which categorises as “pseudo metal-rich” is 4,6-{(CSHS)Co}2-3,5-SzB2Hz.32 The 
“pseudo” description is used here only because the sulphur atoms might be seen as isoelectronic 
main group replacements for BH 3 units in the hypothetical parent metallaborane {(CiH,)Co} 2B4Hs. 
4,6-((C SH s)Co} 2-3,5-SZB 2H1 has an interesting &o-structure based on a pentagonal bipyramid 
(Fig. 6). Six-vertex eight electron pair carboranes and metallaboranes tend to adopt pentagonal 
pyramidal structures. The structure of 4,6-{(CgH5)C~)2-3,5-S2BZH2 illustrates a vacancy at a low 
rather than a high connectivity site on the parent polyhedron (inset in Fig. 6). This is attributed to 
a maximising of the Co. . * Co and S * . * S separations. 

CLUSTERS WITH METAL: BORON RATIO 3: 2 

The presence of two boron atoms together in a cluster brings to mind derivatives of B2H6. A 
cluster involving B2H6 interacting with a diiron fragment has been described above. B2H6 interacting 

nido nido 

Fig. 6. Molecular structure of 4,6-[(CSHS)Co12-3,5-S,B2H2.‘* 
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BH 

Fig. 7. Comparison of the frontier molecular orbitals of BH and M(CO), (M = Fe, Ru, OS) cluster 
fragments. Energy scales are arbitrary. 

with a trinuclear metal framework has been reported for Ru~(CO)~B~H~~~ The reaction of 
Ru3(CO), z with sodium borohydride in refluxing THF leads to a mixture of metal cluster products, 
two of which are boron-containing. On the basis of spectroscopic data, these are formulated as 
Ru~(CO)~B~H~ and Ru.,(CO),~BH~. The latter cluster is discussed along with its iron analogue in 
detail below. No NMR data were recorded for Ru~(CO)~B~H~ and hence, no structural assignment 
was made.33 At this stage, it is useful to apply the isolobal analogy; BH and C3, M(C0)3 (M = Fe, 
Ru, OS) fragments each provide two cluster bonding electrons and exhibit frontier orbitals of the 
same symmetry. This is schematically represented in Fig. 7. Thus, the bonding requirements of a 
BH fragment in a cluster may be mimicked by an M(C0)3 fragment. By comparing Ru~(CO)~B~H, 
with the related metallaboranes Fe(CO)jBqHs34 and Fe2(C0)6B3H718,35 and by considering its 
parentage as arising from B5H9,36 several isomeric structures can be postulated based on a nido- 
square pyramidal geometry (Fig. 8). It is interesting that no iron analogue of Ru~(CO)~B~H~ has 

Fig. 8. Possible isomers for Ru,(CO)~B~H~ based on a square pyramid. 
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Fig. 9. Structure of HMn,(CO) , 0B zH 6. 3 ’ 

been characterized to date and that Fe,(CO),B,H, remains an elusive member of the (Fe(CO),}, 
(BH)5_xH4 series of metallaboranes. 

HMn,(CO),,B,H, has been structurally characterized and exhibits an ethane-like diborane 
fragment bridging between three manganese carbonyl units (Fig. 9).37 Hydrogen atoms were not 
refined in the crystal structure but infrared data indicate an absence of terminal BH bonds and the 
presence of Mn-H-B bridges. Six Mn-H-B bridging protons are suggested on the grounds of 
equivalent Mn-B bond distances (mean value 2.30(2) A) and from electron-counting arguments. 37 
The presence of the bridging hydrogen atoms also allows each of the metal atoms to maintain an 
octahedral environment, A broad ‘H NMR resonance at 6 - 19 is attributed to the Mn-H-Mn 
bridging hydrogen atom in HMn3(CO)IOB2H6, but no signals due to the boron associated protons 
are reported. 

CLUSTERS WITH METAL:BORON RATIO 2: 1 

Upon entering this category of metallaborane cluster, we are truly considering clusters which 
are “metal-rich”. Exemplars of this class are scarce. Recently, the cluster ((CSH5)Co)4B2H4 (Fig. 
10) has been structurally characterized. 38 The compound is prepared in 16% yield by the reaction 
of (Ph,P)Co(C,HJ(Et&) with BH3.THF in toluene at 60°C. It is a member of the class of 
cobaltaboranes ((C5H5)C~},(BH}6_,H2, 20~22~27~39~40 but is the first member of the series in which 
metal atoms outnumber boron atoms in the skeleton. The compound is also noteworthy because of 
its relationship to the tetrametal acetylene complex, CO~(CO),~C~H,.~’ The Co,X, (X = B or C) 
core is common to both {(C5H5)Co)4B2H4 and CO~(CO),~C~H~ with the two main group atoms 
being adjacent to one another within the octahedral skeleton. The preparation of {(C5H5)C~}4B2H4 
illustrates a novel use of BH3 - THF. 38,42 The borane acts as a dual reagent, removing phosphine 
and acetylene ligands from the metal precursor, and then condensing with {Co(CsH,)) fragments 

Fig. 10. Molecular structure of {(C,H5)Co} 4B2H4. 38 
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@ = PPh 

Fig. 11. Molecular structure of 2-Ph-1,3,6,7,2-{(C5H,)Co}~B~H~.42 

to form the product cluster. The products formed are sensitive to reaction conditions. 42 Related to 

&H,)Co) B H 4 2 4 is 2-Ph-1,3,6,7,2-{(C5H5)Co}.,PBzHz42 (Fig. 11). Again, this metallaborane has 
a close metal-hydrocarbon analogue, viz. RUDE 1C2Ph2PPh.43 {(C5H5)Co},B,H4 and 2-Ph- 
1,3,6,7,2-{(C5H,)Co}$‘BzHr are seemingly related by the insertion of a PPh unit into a Co-Co 
bond of, and elimination of two hydrogen atoms from, the former cluster. However, attempts to 
form 2-Ph-1,3,6,7,2-{(C,H,)Co}~BzHr by reacting ((C5HS)Co)4B2H4 with PPh3 and eliminating 
two moles of benzene have failed.42 

Although a metallacarborane rather than a metallaborane, {(C5H5)(CO)2W}2(CMe)(BHEt)44 is 
worthy of inclusion here, not only because it is metal-rich, but also because its synthesis involves 
an interesting reduction of the CH$=W fragment in (C,H5)(CO)2W=CMe by BH3 - THF and 
subsequent transfer of the ethyl group so-formed onto the boron atom. The structure of 
{(C,H,)(CO)2W)2(CMe)(BHEt) is shown in Fig. 12. The W-H-B bridging hydrogen atom is an 
unusual feature. 

CLUSTERS WITH METAL : BORON RATIO 3 : 1 

Clusters with metal atoms outnumbering boron atoms 3 : 1 represent a group which has been 
the subject of detailed bonding analyses and reactivity studies. However, until recently, only one 
such reported metal-boron cluster had been reported. This was the tricobalt derivative COAX 
BNEt, (Fig. 13) which is a product of the reaction of [Co(CO),]- with BBr3 in the presence of a 

Fig. 12. Molecular structure of {(C,H,)(CO),W},(CMe)(BHEt).44 
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Fig. 13. Proposed structure of Co3(C0)9BNEt,.45 

stoichiometric amount of triethylamine : 

The nature of the cluster was determined by cryoscopic weight measurements.45 No structural 
confirmation of this type of trimetalmonoboron cluster geometry was available until Shore et 

al. characterized (/J-H)~OS~(CO)~BCO~~ [Fig. 14(a)]. The preparation of (P-H)~OQ(CO)~BCO is 
interesting because it formally involves the insertion of boron into an OS-CO bond, but the success 
of the reaction depends on the presence of catalytic amounts of BH 3 * NEt 3. The proposed mechanism 
is represented in Fig. 15.46 (P-H)~OS~(CO)~BCO is air-stable and is obtained in 85% yield. However, 
when BH 3 * THF replaces BH 3 * NEt 3, a fascinating boroxine derivative, [G-H) 30s ,(CO),CO] sB jO 3, 
containing pendant cluster units surrounding a central boroxine ring, is produced along with (cl- 
H)30~3(CO)9BC0.46,47 Transformations at the boron-attached carbonyl in @-H),OS~(CO)~BCO 
have been explored46,48-50 and are summarized in Fig. 16. The unique carbonyl ligand is subject to 
nucleophilic substitution by PMe 3 to yield exclusively (p-H) 30s 3(CO) ,BPMe 3. There is no indication 
that phosphine substitution at the metal centres competes with substitution at the boron atom.46,48 
An indirect route is used to produce @-H)jOs3(CO)s(PPh3)BC0 from @-H)30~s(CO)9BC0.48 
Reaction of (P-H) 30s 3(CO) 8(PPh,)BC0 with PMe 3 produces a mixture of b-H) ,Os ,(CO),BPMe 3 

Lb1 

Fig. 14. Molecular structures of (a) (~-H),OS,(CO),BCO;~~ (b) @-H)30s~(CO)gBPMe3;48 (c) (p- 

H)~OS,(CO),B=CH~.~~ 
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Fig. 15. Proposed mechanism for the formation of (~L-H)~OS~(CO)~BCO.~~ 

and @-H)30s3(CO)a(PPh,)BPMe3. Kinetic studies on this system suggest that the incoming nucleo- 
phile initially attacks the boron atom, resulting in tetrahedral cage opening at an OS-B bond to 
give a “butterfly” intermediate which subsequently closes, extruding either a CO or a PPh3 ligand.48 

W-photoelectron spectroscopic and Fenske-Hall quantum chemical studies of the clusters b- 
H)30~3(C0)9BC0 and @-H),Os,(CO),BPMe, have recently been made.” The results indicate that 
the boron is acting as a “pseudo-metal atom”. In a comparison between (~-H),OS~(CO)~BCO and 
@H)20~3(CO)9CC0, it is shown that the energies of the BCO molecular orbitals are better matched 
to those of the trimetal fragment than are those of the CC0 fragment. This results in their being 
greater interaction between the metal framework and the BCO unit than between the metal triangle 
and the CC0 fragment. An important observation is that the MO calculations provide evidence for 
a synergic interaction between the boron and its carbonyl ligand. Again, this suggests a metal-like 
boron atom. 

Reaction of (p-H),Os,(CO),BCO with BH3 .THF (Fig. 16) yields an unprecedented triosmium 
borylidene carbonyl cluster, (~-H)30~J(C0)9B=CH2, 49 which can be likened to a trimetal vinylidene 
system, (,u-H)20s3(C0)9~H2.52 A comparison of the bonding of the B=CH2 and -HZ 
fragments to a trimetal framework has been made.49 It is worth pointing out one salient feature of 
the structure of (/J-H)~OS(CO),B=CH~ as compared to other characterized (,u-H)~OS~(CO)~BX 
clusters : (,u-H),0s3(C0)@=CH, alone exhibits both OS-H-OS and B-H-OS bridges whereas 
@-H),OS~(CO)~BCO and (p-H)30s3(CO),BPMe3 exhibit solely OS-H-OS bridging hydrogen 
atoms. Presumably, reorientation of the B-X ligand from a vertical (as in X = CO or PMe,) 
position to a tilted position (as in X = CH2) results in a rehybridization of orbitals at the boron 

I BH3THF 

Fig. 16. Reactions of the cluster bound BCO unit in (p-H)jO~j(CO)9BC0.46~48~s0 
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Fig. 17. Molecular structure of Fe,(CO),BH,. 53S54 

atom and a redistribution of electron density on the cluster surface in the hypothetical 
[OS~(CO)~BX]~- anion. The protons will tend to migrate to the regions of highest electron density. 

The triiron-borane clusters (yH)Fe,(CO)9BH., and &-H)Fe3(CO),0BH2, and their conjugate 
bases [(CL-H)Fe3(CO),BH3]- and [@H)Fe,(CO),OBH]-, have been studied in detail. (p- 
H)Fe3(C0)9BH4 is prepared by the reaction of two equivalents of BH3 * THF with [Fe(C0)4 
COCHJNa in THF at 65°C. After acidification, (p-H)Fe,(CO),BH, is produced in 5% yield. 
The ferraborane has been structurally characterized (Fig. 17).53,54 The mode of bonding of the 
borane fragment is particularly interesting. It may be envisaged as the first example of a p,-BH4 
ligand binding to three metal centres via three M-H-B bridges. On the other hand, the 300 MHz 
variable temperature ‘H NMR spectrums4 illustrates that three of the borane ligand’s four hydrogen 
atoms are intimately associated with the Fe,B cluster core while one hydrogen remains terminally 
attached to the boron atom. This suggests that the [BH,]- fragment has lost its ligand identity. 
There are two separate fluxional processes involving the cluster e&o-hydrogen atoms in @- 
H)Fe,(CO)9BH4. At - lOo”C, the protons are static. Warming to -50°C renders the three 
Fe-H-B protons equivalent, while further warming to 80°C allows exchange of all four endo- 
hydrogen atoms. 

Deprotonation of (p-H)Fe3(CO)9BH4 is readily accomplished with weak bases.54 Infra-red, 
multinuclear NMR and MGssbauer spectra indicate that an Fe-H-B bridging proton is removed 
in preference to either the Fe-H-Fe or terminal protons [Fig. 18(a)]. The terminal BH would not 
be the expected site of deprotonation since this would leave an exposed boron lone pair, radially 

[bl 

Fig. 18. Proposed structures of (a) [Fe,(CO),BHJ- ; (b) Fe,(CO),,BH,; (c) [Fe,(CO),,BHJ-.54,57 
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- - - 

Fig. 19. Comparison of the molecular orbital energies of some isomers of [Fe3(C0)9BH,]-.55 

disposed and pointing out from the cluster. The relative stabilities of several possible isomers of [(,u- 
H)Fe3(C0)9BH3]- can be probed by comparing the HOMO-LUMO energy separation obtained 
from Fenske-Hall calculations. 55 However, it should be noted that the calculations are known to 
artificially favour M-H-B over M-H-M bridging sites. 56 Figure 19 compares the energies of 
the MO’s of some isomers and we note that the calculations appear to predict a structure in line 
with experimental observations. 

If the conditions of synthesis for (p-H)Fe3(C0)9BH4 are modified by adding two equivalents of 
Fe(CO),, the favoured product is (,u-H)Fe,(CO),,BH, [Fig. 18(b)].” (IL-H)Fe3(CO)r,,BH2 is related 
to (p-H)Fe3(CO)gBH4 via the formal replacement of two hydrogen atoms, (each a one electron 
donor), by a bridging carbonyl ligand, (a two electron donor). Spectroscopic evidence shows 
that, on going from (p-H)Fe,(C0)9BH4 to (,u-H)Fe3(CO)r0BH2, two hydrogens “migrate” from 
Fe-H-B edges on to the trimetal framework and are placed by an edge bridging carbonyl ligand. 
This migration is a formalism only. The transformation is reported not to take place experimentally ; 
(p-H)Fe,(CO),0BH2 does not react with Hz to give (p-H)Fe3(C0)9BH4, nor does (p-H)Fe3(C0)9BH4 
react with CO to give &-H)Fe,(CO) ,,,BH2.” 

In contrast to (p-H)Fe,(CO),BH,, (p-H)Fe,(CO),,BH, deprotonates via loss of the Fe-H-Fe 
proton [Fig. I~(c)].~’ Interestingly, although neutral (p-H)Fe3(C0)9BH., is reported not to react 
with CO to eliminate hydrogen gas, [(p-H)Fe,(CO)I,BH]- can be formed in 80% yield by the 
passage of CO through a solution of [@-H)Fe,(CO)sBH,]- at 45”C.** 

The reactivity of PPN[(p-H)Fe 3(C0)9BH 3] towards Lewis bases 5 * is illustrative of two features. 
Firstly, it indicates the factors which control whether the incoming nucleophile attacks the boron 
centre or a metal atom. Secondly, it emphasises the competition between ligand substitution and 
cluster fragmentation, a problem which Poe has described as the “Achilles’ heel” of cluster substi- 
tution. 59 For the Lewis bases Hz0 and NEt,, the expected affinity for boron over a metal centre is 
observed. However, for PhMe,P, there are three competing reaction pathways as illustrated in Fig. 
20. Interestingly, the phosphine substituted product observed in path A is a result of hydrogen, 
and not CO, elimination. When PPN[@-H)Fe3(CO),,BH] reacts with one equivalent of PhMe,P, 
substitution of a carbonyl ligand is observed as the only reaction. The kinetics of the reaction of 
PPN[(,u-H)Fe,(CO)9BH,J with PhMe,P show that the reaction is first order with respect to both 
cluster and Lewis base. 58 

The special significance which the endo-hydrogen atoms impart to [@-H)Fe,(CO)9BH,]- is noted 
not only in the reaction of this ferraborane anion with phosphine, but also in its reactivity towards 
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Fig. 20. Competitive pathways for the reaction of PhMe,P with [Fe,(CO),BHJ- ; pathway A is 
favoured at low concentrations of PhMe,P, while pathways B and C compete at high [PhMezP].ss 

Fel(CO)+ The expansion of the triiron cluster to a tetrairon cluster [(pH)Fe,(CO), ,BH]- is achieved 
by reacting PPN[(p-H)Fe,(CO)9BH,] with two equivalents of Fe,(C0)9 at room temperature.56p60 
The mild conditions, heterogeneous nature of the reaction mixture, and fact that the cluster reaction 
takes place quantitatively, are remarkable. The stoichiometry of the reaction has been fully estab- 
lished : 

[@-H)Fe3(CO)9BH,]- +2Fez(C0)9 + [@-H)Fe,(CO),,BH]- i-Hz+ 3Fe(CO),. 

The cluster building sequence is schematically illustrated in Fig. 21. This cluster construction closely 
parallels a geometrical description and molecular orbital fragment analysis of (p-H)Fe,(CO) , $ZH6’ 
which is isoelectronic with [(CL-H)Fe,(CO) 1 ,BH]-. The metallaborane [b-H)Fe,(CO), ,BH]- will be 
discussed in the section, metal : boron ratio of 4 : 1. 

Alkylated derivatives of @-H)Fe,(CO)9BH4 are major products of the reaction of Fe(CO)S, 
BH3.THF and Li[BEt,H] in hexane. 54 The methylated derivative of (p-H)Fe3(CO),oBH2, (p- 
H)Fe,(CO),,BH(CH,), (Fig. 22) is also formed, but in low yield. Significantly higher yields of the 
alkylated species (p-H)Fe3(CO)9BH3R are obtained if one equivalent of Fe,(C0)9 is initially present 
in the reaction mixture.‘j* Orange, air-sensitive (p-H)Fe,(CO)9BH3R (R = CH3, C2H5) is a crys- 
talline solid at room temperature. It is interesting that this particular synthetic route does not 
produce the all hydrogenated ferraborane, (p-H)Fej(CO)9BH4. Separation of the methyl and ethyl 
derivatives (Fig. 23) has not been achieved. ” Both derivatives display similar spectroscopic charac- 
teristics; the “B NMR resonances are at 6 22.1 (R = Me) and 6 25.4 (R = Et), while the ‘H NMR 
resonances are indistinguishable for the two derivatives. 55 The effect of substituting an alkyl group 
for a terminal hydrogen atom on the boron is to lower the energy barrier to en&-hydrogen mobility. 
Whereas for R = H, the limiting low temperature 300 MHz ‘H NMR spectrum shows that all endo- 
hydrogen motion is frozen out, for R = Me or Et, the three Fe-H-B protons remain equivalent 

Fig. 21. A schematic representation of the expansion of [Fe,(CO),BHJ to [HFe,(CO),,BH]- via 
the elimination of HF56-60 
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Fig. 22. Proposed structures of Fe,(CO), ,,BH,(CHJ and [Fe,(CO), ,,BH(CHJJ-. ‘* 

Fig. 23. Proposed structures for Fe,(CO)gBH.,(CHJ and [Fe,(CO),BH,(CH,)]-. The ethyl deriva- 
tives have the same structures with C2H, replacing CHg.54 

at - 80°C despite there being two geometrical positions (Fig. 24). This equivalence could be due 
either to exchange of the Fe-H-B protons themselves, or to scrambling of the Fe-H-Fe 
proton around the triiron base of the cluster. As with (p-H)Fe3(C0)9BH4, deprotonation of @- 
H)Fe3(C0)9BH3R takes place readily at an Fe-H-B site.54 

0,1-H)Fe3(CO)10BH(CHJ displays similar NMR spectral properties to the hydrogenated parent 
cluster &-H)Fe,(CO) IOBH2. ‘* It deprotonates readily, as does the parent, by loss of an Fe-H-Fe 
bridging proton (Fig. 22). 

CLUSTERS WITH METAL: BORON RATIO 4: 1 

The formation of PPN[(,+H)Fe,(CO) ,zBH] via a designed cluster expansion reaction was 
described above. Historically, the conjugate acid, (p-H)FedCO) 12BHZ, was the first fully char- 

+20 
l”“I”“I”“I’r 

-10 -15 -20 -25 PPM 

Fig. 24. 300 MHz variable temperature ‘H NMR in CD2C12 for Fe,(CO),BH,R (R = Me, Et).55 
Signals labelled * are due to H,FeJ(CO)&R. 
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Fig. 25. (a) Proposed structures of HRu,(CO) 12BH,33 and (b) molecular structure of HFe,(CO) , 2 
BH 63364 

2. 

acterized four-metal monoboron c1uster.63,64 A few years earlier, the ruthenium analogue, (p- 
H)Ru,(CO) , zBHl was reported 3 3 to accompany Ru3(CO) 9B zH 6 as a minor product in the reaction 
of Ru3(CO)iz with Na[BHJ. Two structures [Fig. 25(a)] were proposed for (~-H)Ru~(CO),~BH~ 
on the basis of mass spectroscopic and ‘H NMR data. No ’ 'B NMR data were reported. One of the 
proposed structures for @-H)Ru4(CO)i2BH2 was confirmed by X-ray analysis for the ferraborane 
analogue [Fig. 25(b)]. 63,64 In (p-H)Fe4(C0)12BH2, the boron atom interacts with a butterfly of four 
iron atoms (internal dihedral angle 1147, and lies only 0.3 8, above a line joining the two wing-tip 
metal atoms. All hydrogen atoms are endo with respect to the cluster. These structural observations 
tend to suggest that the boron atom should be described as being interstitial with respect to the 
metal atoms. Note that the BH? group is isoelectronic with CH, N and O+, all of which have been 
characterized in interstitial environments within butterfly arrays of metal atoms. 7,8,65 The interstitial 
nature of the boron atom in (p-H)Fe,(CO) , 2BHz is further indicated by the results of Fenske-Hall 
MO calculations. 64 

Mono-deprotonation of @-H)Fe,(CO) i2BH2 by loss of an Fe-H-B proton takes place readily 
in the presence of a weak base to form the conjugate base, [(p-H)Fe4(CO),2BH]-.56 Several hours’ 
exposure to triethylamine ” deprotonates PPN[@H)Fe,(CO),,BH] to the dianion.66 With n-butyl 
lithium, stepwise deprotonation of (p-H)Fe4(CO), *BHl to the trianion is achieved (Fig. 26). 66 This 
occurs via alternate loss of Fe-H-B and Fe-H-Fe protons. The replacement of an Fe-H-B 
interaction by a direct Fe-B interaction as one moves along the series b-H)Fe4(CO),,BH2 to [(p- 
H)Fe,(CO) ,,BH]- to [Fe,(CO),,BH]‘- to [Fe4(CO), 2B]3- has a significant effect both on the 
chemical shift (see Appendix I) and the line width of the “B NMR resonance.66 [Fe4(CO),,B13- is 
isoelectronic with [Fe,(CO) 1 2C]2- 67 and is the first example of a transition metal cluster exhibiting 
an exposed boron atom; i.e. it is a discrete metal boride cluster. 

The endo-hydrogen atoms of the monoanion, [(CL-H)Fe4(CO),,BH]-, are fluxional at room 
temperature on the 300 MHz NMR timescale. A comparison56 between the fluxional processes that 
operate in [(p-H)Fe,(CO), *BH]- and the isoelectronic and isostructural cluster @-H)Fe,(CO), 2 
CH68 indicates that exchange of the Fe-H-Fe and Fe-H-X (X = B or C) is more facile 
for the ferraborane than for the iron hydrocarbyl complex. At low temperatures, the 13C NMR 
spectrum of (p-H)Fe4(CO),zCH6S exhibits equivalence of the two wing-tip Fe(C0)3 units. This can 
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Fig. 26. Stepwise deprotonation of HFe,(CO), *BHz leading to [Fe4(CO), *BJ3-. 66 

be explained by a process such as a “flip” of the Fe-H-C bridge proton between the two equivalent 
wing-tip iron-carbon sites. An analogous process in [@-H)Fe*(CO) , ,BH]- has a higher activation 
energy and is not observed in this case. It is concluded that in [@-H)Fe,(CO) 1 2BH]-, the Fe-H-B 
proton is more strongly bound to the iron atom than to the carbon atom, whereas in (p-H)Fe, 
(CO) 1 ,CH, the Fe-H-C proton is more closely associated with the carbon than with the iron 
atom. 56 

The reactivity of [(p-H)Fe4(CO)12BH]- towards Lewis bases has been studied.56*69 With one 
equivalent of PhMe,P, [(p-H)Fe,(CO) 1 ,BH]- reacts smoothly via an associative mechanism to give 
the monosubstituted derivative [(yH)Fe,(CO) 1 ,(PhMe,P)BH]-. A further equivalent of phosphine 
leads to [Fe,(CO),,(PhMe,P),BH,J- (again via an associative mechanism), but its formation is 
accompanied by significant cluster fragmentation. In both the mono- and di-phosphine substituted 
derivatives, multinuclear NMR data evidence that substitution occurs at an equatorial site on a 
wing-tip iron atom. The relative stability of this versus other sites is illustrated using extended 
Hiickel MO calculations. 56 It is noteworthy, firstly, that in going from [&-H)Fe,(CO), ,BH]- to [@- 
H)Fe,(CO) 1 ,(PhMe,P)BH]-, the activation barrier to en&hydrogen exchange is raised ; secondly, 
in going from [(p-H)Fe4(CO), ,(PhMe,P)BH]- to [Fe,(CO),,(PhMe,P),BH,l-, the stable locations 
for the endo-hydrogens change from being one Fe-H-B and one Fe-H-Fe to both protons 
occupying Fe-H-B bridge sites (Fig. 27). The endo-hydrogen atoms play an important role in 

[aI [bl 

Fig. 27. Proposed structures for (a) [HFe,(CO), ,(PhMezP)BH]- and (b) [Fe4(CO),#hMe,P), 
BHJ-_S6,59 
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Fig. 28. Proposed structure of HFe,(CO), ,(AuPPh,)BH.72 

“absorbing” changes in electronic charge which occur at the wing-tip iron atoms as a result of 
phosphine substitution. 56 

CLUSTERS WITH METAL: BORON RATIO 5: 1 

The isolobal relationship between H+ and AuPR: 70,7’ has been exploited in order to increase 
the metal to boron ratio in @-H)Fe,(CO) 1 zBHz from 4 : 1 to 5 : 1; PPN[@-H)Fe,(CO) I ,BH] reacts 
with one equivalent of AuPPh,Cl at room temperature in CH2C12 to give ($-H)Fe4(C0),2 
(AuPPh3)BH.72 The structure shown in Fig. 28 is proposed on the basis of spectroscopic data. 
Little change occurs in the I ‘B NMR chemical shift upon going from [@-H)Fe,(CO),,BH]- to 
&H)Fe,(CO) 1 r(AuPPH 3)BH ; it has previously been noted that, unlike association with protons, 
association of the boron atom with AuPR3 fragments causes minimal perturbation to the ’ ‘B NMR 
shift.73 This fact, in conjunction with the observation of ‘H NMR shifts at 6 -7.4 (Fe-H-B) and 

Fig. 29. (a) Molecular structure of FeXCO) , 2(AuPPh3)2BH73%74 and (b) comparison of the Fe4BH, 
core structure of HFe,(CO), *BHz with the Fe&,BH core of FeXCO), ,(AuPPh3)*BH. 
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- 24.9 (Fe-H-Fe), indicates that &-H)Fe,(CO) 1 Z(AuPPH,)BH retains the cluster core structure 
of (p-H)Fe,(CO) , zBHz with a AuPPh j unit replacing one Fe-H-B bridging proton. 

CLUSTERS WITH METAL : BORON RATIO 6: 1 

Until 1986, the only discrete cluster reported to contain six metal atoms and one boron atom 
was CO,(CO),~B.~’ This cluster is produced either by the reaction of COAX with BBr, at 60°C 
or by treatment of Co,(CO), with 8-10 atmospheres of B2H,. Characterization was by elemental 
analysis and infrared spectroscopy only. 

The reaction of [(p-H)Fe,(CO),,BH]- with excess AuPPh,Cl in CH,CI, leads to the high yield 
formation of Fe4(CO) 1 ,(AuPPhJ,BH. 73,74 In view of the isolobal analogy between H+ and 
AuPPh:, one might have expected the cluster structure of Fe4(CO)1,(AuPPh3)2BH to mimic that 
of Fe4(CO),2BH3. However, the crystallographically characterized isomer of this compound pos- 
sesses an unprecedented M,X cluster core [Fig. 29(a)] with one AuPPh, fragment bridging an 
Fe(hinge)--B edge and one bridging an Fe(wing)-B edge of the parental Fe,B cluster core.73*74 A 
comparison between the core structures of Fe4(CO),,(AuPPh3)2BH and Fe4(CO)12BH3 is made in 
Fig. 29(b). A comparative molecular orbital analysis of the bonding in the two compounds has been 
made. 74 Certainly, the spatial requirements of the e&o-hydrogen atom in Fe,(CO) 1 z(AuPPh3)2BH 
must be responsible for the observed distortion from the symmetrical octahedral Ms skeleton which 
encapsulates a carbon atom (isoelectronic with BH) in the related compounds [Fe,(CO) 1 &I*- ” 
and Fe,(CO), 2(AuPEt3)2C. 76 The two phosphorus environments in Fe,(CO) 1 ,(AuPPh3)2BH were 
not originally observed in the 36 MHz 31P NMR spectrum.73 However, recent 162 MHz 31P NMR 
variable temperature studies illustrate that the two phosphorus environments can be frozen out. 72 

It is pertinent to illustrate at this point how molecular orbital calculations can use the known 
heavy atom structure of a neutral cluster to aid in the location of hydrogen atoms which are 
not refined in a structure determination. For example, in the crystallographic determination of 
Fe,(CO) 12(AuPPh3)2BH, refinement allows the cluster geometry to be known with certainty. 73,74 
We can consider the hypothetical anion [Fe,(CO), z(AuPPh3)2B]- to have the refined core structure 
of the neutral Fe,(CO),,(AuPPh,),BH. Thus the HOMO of this anion should exhibit a region of 
high electron density (Lewis basicity) at the site of protonation. Figure 30 illustrates this feature. 55 
(CuPH3 fragments are used to model AuPPh, units in the calculations.“) It is, however, crucial to 
remember that this procedure in no way predicts the structure of the real anion, [Fe4(C0)12 
(AuPPh3)B-, but rather uses the known heavy atom structure of the neutral cluster to predict 
the location of the en&hydrogen in the neutral complex. 

Fig. 30. Amplitude contour plot of the HOMO of [Fe4(CO),,(CuPH,),B]- used to model 
[Fe4(CO),,(AuPPh,),B]- ; the anion has a hypothetical structure derived from the crystallo- 
graphically refined positions of the non-hydrogen atoms in Fe,(CO),,(AuPPhJ,BH. The plot is 
in the plane containing wing-tip iron atoms, boron atom and Fe(wing)-B bridging gold(I) fragment 
and shows only core atoms. The other core atoms are projected onto the plane of the plot. The largest 

contour is 0.05 electron au3, and each succeeding contour differs from the last by a factor of 2. 
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@= PPh3 

Fig. 31. Proposed structure of [Fe,(CO), z(AuPPh3)zB]-.7Z 

Deprotonation of Fe,(CO), a(AuPPh&BH with triethylamine leads to a single anionic product. ‘* 
The extreme downfield ’ 'B NMR shift (6 192) indicates that the boron atom is interacting directly 
with all four iron atoms. This, in conjunction with a single, temperature invariant “P NMR 
resonance suggests that, once rid of the steric requirements of the proton, [Fe,(CO) ,2(AuPPh3)2B]- 
becomes isostructural with its isoelectronic analogue Fe4(CO)1z(AuPPh3)ZC, rather than retaining 
the distorted octahedral structure found in Fe,(CO) , 2(AuPPh3)2BH. Thus, a boridic environment 
is proposed for [FE,(CO), 1(AuPPh3)2B]- (Fig. 3 1). 

CONCLUSIONS 

The aim of this article has been to illustrate recent developments in the field of metal-rich 
metallaboranes and this particular survey is timely in view of the burgeoning number of publications 
in this area. The transition from metallaboranes to discrete metal boride clusters is being made and 
there should now follow a wealth of new and exciting chemistry. It is many years since Lipscomb 
pointed out the analogies between borane clusters and bulk metal boride systems.77 The links 
between the two extremes are now beginning to be understood. 

ABBREVIATIONS 

PPN 
THF 
HOMO 
LUMO 
PSEPT 
Me 
Et 
Ph 

bis(triphenylphosphine)nitrogen( 1 +) cation 
tetrahydrofuran 
highest occupied molecular orbital 
lowest unoccupied molecular orbital 
polyhedral skeletal electron pair theory 

CH3 

GH5 

C&S 
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APPENDIX I: iiB NMR CHEMICAL SHIFTS FOR METAL-RICH METALLABORANES 

Compound Fig. 

’ ‘B shift” 

(ppm) 
(Observed 

frequency MHz) Solvent Ref. 

VzZn,HXBH4)2(PPhzMe)4 l(b) 

NC @e 4W *H 0H.d l(c) 

WW6JW6 W,b) 

[MCWJMW 2(c) 

1,2,3-{(CgH5)C0}3B3H5 X4 

1,2,3-{(C,H,)Co} 3B,H&-CO) 3(b) 

1,233~((C,H,)Co} 2Fe(CG)qB3H3 3(c) 

4(a) 

4(b) 

6 

-30.6 
- 

5.5b 
- 

-24.2 
(96.3) 

- 17.4 
(96.3) 
62.7 

(32.1) 
89.9 

(115.5) 
87.5(1B) 
73.0(2B) 

(32.1) 
121.4 
(32.1) 
56.2 

(32.1) 
17.6 

(32.1) 

GD, 11 

CPSCD, 12 

CD&l, 17 

CD$l, 17 

CDCl 3 22 

CH,Cl, 24 

CDCl 3 25 

CDCl , 22,27 

CDCl 3 29 

ChD, 32 
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Appendix I-continued 

1957 

Compound Fig. 

’ ‘B shift” 

(Ppm) 
(Observed 

frequency MHz) Solvent Ref. 

{GH~)ColdWL 

2-Ph-1,3,6,7,2-{(C5H5)C~}4PB2H2 

{(C ,H s)(CO)zW ,(CMe)(BHEt) 

@-H),Os,(CO),BCO 

Q-H) ,Os ,(CO),BPMe, 

(p-H)~Os~(CO)B=CHz 

Fej(CO)9BH5 

Fe&OhBH41- 

Fe303 I GH 3 

~%(W,oBH~~ 

Fe3(W9BH.dCH3) 

Fe dC0) 3H dc 2H J 

Fe dW W dCH ,)I- 

Fe3(W9BH3GW- 

WCO) I ,BH ACH J 

[WCO) dWCH311- 

[Fe,(CO)g(PhMe,P)BH(CH,)]- 

HFe,(CO) , 3H2 

WedW 1 8-F 

DWW I WI 2- 

[HFe,(CO), ,(PhMe,P)BH]- 

[Fe4(CO)z0(PhMe2P),BHJ 

HFe,(CO) , ,(AuPPh,)BH 

Fe,(CO),,(AuPPh,),BH 

[Fed(CO) I ,(AuPPh d2Bl- 

10 

11 

12 

14(a) 

14(b) 

14(c) 

17 

18 

18 

18 

23 

23 

23 

23 

22 

22 

- 

25(h) 

26 

26 

27(a) 

27(b) 

28 

29 

31 

104 
(96.2) 
103.8 
(96.2) 

-30.0 
- 

19.4 
- 

60.9 
- 

53.5 
- 

(9::;) 
6.2 

(96.2) 
56.0 

(96.2) 
57.4 

(96.2) 
22.1 

(96.2) 
25.4 

(96.2) 
29.3 

(96.2) 
26.5 

(96.2) 
76.4 

(96.2) 
74.5 

(96.2) 
72.7 

(96.2) 
116.0 
(96.2) 
150.0 
(96.2) 
153.0 
(96.2) 
141.7 
(96.2) 
117.9 
(96.2) 
137.5 

(128.7) 
141.3 
(28.7) 
192.2 

(128.4) 

PJ2CO 38 

- 42 

CsDs 44 

CD,Cl, 46 

CDCl 3 48 

C,D,CH, 49 

CbDs 53, 54 

(CD,),CO 54 

CD6 57 

(CD,),CO 57 

CD2C12 54 

CD,Cl, 55 

(CD&CO 54 

KDJ2CO 55 

(CD,hCO 58 

(CW2CO 58 

KD,hCO 58 

CDs 56 

(CW2CO 56,60 

WLO 66 

(CJ%CO 56,69 

(CD &CO 56,69 

CD2C12 72 

(CD&CO 73,74 

(CD&CO 72 

“6 ’ ‘B with respect to BF, - OEt,. Positive shifts are downfield. 
‘Referenced with respect to [BF,]- in methanol. 
‘This resonance was originally recorded at 32.1 MHz at 6 106. 63 



1958 C. E. HOUSECROFT 

APPENDIX II: ‘H NMR CHEMICAL SHIFTS FOR M-H-B BRIDGING PROTONS 
IN METAL-RICH METALLABORANES 

Compound Fig. 

2(c) 

12 

14(c) 

17 

Fe3(W9BH41- 

Fe3(WloBH3 

[Fe GQ1 W 4 - 

Fe,(W $H XCH 4 

FedCOhBH 4GH J 

Fe3(COhBH&HX 

Fe3(W9BHdGW- 

Fe3(CO)JW(CH3) 

Fe 3(CO)L &-W-I dl- 

[Fe,(CO),(PhMe,P)BH(CH,)]- 
HRu,(CO) I ,BH 2 

HFe&O) I ,BH 2 

[HFe,(CO), ,(PhMe,P)BH]- 

[Fe&CO) I OhMe 3) ,BH 21- 

HFe,(CO),,(AuPPh,)BH 

Fe,(CO) , ,(AuPPh J ,BH 

18 

18 

18 

23 

23 

23 

23 

22 

22 

- 

25(a) 

25(b) 

27(a) 

27(b) 

28 

29 

- 

‘H NMR shift” 
for M-H-B 
proton (ppm) 

(Observed 
frequency MHz) 

- 14.18 
- 12.4(1H) 
- 15.9(2H) 

(300) 
- 14.2 

(300) 
- 10.23 
- 12.26 
- 13.45 

- 

- 12.8(1H) 
- 15.8(2H) 

(300) 
- 13.1 

(300) 
- 13.7 

(300) 
-11.1 

(300) 
- 14.6 

(300) 
- 14.6 

(300) 
- 12.9 

(300) 
- 12.9 

(300) 
-13.2 

(300) 
- 10.3 

(300) 
- 10.3 

-8.5 

(100) 
-11.9 

(100) 
-8.4 

(300) 
-11.6 

(300) 
-7.4 

(400.0) 
-9.1 
(89.6) 

Solvent 

C,D, 
CD,Cl, 

- 
Ref. 

12 
17 

CD& 17 

- 44 

C,D,CDj 49 

CeD,CD3 54 

(CD&CO 54,57 

CsDKDj 57 

(CD &CO 57 

CD ,Cl 2 54 

CD,C12 55 

(CD&CO 54 

(CD 3) $0 55 

CD,Cl, 58 

(CD&CO 58 

(CD&CO 58 
- 33 

CDzClz 63 

(CD&CO 56,69 

(CD&CO 56, 69 

CDzClz 72 

(CD&CO 73,74 

a S ‘H with respect to TMS. Positive shifts are downfield. 
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Abstract-The interaction of Fe,(CO), (n and m equal 1 and 5, 2 and 9, 3 and 12, 
respectively) with 2-methyl-2-nitrosopropane and sodium salts of nitromethane and nitro- 
cyclohexane was studied. The initial stages of the process, following the activating complex- 
formation, involves redox disproportionation to give rise to the radical Fe(I) carbonyl 
complexes and radical anions Fe,(CO)i (I) Fe3(CO);, (II), Fe,(CO);, (III) and 
Fe3(C0)T2 (IV). Also, radical anions I-IV are formed in the interaction of salts of 
carbonyl ferrate anions Na,Fe(CO),* 1.5 diox and PPN,[Fe,(CO),_ ,] (where PPN = 
(PPh3)2N+), with nitro- and nitroso-tert-butane. 

Radical anions I-III act as catalytically active species in the coordination sphere of which 
the nitro compounds undergo a successive deoxygenation to nitrene radical complexes with 
their subsequent carbonylation to isocyanates. A scheme of the reductive carbonylation is 
proposed. 

Reactions of iron carbonyls with nucleophilic 
agents and bases have been under study for more 
than 60 years. Owing mainly to the studies of Hieber 
and coworkers1’2 it is known that these reactions 
represent redox disproportionation whose ther- 
modynamics are controlled by formation of Fe(I1) 
salts with the carbonyl ferrate anion Fe(-II) as the 
counterion. The bi- and trinuclear iron carbonyl 
complexes were often isolated as intermediates. 3 
These complexes contain a variety of fixed products 
resulting from the conversions of the parent sub- 
strates. The complexes were considered to be inter- 
mediate catalytic species4g5 in the carbonylation of 
nitro’ and a variety of other nitrogenated com- 
pounds”8 catalysed with metal, particularly iron 
carbonyls. 

However, only little attention has been paid in 
these studies to the redox disproportionation of 
the carbonyls, and its catalytic role has not been 
disclosed. 

On the other hand, electrochemical, ESR and ion 

*Author to whom correspondence should be addressed. 

cyclotron resonance studies gave evidence of the 
paramagnetic radical ions of iron carbonyls having 
a formal charge on metal (-I), such as Fe,(CO)i (I), 
Fe3(CO)TI (II), Fe,(CO);, (III) and Fe3(CO);, (IV). 
They are generated either by means of the tra- 
ditional reducing agents or electrochemically.e’3 

However, these studies do not trace relations 
between radical anions I-IV and redox dis- 
proportionation of the iron carbonyls either. 

One of the present authors has shown for the 
first time that such radical anions of iron carbonyls 
result from the one-electron transfer at the first 
stage of redox disproportionation of the iron car- 
bonyls under the effect of the nitrogenous nucle- 
ophiles, anions of azoles,14 and that these radical 
anions are catalytically active species where the 
reduction of the nitro compounds takes place.15 
The purpose of the present study is to discuss this 
problem. 

EXPERIMENTAL 

ESR spectra were taken with an ERS-22 1 (ZWG 
DDR) instrument in an X-range with a 100 kHz 

1959 
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modulation. The reactions were conducted directly 
in an ampoule placed in the ESR spectrometer cav- 
ity with the equimolar reagents ratio of cu. 10-l 
M of THF and toluene. When using 2-methyl-2- 
nitrosopropane as the spin trap, its concentration 
was ca. 10e3 M. The samples were conditioned in 
a vacuum of 1 O- 4 torr by freeze-pump-thaw cycles 
by the use of THF and toluene dehydrated over 
benzophenone ketyl, or nitromethane dehydrated 
over 4 A molecular sieves. All the studies using 2- 
methyl-2-nitrosopropane were made in the dark. 

Syntheses of the parent compounds 

All the syntheses were carried out in an argon 
atmosphere. Potassium and sodium nitrites were 
those commercially available, without preliminary 
purification. The iron pentacarbonyl was purified 
by sublimation. The iron pentacarbonyl 
57Fe(C0)516 as well as Na,Fe(CO),* 1.5diox,” 
PPNz[Fez(CO)s],‘S”g PPN.JFe,(CO)r J,*’ PPN, 
[Fe4(CO),3],21 PPN[Fe(CO)3N0],22 PPN(N02),23 
t-C4HgN0,24 FcPF, where Fc is ferricenium,25 
Fe2(CO)6(N-t-BU)2, Fe,(CO),(N-t-Bu),, Fe2(CO)6 
[(t-BuN)2CO]26 and’ t-BuNC02’ were synthesized 
by the known methods. The sodium salts of the 
nitro compounds were obtained from the corres- 
ponding nitro compounds and sodium hydride in 
THF. 

RESULTS AND DISCUSSION 

1. Reactions of the iron carbonyls Fe(CO), and 

F4-W I 2 with the sodium salts of nitromethane 
and nitrocyclohexane 

Iron pentacarbonyl is known to interact with ali- 
phatic nitro compounds under the effect of ultra- 
violet irradiation, radiolysis or high temperatures. 
If in reactions with iron carbonyls the sodium salts 
of nitro compounds are used (thereby increasing 
the basicity of the reagents) the reactions in THF 
at room temperature for the most inert iron 
carbonyl, viz. pentacarbonyl, will terminate in no 
more than a few minutes. When the reaction takes 
place directly in the ESR spectrometer cavity at 
- 80°C one can observe a successive formation of 
radical anions I-IV whose g-factors are in good 
agreement with those reported by Krusic et al. lo 
Note that these four radicals are always formed in 
the reactions, irrespective of which iron carbonyl is 
used initially. The only difference is the order in 
which they are formed as well as the rate of their 
accumulation and consumption at the different 
reaction stages. 

Starting with Fe,(CO),,, the order in which the 
radical anions appear is as follows : IV, II, I, III. 

In addition to these species, reactions of iron 
pentacarbonyl gave a series of radicals with the 
corresponding signals : a broadened singlet 
@ = 2.0461) from V which was formed at the initial 
reaction stages ; a broad signal @ = 2.0327) from 
VI;al:2:3:2:1quintet(g=2.0217anda,= 1.6 
G) from VII and broadened singlet (g = 2.0182) 
fromVIII. A 1:3:6:7:6:3:1 heptet(g= 1.9914 
and UN = 4.7 G) from IX is also detectable (see 
Table l), probably Fe(CO)(N0);.28 

We believe that the earlier proposed schemeI of 
redox disproportionation of iron carbonyls under 
the effect of anionic nucleophiles is applicable to 
nitro compound salts, as well. For the reaction with 
iron pentacarbonyl the following scheme can be 
written down : 

Fe(CO), + (R2CN0& 

=[Fe(CO),-;(R,CN02)]- 

[Fe(CO)5_,~(R2CN02)]-+Fe(CO)5 (1) 

---+ [Fe(CO), - (R2CN02)]’ + Fe(C0); 
-co 

R = H,-R-R- = -(CH2);. 

The ambiguity of the n value (0 or 1) is caused 
by the order in which one or another process, i.e. 
CO group elimination or electron transfer, takes 
place. A detailed discussion of the interaction of 
iron carbonyls with Lewis bases will be given else- 
where.29 

The resulting Fe(C0); is unstable. 3o It interacts 
with the iron pentacarbonyl to yield radical anions 
I-IV, i.e. Fe(-I) compounds. Thereby the reductive 
part of the iron carbonyl redox disproportionation 
is realized. 

Among the Fe(I) species Fe(CO),(NO)’ (VI) can 
be regarded as a reliably identified radical. At 
-60°C the corresponding signal exhibits a struc- 
ture typical of a 1 : 1 : 1 unresolved triplet with a 
Lorenzian line shape to give, as reported 
elsewhere, 3’ aN = 2.1 G. The labelled 5 ‘Fe yields a 
doublet on the iron, u57re = 7.9 G. 

Radical VI was also obtained by us via an alter- 
native synthesis, by the reaction : 

PPN[Fe(CO)3(N0)] + Fc+PF; 

+ Fe(CO)3(NO)‘+ Fc. (2) 

It is detected at - 80°C at the initial reaction stages. 
The extended reaction time gives rise to the other 
radicals with a multiplet structure of the signals in 
this region, whose superposition impedes spectrum 
interpretation. 

Using 2-methyl-2-nitrosopropane as the spin trap 
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Table 1. ESR data on the reactions of iron carbonyls with nitro and nitrozoparaffine@ 

Hyperfine splitting 
Radical constants (Gauss) Reaction 
number Radical structure’ g-factof’ aN a,, number 

I 
II 
III 
Iv 
V 
VI 
VII 
VIII 

Ix 
X 

XI 
XII 
XIII 
XIV 

xv 
XVI 
XVII 
XVIII 
XIX 
xx 
XXI 

XXIII 
XXIV 
xxv 
XXVI 
XXVII 

Fe,(CO)i 
Fe&WI 
Fe.@% 
Fe,(CO)L 
[Fe(CO),(H,CNO,)]’ ? 
Fe(CO),NO 

Fe(CO)(NO); ? 
(CO),(NO)FeN(@t-Bu 

[Fe(CWNW’ ? 
Fe(CO),(NO)t 
tBu,NO’ 
tBuN0: 

t-BuNOH’ 
[Fe(CO),_,,(t-BuNO)$ ? 
t-BuNO; 

Fe,(CO),(N-t-Bu)T 
Fe,(CO), ,,(N-~-Bu)~ 

XXVIII Fe,(CO),(N-t-Bu); 
XXIX 
XXX Fe,(CO),(-N-t-Bu); 
XXX1 Fe,(CO),[OC(N-t-Bu)J 

2.0385 
2.0498 
2.0135 
2.0013 
2.0461 
2.0327/ 
2.0217 
2.0182 

1.9914 
2.00409 

2.0376 
2.0286 
2.0060 
2.0060 
2.0059” 
2.0061’ 

2.0060 
2.0222 
2.0060 
2.0063 
2.0054 
2.0267 
2.0251 
2.0365 
2.0037 
2.0054 
2.0036 
2.0062 
2.0059 
2.0135 
2.0054 
2.0335 
2.0084 

2. lf (t) 
1.6 (g) 

4.7 (h) 
16.9g (t) 
0.65g (t) 
13.2 
2.8 (q) 
15.4 (t) 
10.7 (t) 
12.3h (t) 
12.1’ (t) 

13.1 (t) 
2.8 (q) 
25.4 (t) 
15.8 (t) 
16.7 (t) 
1.8 (t) 
2.1 (t) 

15.5 (t) 

16.7 (t) 
15.7 (t), 2.3 (t) 
14.0 (t), 2.0 (t) 
1.8 (q) 
14.8 (t), 2.3 (t) 
2.9 (4) 
8.2 (q) 

7.9( “Fe) (d) 

1.8(57Fe) 
(1:3:3:1) 

1.7(57Fe)g (d) 

1.5 (Na)’ 
(1:l:l:l) 
10.7 (H) (d) 

0 Some weak or overlapping hardly detectable signals are ommitted. 
* THF ; - 80°C. 
‘The question mark means that the identification is not ultimate. 
df-Factor was calculated relatively to the standard sample of Cr’+/MgO with g = 1.9796 f 0.0001. 
‘The multiplicity and intensities of multiplets are placed in brackets : triplet (t) (1: 1: l), quintet (q) (1: 2 : 3 : 2 : I), 

heptet (h) (1: 3 : 6 : 7 : 6 : 3 : 1) splitting on 14N, doublet (d) splitting on ‘H and “Fe. 
’ - 60°C. 
g +20°c. 
h 0°C. 
i -60°C. 

1, 3, 7, 8, 12, 13 
1, 3, 5, 7, 8, 11-13 
1, 3, 7, 8, 12 
1, 3, 5, 7, 8, 12 
174 
l-5 
1, 3 
1, 3 

1 
5, 6h 

3 
3 
5, 6d 
6b, 6g 
8 
8 

6 
6b 
8 
8 
8 
8, 11 
8, 11 
8, 11 
8 
8 
8 
8 
8 
11,13 
9 
13 

- 
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makes it possible to detect the spin adduct of this 
radical, (CO),(NO)Fe-N--t-Bu (X), g = 2.0040. 

I 
0 

The signal has a triplet-of-triplets structure 
(UN = 16.9 G, uN, = 0.65 G) (see Fig. 1). When 
using 57 Fe(CO),, one can observe a doubling on a 
single Fe atom, u+ = 1.7 G. The final structure of 
this radical was confirmed by an alternative syn- 
thesis in the reaction of PPN[Fe(CO),NO] with Fc+ 
PF; in the presence of t-BuNO. It should be noted 
that the literature reports on the spin adducts iso- 
electronic to radical X, e.g. ClFe(CO),-N--t-Bu, 

I 
0’ 

g = 2.0049, UN = 16.0 G in CHC13.32 
The absence of an organic substituent at the 

nitrogen atom in the resultant radical Fe(CO),NO’ 
has made it possible to assume that the formation 
of the Fe(I) complexes involves a cleavage of the 
C-N bond in the nitro compound salt. 

The cleavage of this bond in nitro compounds 
is observed in reactions with sodium alcoholates, 
leading to the formation of a nitrite ion.33 In reac- 
tions with iron carbonyls such a cleavage is likely 
due to the fact that during the disproportionation 
an inorganic coordination sphere is formed first 
around Fe+ and then Fe*+. Therefore we decided 
to carry out ESR studies of the reactions of the iron 
pentacarbonyl with the nitrites such as Kat+NO;, 
where Kat+ = Na+, K+ and PPN’. Concerning a 
set of radical products, this reaction turned out to 
be close to that with the nitro paraffine salts. The 
formation and consumption of radicals I-IV as well 
as VI-VIII is the same for the two reactions (see 
Table 1). 

However, these reactions differ at the initial 
stages. In reactions with nitrites, radical V is absent 
but instead a strong 1 : 1 : 1 triplet (g = 2.0376 and 
uN = 13.2 G) from XI is observed. 

Moreover, there appears the radical Fe(CO)* 
(NO); @=2.0286, uN=2.8 G) (a 1:2:3:2:1 
quintet), also obtained via an alternative syn- 
thesis by the reaction Fe(CO),(N0)2 + Fc+PF; 
-+ Fe(CO),(NO): + Fc. 

The reaction of the carbonyls with the nitrite ion 
as the nucleophile will occur as follows : 

Fe(CO)S+NO; + [Fe(CO),_;N02]- 

[Fe(CO),_;N02]-+Fe(CO), 

_co [Fe(CO),* NO,]‘+Fe(CO); (3) 

F~CO Fez(C Fe3(CO);,, Fe,(CO);, 
5 

n=Oorl. 

* Dark reactions. 

.I’ r 
Ul 111 

Fig. 1. ESR-signal from (CO),(NO)FeN--t-Bu (X) in 
I 

0’ 
THF at + 20°C. 

Thus we assume that the structure of radical 
V appearing at the initial stages is [Fe(C0)4(R2 
CNOz)]’ in Scheme 1, and that of radical XI-[Fe 
(CO), * NOJ in Scheme 3. Then the appearance 
of Fe(CO),NO’ in reactions with the nitroparaffin 
salts can be explained as follows : 

[Fe(CO),*(R,CNO,)]’ + [Fe(C0)4*NOJ 

+ Fe(CO)3NO’. (4) 

After losing the CO groups and oxidation, the 
radical Fe(CO)3NO’ in Scheme (4) converts to the 
Fe(I1) complexes. This process is responsible for the 
thermodynamics of the iron carbonyl redox dis- 
proportionation. 

Thus the interaction of the nitroparaffin salts 
with the iron carbonyls represents a redox process 
accompanied by the appearance of radical anions 
I-IV and Fe( + I) complexes. The formation of the 
latters coordination sphere involves the cleavage of 
the C-N bond in the nitro compounds. 

2. Reactions of the iron curbonyls Fe(CO), and 
Fe3(CO), 2 with 2-methyl-2-nitrosopropune* 

Nitroso compound complexes are considered to 
be intermediates during the reductive carbonylation 
of nitro compounds. 5*34 However, usually the 
reduction proceeds to immediately reach the lower 
states of nitrogeneous derivative oxidation. 

Therefore it was advisable to study the reactions 
of the iron carbonyls with nitroso compounds. 
Used as such a compound was 2-methyl-2-nitro- 
sopropane which also acts as the spin trap. 
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The reaction of Fe,(CO), 2 with 2-methyl-2-nitro- Fe(CO), should be replaced by t-BuNO so that 
sopropane in THF yielded initially the radicals IV 
and II as well as two nitroxyl radicals, viz. 

Fe(CO), + (t-BuNO), 

(t-Bu),NO’ (XIII), giving a triplet @ = 2.0060, + [Fe(CO),_, * (&BuNO),] (6a) 
aN = 15.4 G at 20°C3’) and the spin adduct X which 
has already been detected by us in reactions with [Fe(CO),_, * (t-BuNO)d+ r-BuNO 
the nitroparall% salts. 

Thus, as in the case of the nitroparaffin salts, 
--f [Fe(CO),_, * t-BuNO]’ + t-BuNO’ (6b) 

the interaction of Fe3(C0)r2 with t-BuNO can be 
described by the redox disproportionation scheme : 

Then the second limiting stage occurs in which 

Fe, (CO ),2 t t-&NO -J [Fe, (CO),,_, . ( I-&NO)] 

[Fe, (CO),,.., . ( t-BuNO)] tFe,(CO),, _co [Fe3(CO),, . t-BuNO]’ t Fe,(CO),z 

/ A \ 
-co (5) 

FeKO),(NO)’ t -Bu’ Fe3KO),‘, 

/ I-BuNO t-&NO 
1 

(C0)3(NO)Fe-N- I-Bu t-13u2NO’ 

I 

As in the case of the nitroparaffin salts, the cleav- 
age of the C-N bond during the formation of the 
Fe(I) coordination sphere is typical of the nitroso 
compounds, as well. The reaction of 2-methyl-2- 
nitrosopropane with iron pentacarbonyl in THF or 
toluene differs greatly from the previous one. At 
20°C the reaction has a fairly long induction period, 
ca. 20 min. At the end of this period the spectra 
begin to show the rapidly growing signals from 
Fe(CO)3NO’ and t-BuNO’ @ = 2.0060, aN = 10.7 
G) (XIV).35 Then the signals from the radicals 
r-Bu,NO’ and (CO),(NO)FeN-r-Bu appear. Low 

I 
0' 

intensity signals from t-BuNOH’ (g = 2.0060, 
aN = 13.1 G, a, = 10.7 G) (XV) can also be 
detected (see Table 1). In this case an appreciable 
amount of radical anions, primarily IV, appear at 
the terminal reaction stages or, if the reaction start- 
ing at 20°C is allowed to occur overnight at 
- 196°C. 

Such a difference in the behaviour of iron pen- 
tacarbonyl as compared to that of dodecacarbonyl 
can be explained by considering the fact that the 
one-electron reduction of the nitroso compound to 
the radical anion (El,*& = - 1.36 V in ace- 
tonitrile36) is more facile than that of pentacarbonyl 
US/2 nd = - 1.64 to - 1.77 V in THF). For iron 
dodecacarbonyl ErlZnd = -0.32 V in THF so that 
in Scheme 5 the carbonyl itself undergoes reduction. 

Thus the redox disproportionation in the reaction 
of iron pentacarbonyl with 2-methyl-2-nitroso- 
propane can be described as follows : in Scheme 6b 

the charges become separated. It is this fact which 
is responsible for the prolonged induction period. 

In principle, the reaction can be catalysed by 
impurity-type nucleophiles, e.g. water, or by the 
effect of light. In this case the induction period is 
much shorter. In the absence of these factors the 
dimer (t-BuNO), is likely to act as the nucleophile. 
Radical cation XVI appearing at stage 6b has 
g=2.0222andaN=2.8G(l:2:3:2:l). 

These are not the only differences. Then the 
decomposition of f-BuNO’ occurs to yield t-Bu2 
NO’:35 

t-BuNO‘ + t-Bu. + NO- W) 

r-Bu’+ t-BuNO + r-Bu,NO’. W) 

The resulting nitrosyl anion NO- triggers the 
already known scheme of the Fe(CO), redox dis- 
proportionation under the effect of the anionic 
nucleophile. The scheme is distinguished by the fact 
that as long as the trap is not exhausted, the for- 
mation of the radical anion Fe(C0); and, hence, 
the remaining radical anions I-IV, remains inhibit- 
ed: 

Fe(CO)S + NO- _co - Fe(CO)3(NO)- (6e) 

Fe(C0)3(NO)- +Fe(CO), 

- Fe(CO)3(NO)’ + Fe(C0); 
-co 

(6f) 

Fe(C0); + t-BuNO + Fe(C0)5 + t-BuNO’ (6g) 
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Fe(CO),(NO)‘+ t-BuNO 

+ (CO)J(NO)Fe-N--t-Bu. 
I 

0’ 
PW 

It should be noted that after the induction period 
(Scheme 6b) the process goes in a chain mode which 
is effected through the decomposition and for- 
mation of tBuN0’ (Schemes 6g and 6c, respec- 
tively). 

If Fe(CO)5 is taken in an excess amount relative 
to t-BuNO, then after the reduction of the whole of 
the nitroso compound one can observe the con- 
sumption of the appearing XIII. This is likely due 
to the reduction of this species to the hydroxylamine 
anion (Ellz red = - 1.63 V in acetonitrile 3 ‘). 

Thus this scheme can be regarded as an alter- 
native mechanism of the redox disproportiona- 
tion of the iron carbonyls, by which the organic 
substrate is reduced and the whole of the Fe(O) 
from Fe(CO)5 passes to Fe(I). 

Such a mechanism is likely to take place if the 
telomerization is initiated by iron pentacarbonyl in 
the presence of, e.g. Ccl., (E,,Zred = -0.71 to -0.78 
V38), assuming that CCL,, in this process, is similar 
to t-BuNO. So stage 6c for Ccl4 is presented in the 
form : 

[CC&. . . Clli + ccl; + Cl-. (6~‘) 

In this case one can clearly understand the role 
of cocatalysts such as nucleophilic agents (amines, 
dimethyl formamide, etc. 3g) which afford the redox 
disproportionation of iron pentacarbonyl at the 
initial stages of the process. 

Thus the initial stage in the mechanism of the 
reductive carbonylation of the nitro and nitroso 
compounds is represented by the process of the 
redox disproportionation of the iron carbonyls 
under the effect of nucleophilic agents. As this takes 
place, depending on the ratio of the reduction 
potentials for a given iron carbonyl and an organic 
substrate, the redox process occurs either with the 
formation of the Fe(I) and Fe( - I) carbonyl com- 
plexes or Fe(I) complexes alone and reduction of 
the organic substrate. Therefore the thermo- 
dynamics of such reactions is controlled, in the 
long run, by the redox process. 

3. Reactions of carbonyl ferrate anions with nitro- 
and nitroso-tert-butane 

The interaction of iron carbonylsz6 and carbonyl 
ferrate anions4’g4’ with nitro compounds is known 
to give rise to the nitro group reduction products 
such as amines, isocyanates and ureas. 

On the other hand, it follows4* that the iron car- 

bony1 radical anions IV and II resulting from the 
one-electron reduction exhibit a very labile coor- 
dination sphere and can participate in the ETC 
and NCE processes in which their CO groups are 
partially substituted by such stable ligands as phos- 
phines. However, these studies have not revealed 
such an important property of the iron carbonyl 
radical anions as their deoxygenating catalytic 
activity. One of us has shown that the iron carbonyl 
radical anions I-IV appearing at the stage of iron 
carbonyl redox disproportionation reduce the 
nitro- and nitroso compounds. ’ 5 This section is 
devoted to a more detailed study of the catalytic 
function of the iron carbonyl radical anions in the 
reductive carbonylation of the nitro and nitroso 
compounds as well as their deoxygenating function. 

For this purpose we have studied the processes 
in which the iron carbonyl radical anions are gen- 
erated by an independent method, i.e. oxidation of 
the corresponding carbonyl ferrate anions with a 
ferricenium cation” to be then reacted with the 
nitro- and nitroso compounds such as tertiary nitro- 
so- and nitrobutane : 

Fe,(CO)i: , Fe+PF’+ Fe,(CO);_ 1 BuNos+ (7) 

n=l,m=5;n=2,m=9;n=3,m=12; 
n = 4, m = 14, x = 1,2. 

However, oxidation with ferricenium (Scheme 7) 
gives rise to a fast uncontrollable formation of the 
iron carbonyls Fe(CO), and Fe3(CO)i2, whose 
interaction with the nitrogeneous compounds yields 
side processes. Another inconvenience is the fact 
that the strong signals appearing at the initial stages 
of the processes from the initially formed iron car- 
bony1 radical anions I, II, IV prevents the weak 
signals of the other species being clearly identified. 

A different method in which the nitro- or nitroso 
compounds themselves were used as the oxidants 
for the carbonyl ferrate anions turned out to be 
preferred. However, it should be noted that for the 
tertiary nitrobutane this method is applicable to the 
reaction with the mono- and binuclear carbonyl 
ferrate anions (x = 2, n f 2) whereas for %-methyl- 
2-nitrosopropane, probably to that with the tri- 
nuclear carbonyl ferrate anion (x = 1, n < 3). 

Such behaviour of the carbonyl ferrate anions 
in reactions with the nitro- and nitroso compounds 
can be readily understood based on the redox poten- 
tials of the carbonyl ferrate anions, iron carbonyl 
radical anions and organonitrogen radical anions 
(EL-, E& and E;], respectively, in Fig. 2). 

If the EL- value of the carbonyl ferrate anions is 
more negative than that of the t-BuNO; (EL- = 
- 1.62 to - 1.77 V),36 the process will take place 



Reactions of iron carbonyls with nitro and nitrosoparaffines 1965 

E- 

EM” E$- 

Fig. 2. The comparative scale of redox potentials of car- 
bony1 ferrate radicals (M’), organic ligands (L’) and 

carbonyl ferrate anions (M*-). 

as follows : 

Fe.(CO)i: I + t-BuNO, 

+ Fe,(CO)z_ 1 + t-BuNO;T. (8) 

This gives rise to the radical anions of the cor- 
responding carbonyl ferrate anions. This holds for 
Fe(CO):- whose EL- value, as reported by different 
authors,1’*‘2 lies in the range between - 1.64 and 
- 1.77 V. If the process takes place directly in the 
ESR cavity, the first stage will give the signals of 
the corresponding iron carbonyl radical anions and 
in some cases those of the nitroso and nitro com- 
pounds. 

t-BuNO’ (XIV) and t-BuNO; (XVII) (Table 1) 
are formed in reactions of the corresponding com- 
pounds with Na*Fe(CO),- 1.5 diox. Note that in 
the case of t-BuNO’ at the initial stages of the 
process one can observe the temperature-dependent 
ion-pair equilibrium t-BuNO? . . . solv. . . . NaS e 
t-BuNO’ . . . Na+ . At - 60°C there appears a trip- 
let of quadruples (aN = 12.1, UN, = 1.5 G), and at 
O”C, a triplet (&, = 12.3 G). 

Due to the fact that the rate of formation of 
the radical anions by Scheme 8 depends on the 
relationship between the parent carbonyl ferrate 
anion and nitrogen containing compound, the fur- 
ther stages of the process of the reduction of R-NO, 
(x = 1, 2) may be different, therefore first we shall 
concentrate on the discussion of the particular 
cases. 

(1) The reaction of NazFe(C0)4 - 1.5 diox with 
f-BuNO proceeds vigorously. The first stages of 
the process, between - 80 and -6O”C, give rise 
to the iron caronyl radical anions I, IV, II and 
f-BuNO’. Then the nitroxyl radical (g = 2.0063, 
UN = 15.8-15.7 G (XVIII)) and (g = 2.0054, 
aN = 16.7 G (XIX) are formed. In the middle 
of .the process one can observe the accumulation 
of the radicals with a triplet splitting on the nitro- 
gen atom (g = 2.0267, UN = 1.8 G (XX) and g = 
2.0251, aN = 2.3 G (XXI) (Fig. 3)), the former 
slowly passing to the latter. One of the products 
of their further conversions is likely to be a 
radical (g = 2.0365) generating a broad singlet 
(AH = 4.6 G at - 80°C) (XXII). 

XXI 

Fig. 3. ESR-spectra of radicals XX and XXI in THF at 
- 80°C. 

If t-BuNO is present in an excessive amount, then 
the terminal stages of the process will show in the 
ESR spectra at room temperature the presence of 
signals from t-Bu,NO’ and X alone, resulting from 
the reaction of 1-BuNO with Fe(CO)5 (Schemes 
6a-h), appearing during oxidation of the carbonyl 
ferrate anions. 

(2) The reaction of Na,Fe(CO),- 1.5 diox with 
Z-BuNO, is also rather vigorous. At the first instant 
at - 80°C one can observe the formation of the iron 
carbonyl radical anions I, II, IV and a strongly 
broadened triplet (g = 2.0060, UN = 25.4 G), from 
XVII, probably as a result of the ion pair interaction 
of t-BuNO; with Na+. The spectrum also shows 
the presence of a broad triplet (XXIII) (g = 2.0037, 
UN = 15.5 G) and a broad signal (g = 2.0054) from 
XXIV. At the later stages of the process the spec- 
trum begins showing two more nitroxyl radicals 
(g = 2.0036, UN = 16.7 G) (XXV) and (g = 2.0053, 
uN = 16.7 G (XIX)) as well as the three earlier men- 
tioned signals from XX-XXII. 

(3) The reactions of (PPN),[Fe,(CO),] with t- 
BuNO and t-BuNO, occur much more slowly than 
the first two processes. In the first case signals from 
the iron carbonyl radical anions I, II, IV, a weak 
signal from XX, a triplet of triplets in the nitroxyl 
region (g = 2.0062, UN, = 15.7 G, aNz = 2.3 G 
(XXVI)), and a doublet of triplets from XV are 
detected in the spectra. The reaction with tertiary 
nitrobutane gives signals from the iron carbonyl 
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radical anions I, II, IV as well as very weak signals 
from t-Bu,NO’. 

(4) The reaction of (PPN),[Fe3(CO),i] is only 
possible with t-BuNO. Initially there appears the 
iron carbonyl radical anions II, I, IV and radical 
XX, a triplet Of triplets (g = 2.0059, aN, = 14.0 G, 
% = 2.0 G (XXVII)). Then one can observe the 
appearance of t-Bu,NO’ and t-BuNOH. 

(5) The reaction of (PPN),[Fe4(CO),J with t- 
BuNO when kept for a long time at room tem- 
perature gives a signal from radical XXVII and a 
weak signal from IV. 

In other words, the reduction of the nitro- and 
nitroso-tertbutane in these reactions involves the 
formation of the radical products which can be 
divided into three groups : 

First, the known nitroxyl radicals35 (g = 2.0059 
2.0063), typical of the reduction of 2-methyl-2- 
nitrosopropane. 

Second, the hitherto unknown unstable radicals, 
whose g-factors (2.0036-2.0054) and hyperhne 
splitting constants (15.5-17.7) also lie in the nitroxyl 
region. Due to the fact that these radicals do not 
appear at the first stages of the reaction of the iron 
carbonyl radical anions I-IV with t-BuNO, then, 
they represent, in all likelihood, the spin adducts 
not of these anions themselves but rather their con- 
version products. 

Third, the hitherto unknown nitrogen-containing 
radicals (g = 2.025-2.036). 

To establish the structure of the radicals belong- 
ing to the second and third groups, we have con- 
ducted an additional series of reactions, i.e. the 
reduction of the diamagnetic complexes Fe,(CO), 
(N-t-Bu),, Fe,(CO),(N-t-Bu),, Fe,(CO)&N-t- 
Bu),CO] on a sodium mirror in the presence of the 
spin trap, t-BuNO, at -80°C in THF. These 
complexes are products of the reaction of Fez(C0)9 
with I-BuNO~.~~ 

(a) Initially the reduction of Fe3(CO)g(N-t-Bu)2 
gives rise to a quintet (g = 2.0135, aN = 1.8 G 
(XXVIII)) which then rapidly disappears. This is 
followed by the formation of radical anions II, IV, 
I and a strong triplet from XX which then, upon 
temperature increase to - 40°C converts to XXI. 

In the presence of the spin trap the signal from 
XXVIII passes to a triplet of triplets (g = 2.0054, 

aN, = 14.8 G, ON, = 2.3 G (XXIX)). Also, the spec- 
trum shows the presence of signals from XIX. 

(b) The reduction of Fe2(CO)6(N-t-Bu)2 results 
in the appearance of signals from I, II, IV. Initially 
there is also a quintet (g = 2.0335, aN = 2.9 G 
(XXX)), part of which lies on the shoulder of the 
strong signal from I. 

The reduction in the presence of t-BuNO yields 
spin adduct XXV. 

Further conversion of the system goes either 
through elimination of the ligands or rearrange- 
ment of the iron cluster skeleton. In the presence of 
the spin trap it may happen that the unpaired elec- 
tron is localized on the organic ligand which, upon 
interaction with the trap, forms a spin adduct. In 
this case a closed electron shell is formed on the 
metallo fragment. This fact may be attributed to 
the appearance of the second group of radicals 
(g = 2.0037. -2.0054). Thus, for example : 

f-Bu 
f-l3u - 

1 7 t-EJU N’ 
iN/ \O. 

1: 

f-BuNO _ \ 

- Fe 
--Fe 

\ 
\A 

i 

\/ 

(9) 

/ 

t-Bu i 
XXVII I t-l3 XXIX 

CO-ligands are ommitted in the Schemes 9, 11. 
Here one can observe a hyperfine splitting at two 

nitrogen atoms. The formation of the spin adduct 
is also possible by means of the addition of the spin 
trap to the CO group with no secondary splitting 
in this case. 

(c) At the first stages of the reduction of 
Fe2(CO)6[(N-t-BU)2CO] at - 80°C it is possible to 
detect a broad quintet-type signal (g = 2.0084, 
aN = 8.2 G (XXXI)). At the later stages there will 
appear two broadened singlets (g = 2.0287 
(AH = 2.8 G) (XXXII) and g = 2.0417 (AH = 4.6 
G) (XXXm)). 

Thus the initial stages of the reduction give rise to 
the radical anions of the corresponding complexes 
Fe,(CO),(N-t-Bu); (XXVIII), Fez(CO),(N-t-Bu); 
(XXX) and Fe2(CO),[(N-f-Bu),CO]’ (XXXI) hav- 
ing an extra electron. 

The intensive triplet from XX as a result of the 
reduction of Fe,(CO),(N-t-Bu), is attributed by us 
to the formation of a comparatively stable iron 
carbonyl trinuclear radical anion containing a 
single nitrene fragment. It is likely that it appears 
as a result of the structural rearrangement of the 
trinuclear cluster with elimination of the nitrene 
fragment. 

Based on the published data concerning the 
transformation of the diamagnetic complexes 

co Fe,(CO),L(NPh),- Fe 3(CO) 1 dNW 

w 
where L = C(Ph)OEt,43 as well as on the fact that 
in our case the reduction of Fe3(CO)9(N-t-Bu)z on 
the sodium mirror involves a rapid exchange of the 
CO ligands to give the iron carbonvl radical anions 
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IV, II, I, it can be assumed that the formation of However, these schemes can be constructed 
XX and its conversion to XXI take place as follows : assuming the appearance of either a coordinatively 

t-ELI t-Bu 

i 1: I 
‘\% -I’ 

f-b t_BlJ 
I 1' I l7 \ ‘\ \ 

Fe< TFe /\ - Fe' 
-Fe N\ 

/Fe ')Fe 
-Fe \/ co 

N’ ’ I 
-t Eiio Fe'/ -% ‘\ 

'Fe 4 
t-Bu -N\ 

kAFe 

No b -tBuNGO 
Fe,KO); (II) 

1-b 
XXVIII xx 

Such a rearrangement of the coordination sphere in 
the form of a butterfly-trigonal bipyramid is 
assumed to take place in the trinuclear iron car- 
bony1 complexes with phosphene ligands.43 It is 
likely that radical XXI is formed from XX as a result 
of a variation in metal10 fragment nuclearity. 

unsaturated iron carbonyl species which is short of 
two electrons to complete its electronic con- 
figuration, (Fe(CO),), or those with an O-Fe 
bond. But the existence of such intermediates in 
solution is most unlikely. 

co 

XXI II 

An attempt to pass through this scheme in the 
reverse direction, i.e. using Fe,(CO);, and t-BuNO 
to detect compounds XX and XXI is of little success 
because the appropriate signals lie on the shoulder 
of the intensive signal from I appearing from II due 
to their mutual conversions. However, the signals 
from XX and XXI become detectable if the ampoule 
containing the iron carbonyl Fe,(CO),, where 
n= 1, m=5; n=2, m=9; n=3, m= 12, and 
tert-butyl-isocyanate BUNCO is irradiated with a 
filament lamp at - 80°C. In this case it is possible 
to control the intensity growth of signal from I. 

In our hypotheses we used the following facts. 
First, the conditions of the nitro compound 

reduction coincide with those when the radical 
anions I-IV are formed either due to the redox 
disproportionation of the iron carbonyls or oxi- 
dation of the carbonyl ferrate anions. 

Thus the appearance of radicals XX and XXI in 
the reactions of carbonyl ferrate anions with ter- 
tiary nitro- and nitrosobutane as well as in those of 
the iron carbonyls with tert-butyl isocyanate indi- 
cate that isocyanate is formed as a result of car- 
bonylation of the nitrene radical complexes. These 
in turn are obtained during the reduction of the 
nitro and nitroso compounds in the coordination 
sphere of the iron carbonyl radical anions. 

Second, the resultant iron carbonyl radical 
anions I-III have an open electronic shell con- 
taining 33, 47 and 59 cluster valence electrons, 
respectively. Radical anion IV contains 49 electrons 
but it can readily and reversibly convert to II in 
the CO elimination. This ensures the lability of the 
coordination sphere, and the resultant activity of 
the ligand exchange process.42 

Third, the reduction of the nitro and nitroso com- 
pounds involves the formation of similar inter- 
mediate radical species XX and XXI as is the case 
in the reaction of the iron carbonyls with t-BUNCO 
as well as in the reduction of the diamagnetic nitrene 
complex Fe,(CO),(N-t-Bu),. 

The totality of these facts makes it possible to 
put forward the following scheme : 

4. The catalytic role of the iron carbonyl radical 
anions I-IV. Scheme of the reductive carbonylation 

Schemes for the reduction of nitro and nitroso L-FelCO); ‘2 

compounds with iron carbonyls or carbonylferrate 
anions have been put forward by some 
authors.6,40*4’ In this case the reduction process 

0 

-l’ 

initially goes owing to the CO groups of a certain 
intermediate carbonyl complex, these groups being 
oxidized to CO*. The role of such a complex is 
assigned, for example, to the adduct of the type 

I 
L-Fe-N-R - L-_FetN-_R’ - L-FeZN-R- = 

Co t 

0 

O- (CO), Fe(CO)4 

Ar-!T-&e ’ 
A- A\ 

Fe(C0) 3 

I!1 
C 

L- ._pA!L J L-FelWl; 112) 

! 
-RNw 

i 
where ~-Fe,_,(C0b-, 
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The scheme illustrates the case when the coor- 
dination sphere of the iron carbonyl cluster contains 
a nitro compound molecule. The initial stages of 
the process consist of a successive reduction of the 
nitro compound coordinated to the iron carbonyl 
radical anion, through the nitroso compound to 
the nitrene complexes. The reduction is realized 
through the coordinated CO groups which are 
abstracted in the form of CO*. Then, if the process 
goes in the catalytic mode, the intermediate com- 
plexes undergo carbonylation to yield isocyanates 
and the parent iron carbonyl radical anions. 

towards the ligand. As this takes place, a new bond, 
e.g. CO-NR, RN-NR, between the coordinated 
ligands can be formed or such ligands, e.g. RNH, 
can be reduced. Usually the reaction medium 
should contain proton donors. 

The addition of the second nitro compound mol- 
ecule in the process of reduction is responsible for 
the appearance of a variety of intermediate radical 
species similar to XVIII, XIX, XXIII-XXVII as well 
as formation of diazo compounds as the final prod- 
ucts. 

If the reaction is carried out at the stoichiometric 
quantities of the reagents, the reduction of the nitro- 
gen-containing ligand can terminate after the 
nitrene structures have been formed, which, by loos- 
ing an unpaired electron, convert to the well known 
diamagnetic complexes Fe,(CO),(N-t-Bu)z, Fe,(C- 
O),[(t-BuN),CO] and Fe,(CO),(N-t-Bu),. This 
leads to the withdrawal of the nitrene species out of 
the catalytic cycle. 

Second, the rearrangement can be effected at the 
expense of the cluster skeleton, by cleaving the 
Fe-Fe or Fe-N bonds. The ability of the iron 
carbonyl radical anions to be rearranged in such a 
way is also responsible for their catalytic activity. 

Schemes 12 and 13 explain the conversions occur- 
ring in an aprotic medium, therefore the final prod- 
ucts contain isocyanates and diazo compounds. 
More complicated processes take place in a proton 
medium where, along with Fe,(CO)G_ ,, their pro- 
tonated analogues HFe,(CO),_ , are formed,44 
which are expected to participate in the reduction 
processes to yield amines, formamide and various 
urea derivatives. 

The interaction of the iron carbonyls with the 
nitro and nitroso compounds therefore depends on 
the following factors. 

The initial stages of the process consist of the 

CONCLUSIONS 

Fe, CCO&, 

’ Fe,KO&,_,_,CNR),7’ 

*& 

It should be pointed out that the electron- 
deficient negatively charged species I-III are cata- 
lytically active. However the electron-deficiency can 
be lost during the catalytic process on the successive 
addition of the CO ligands as, for example, is the 
case with the transition 

lWC0); I - Co Fe,(CO) IZ. 

Nevertheless, the electron-excessive system can 
be rearranged into an electron-deficient one. This is 
possible, first, when the excess electron goes 

n =2, m=9, I =2 

n =3, m-12, (=I,2 

activating complex formation of the iron carbonyls 
and Lewis bases, then occurs the redox stage and, 
as a result of a one-electron transfer, there appears 
the radical Fe(I) complexes and the iron carbonyl 
radical anions I-III which are just these species that 
control the catalytic properties of the iron 
carbonyl-base system. 

The iron carbonyl radical anions I-III that are 
capable of a fast exchange in the coordination 
sphere can deoxygenate the nitro and nitroso com- 



Reactions of iron carbonyls with nitro and nitrosoparaffines 1969 

pounds to nitrene complexes and then undergo car- 
bonylation to give isocyanates. 

We believe that the disclosed deoxygenation and 
carbonylation ability is of the same nature. This 
permits, using the same principles, to study a variety 
of processes involving iron carbonyls, such as 
carbonylation of various nitrogen-containing 
compounds (amines, azines, diazo compounds),6*7 
and olefins,45 telomerization, 39 Fischer-Tropsch 
process, 46 formation of bi- and trinuclear chal- 
cogene and nitrogen-containing compounds of car- 
bony1 complexes. 3*47 Based on the new conceptions 
it is possible to provide a fresh approach to the 
catalytic effect of the iron carbonyls in WGSR and 
understand the conflicting information.48v49 We 
believe that here, as in the case of the nitro com- 
pounds, water deoxygenation to H2 occurs in a 
catalytic cycle, similar to that presented in Scheme 
13 where RNOr should be replaced by HrO. Note 
that along with the radical anions I-III their pro- 
tonated analogues can also participate in this pro- 
cess. 
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Abstract--This paper reports on some complexes of lanthanum(II1) and europium(III) with 
the title ligand (H,L) which possesses two similar coordination sites: mononuclear and 
homo- and hetero-dinuclear species are described. The isolated compounds have the 
formulas jJvl(H,L) * 3H,O], [M2LN03 * 4H,O], (M = La, Eu) ; [MM’LOH * nH20] 
(M = Fe, M’ = La, n = 2 ; M = Eu, M’ = La, n = 4). In addition [Li2LaL - 3H20] and 
[CuLaL * 3H20] have also been obtained. Relevant IR and visible spectral data and magnetic 
moment values are given and discussed. 

Research on polynuclear complexes has increased 
in recent years, stimulated by the large interest 
developed in areas such as metallo-enzymes, het- 
erogeneous catalysis and physicochemical prop- 
erties. A large series of heterobinuclear complexes 
containing compartmental ligands and d- orf-block 
metal ions have been reported by reaction of the 
pure mononuclear chelates with the required metal 
salt. ’ To our knowledge, few papers concerning 
polynuclear chelates of these ligands with lan- 
thanides(II1) ions have been reported.’ 

This work reports the synthesis and char- 
acterization of mononuclear and binuclear com- 
plexes of lanthanide(II1) ions with a new binu- 
cleating ligand with two similar coordination sites. 
Homobinuclear complexes of this ligand with tran- 
sition metals of the d-series have already been 
reported. 3 

EXPERIMENTAL 

The ligand 1-oxy-2,6di[(N,N-biscarboxymethyl) 
aminomethyl]-4-chlorobenzene(H,L) was pre- 
pared according to the literature method.4 

Preparation of the mononuclear complexes 

The ligand (1 mmol) was suspended in methanol 
(40 cm3) and then LiOH (3 mmol) was added. The 

* Author to whom correspondence should be addressed. 

lanthanide(II1) nitrate (1 mmol), dissolved in meth- 
anol (80 cm3), was added dropwise with stirring to 
the clear solution. The resulting mixture pre- 
cipitated the product either immediately or after 
heating the solution on a steam bath. In each case 
the solution was refluxed for 4 h, filtered, and the 
precipitate washed several times with methanol and 
diethyl ether and then dried in vucuo over P40, ,,. 

Preparation of the homobinuclear complexes 

Homobinuclear complexes were prepared by two 
general methods : 

(a) The ligand (1 mmol) and LiOH (5 mmol) dis- 
solved in methanol (80 cm3) was added dropwise to 
the lanthanide(III) nitrate (2 mmol) dissolved in the 
same solvent (40 cm3)_ The resulting mixture was 
heated for 4 h and a precipitate was obtained. It 
was filtered, washed several times with methanol 
and dried in vacua over P401 ,,. 

(b) The mononuclear chelate (1 mmol) was sus- 
pended in methanol and lithium hydroxide (2 
mmol) was added. After a clear solution was 
obtained, the appropriate metal salt (1 mmol) dis- 
solved in methanol was added. The resulting mix- 
ture was heated under stirring for 4 h. A precipitate 
was formed, filtered and washed with methanol and 
diethyl ether, and then dried in vacua over P40 L0. 

1971 
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Table 1. Elemental analyses and magnetic moments of prepared compounds 

C% H% N% 
Compound Calc. Found Calc. Found Calc. Found k (BM)” 

La(H *L) - 3H 2O 31.5 31.5 3.6 3.4 4.6 4.7 diam. 
La2LN0,*4H,0 23.3 23.7 2.7 2.7 5.1 5.5 diam. 
Eu(H,L) - 3Hz0 30.9 30.7 3.5 3.4 4.5 4.6 3.58 
Eu2LN09*4Hz0 22.6 22.7 2.6 2.5 4.9 4.8 3.20 
Li,LaL*3H,O 30.9 30.8 3.2 3.4 4.6 4.5 diam. 
FeLaLOH * 2Hz0 29.0 29.1 2.9 3.0 4.6 4.5 5.87 
CuLaL - 3H,O 28.7 28.4 3.0 3.1 4.2 4.3 1.67 
EuLaLOH =4H,O 24.2 24.3 2.9 2.8 3.5 3.7 2.90 
EuLi,L*3H,O 30.3 29.8 3.2 3.2 4.4 4.3 3.26 

‘Magnetic moments are given per atom. 

Preparation of the heterobinuclear complexes 

The heterobinuclear complexes were prepared 
according to method (b) above. 

Chemical and physical measurements 

Elemental analyses were performed in the micro- 
analytical laboratory of the Department of Inor- 
ganic Chemistry. Infrared spectra were obtained by 
a Perkin-Elmer model 580 spectrophotometer on 
samples suspended in a KBr matrix or mulled with 
mineral oil. Electronic spectra were carried out on 
a Cary 17 spectrophotometer in aqueous solution. 
Magnetic susceptibilities were measured by the 
Faraday method by using an Oxford instrument ; 
the apparatus was calibrated with Nien,(ClO&. 

RESULTS AND DISCUSSION 

The interactions of metal salts with l-oxy-2,6- 
di[(N,N-biscarboxymethyl)aminomethyl]-4-chloro- 
benzene (H sL) in methanol are illustrated in Scheme 
1. The mononuclear Eu(II1) and La(II1) com- 
plexes were prepared by stoichiometric reaction 
of the ligand with the lanthanide(II1) nitrate. 
Their formulation as [H2LLn(H20)X] is supported 
by analytical and spectroscopic data. The IR spec- 
tra shows a broad band at 3400 cm- ’ corresponding 
to the v(OH) of the water bound to the cation. 
The strong band at about 1590 cm- ’ in both the 
compounds is assigned to the coordinated car- 
boxylate groups, while the uncoordinated ones were 
found at 1730 cm-‘. The weak band observed at 
1285 cm-’ in the free ligand, which shifts to about 

+2M (NO,), 

+5LiOH 

H,L 
+ M(NO,), 

wH2LM(H20), 
+ M ( NO,), 

3LiOH 
i M,LN03(H20& 

. I + 2LiOH 

+ M’CI, 

+2LiOH 

+M’CI, 

+3LioH H,LM(H,O), 
+3LiOH 

+M’C13 

+2LiOH 

v 
MM’LOH(H,O), 

H,LM’( H,O), 
+M(N0313 

+ELiOH 
* MM’LNOJ(HpO), 

Scheme 1. Reaction pathways of the metal salts with the ligand in methanol. 
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1295 cm-’ in the chelates, is assigned to the phe- 
nolic (CO) group. This small shift may be ascribed 
to the delocalization of electronic density from the 
oxygen atom to the lanthanide(II1) ion resulting in 
a slight ionic character of the Ln-0 bond and 
consequently in a slight increase in the v (CO) fre- 
quency. 

Homo- and hetero-binuclear complexes have been 
obtained. The former can be prepared by reacting 
either the ligand with metal nitrate in a molar ratio 
of 1: 2 or the mononuclear chelate with a stoi- 
chiometric amount of the metal salt. The latter 
complexes were synthesized by successive steps ; the 
preparation of the mononuclear complex and then 
its reaction with the second metal salt. 

The homobinuclear compounds present different 
infrared spectra than those of the corresponding 
mononuclear chelates. The absorption peak due to 
the coordinated carboxylic groups is found at 1590 
cn-’ for [Eu~LNO~(H~O)~] and 1600 cm-’ for 
[La2LNOj(H20)J. The band due to uncoordinated 
carboxylic groups is absent. The phenolic C-O 
stretching vibration, which occurs at 1295 cm- ’ in 
the mononuclear chelates, lies at the same fre- 
quency in the binuclear chelates (about 1300 
cm- ‘). The strong absorptions found at 1490-1470 
and 130&1280 CIY- ’ in the nitrato complexes indi- 
cate that the nitrate group acts as a bidentate ligand 
towards the metal atoms (Fig. l), a result which 
is in agreement with the conductivity values in 
methanol ranging from 10 to 30 mhos at concen- 
trations 10e3 M. 

The heterobinuclear complexes, prepared from 
the mononuclear compound (Scheme I), show a 
broad band at 3400 cm- ‘, which corresponds to the 
v(OH) of the coordinated water. The strong band 
observed at about 1600 cm-’ is assigned to the 
characteristic asym. mode of the coordinated car- 
boxylic groups. The phenolic C-O vibration is 

oiN\o 

Fig. 1. Proposed coordination geometry of the binuclear 
complexes. 

H20 

Cl 

Fig. 2. Proposed coordination geometry of the 
CuLaL - 3Hz0 complex. 

found at 1290-1295 cm-‘, that is the same fre- 
quency of the mononuclear lanthanide complexes. 

The purple Fe/La complex dissolved in aqueous 
solution gives an electronic spectrum (&,, = 515 
nm) similar to that observed for the iron(II1) com- 
plex with N-(o-hydroxybenzyl)-N-(carboxymethyl) 
glycine ’ and the mononuclear iron complexes 
with analogous ligand.6 Its magnetic moment 
(5.87 BM) is that expected for isolated high 
spin iron(II1) complexes with an octahedral 
geometry. The electronic spectrum of the Cu/La 
complex, in aqueous solution (km = 740 nm) and 
its low magnetic moment at room temperature (1.67 
BM) suggest a pseudo-tetrahedral coordination 
geometry around the copper atom7 (Fig. 2). The 
value of the magnetic moment is similar to that 
of an isolated copper(I1) ion and hence magnetic 
exchange between two copper atoms in different 
molecules can probably be ruled out. To confirm 
this, we are carrying out variable temperature 
measurements of its susceptibility. The Eu/La com- 
plex shows a magnetic moment close to that of the 
mononuclear Eu(II1) complex indicating that the 
environment of the Eu ion is not affected by the 
presence of the second ion. 

As conclusion, it is in our opinion that the 
binuclear complexes are monomeric species similar 
to the di-iron complex with an analogous ligand, 
whose molecular structure has been resolved by X- 
ray analysis, 6 even if the possibility of oli- 
gomerisation could not definitively be excluded. 
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Abstract-The kinetics of the oxidative addition of hydrochloric acid (6-12 M) to the 
quadruply bonded Mo,Cl~- ion, 1, to produce the triply bonded hydride Mo2(@J 
b-Cl),(Cl)~-, 2, are first order in the concentration of the acid, and first order in the 
MO:+ reactant. The rate is strongly affected by axial coordination. At lower acid con- 
centrations (< 6 M) the reaction is complicated by hydrolysis. The hydride 2 and the 
analogous nonachlorodimolybdate M02@-Cl)3Cl~-, 3, undergo a two-electron reduction 
by chromous chloride in HCl(6M) to give 1; the Moi+/Mo:+ couple catalyzes the anaerobic 
oxidation of Cr(I1) to Cr(II1). 

The Redox chemistry of dinuclear clusters is of 
interest’ and can be accomplished chemically or 
electrochemically. Molybdenum compounds are 
receiving special attention in this context because 
of the involvement of the metal in many chemical 
and biochemical reactions. ’ One-electron proton 
addition to the quadruply bonded (configuration 
a2n46’) octachlorodimolybdate anion Mo,Cl~-, 1, 
is a well established reaction3 yielding the formally 
triply bonded [configuration (a’)2(e’)4] bioctahedral 
hydride, Mo~(,u-H)(~-C~)~C~~-, 2. 

ous acidic solutions of 2 and also of the iso- 
structural7 nonachlorodimolybdate M0&&l)3 
Cl:-, 3, undergo heterogeneously’ (amalgamized 
zinc) a two-electron reduction to give 1. By contrast, 
electrochemical reduction4v6 of 2 and 3 in 6 M HCI 
produce, respectively, 3 and 2, instead of 1. There 
are several mechanistic studies of proton addition 
on mononuclear metallic centres,’ but none on 
metal-metal multiple bonds which we know of. In 
this paper we describe the kinetics and discuss the 
mechanism of reaction (1) and also report the 

The molybdenum hydride 2 was first isolated4 by homogeneous reduction of 2 and 3 by chromous 
treating Mo2(acet), with 12 M HCl at 60°C. It has chloride in HCl solutions to give 1. 
also been obtained photochemically and elec- 
trochemically6 from 6 M HCI solutions of 1. Aque- EXPERIMENTAL 

The potassium salts of Mo2C1t-, Mo2HCIi- and 
*Author to whom correspondence should be addressed. the ammonium salt of Mo2CIG- were prepared by 

1975 



1976 C. MERTIS et al. 

the literature methods.4.‘0,” Experiments were per- 
formed under oxygen-free nitrogen or argon. Sol- 
vents were thoroughly degassed by freeze pumping. 
All reagents were of analytical grade and purified 
before use. Chromous chloride was supplied by 
Ventron and all other compounds by Fluka. Sam- 
ples for kinetic measurements were prepared on a 
thermostated Schlenk tube and the resulting clear 
solution was quickly transferred via a stainless tube 
and under positive argon pressure to a (previously 
purged by argon) 1 cm spectrophotometric cell. 
Microanalyses were performed in this laboratory 
and at the Research Centre, Demokritos. Electronic 
spectra were recorded with a Hitachi and a Carry 
17. 

Reaction of tripotassium l,l-trichloro-2,2,2-tri- 
chloro-p-hydrido-bis-p-chloro-dimolybaknum(II1) 
with CrCl, 

Into a solution (10 cm3 HC16 M) of K3M02HC1, 
(0.105 g, 0.17 mmol) and KC1 (0.012 g, 0.17 mmol) 
is added slowly a solution (10 cm3 HCl 6 M) of 
CrCl, (0.085 g, 0.68 mmol) at room temperature 
with stirring. The colour of the solution darkens to 
deep green-brown and gas evolution (HZ) is 
observed. The mixture was left to react for ca. 2 h, 
the solvent was removed in uacuo at room tem- 
perature, and the residues were extracted with tet- 
rahydrofuran (20 cm3). The deep green solution was 
removed by fltering and the red residue was washed 
with small portions of tetrahydrofuran until they 
remained colourless, dried in uacuo, and identified 
by analysis and spectroscopy to be K4Mo,Cls. 
Yield, 97% based on Mo2HC1i-. 

Reaction of tris-n-tetrabutylammonium-1 ,l,l-tri- 
chloro-2,2,2-trichloro- tris-p-chloro-dimolybdenum 
(III) with CrCl* 

Into a solution (20 cm3 HC16 M) of a mixture of 
[(n-C4H9)4NJ3MozC19 (0.363 g, 0.34 mmol) and (n- 
C4H9)4NC1 (0.363 g, 0.34 mmol) is added a solution 
(20 cm3 HCl 6 M) of CrCl, (0.17 g, 1.36 mmol) at 
room temperature with stirring. The mixture was 
left to react for ca. 2: h and treated as described 
above. The red product was identified as [(n- 
C4H9)4N-j4M~zCls. Yield, 95% based on [(n- 

GI-WN~MOZC~~. 

RESULTS AND DISCUSSION 

In aqueous solutions K4M02Cls is unstable; it 
hydrolyzes within a few minutes and the initial red 
colour becomes brown-yellow. Hydrolysis is slower 
in hydrochloric acid solutions, the extent of the 
equilibrium 

MO&~:- -‘I- ~Mo#&_,(H~0),4-~ 
+c1- (2) 

depending on the acid concentration. The devel- 
opment of the spectra in 6 M and 0.5 M HCl is 
given in Figs 1 and 2, respectively. 

The reaction taking place in 6 M HCl, where 
hydrolysis is limited is given by eqn (1). The struc- 
tures of 1 and 2 are assumed to be the same as 
those determined in the solid. ’ **l 3 The presence of 
isosbestic points in Fig. 1 indicates that at 6 M HCl 
Mo,HCli- is the only appreciably absorbing prod- 
uct. In contrast, at 0.5 M HCl there is no isosbestic 
point, presumably because of hydrolysis. Never- 
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Fig. 1. Spectral changes of a K,Mo#Z!l, (3 x 10e4 M) solution in 6 M HCl at 25”C, recorded after 1, 
2 and 48 h. 
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150 450 550 650 750 

h Inm) 

Fig. 2. Spectral changes of a K,Mo,Cl, (6.5 x lo-* M) solution in 0.5 M HCI at 25°C recorded after 
1,2 and 72 h. 

theless here too there is no shift in the peak at 520 shown in eqn (1) but with participation of hydro- 
mu but the peak of the products (at ca. 420 mn in lyzed species. In this acid range the slope of the 
6 M HCl) is shifted. Accordingly the reaction was linear part increases with increasing acid con- 
followed by monitoring the absorption at 520 mu. centration. At lower acid (0.5-3 M) hydrolysis 
The complexity at low acid and the relative sim- and/or condensation have rates comparable to oxi- 
plicity at high acid is also reflected in the kinetics dative addition, the results are not reproducible, 
(Fig. 3). At low acid concentrations there is an and the final absorption at cu. 420 nm is relatively 
initial decrease in absorbance, again attributed to small (Fig. 2). In the acid range between 6-12 M, 
hydrolysis. In the acid concentration range between the plots do not have non-linear initial parts (Fig. 
3-6 M, this initial stage is clearly shown, but it is 4) and the first order kinetics are attributed to reac- 
not too extensive and it does not seem to much in- tion (1). In this range the quadruple bond absorp- 
fluence the subsequent (first order) part, which is tion at 520 nm disappears, being replaced by the 
attributed to oxidative addition similar to that triple bond absorption at 420 mu. The dependence 
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Fig. 3. First order plots in HCl OS-5 M at 25°C. 

tlhl 

Fig. 4. Typical first order plots (6, 8 and 10 M HCl), at 
25°C. 
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Fig. 5. Dependence of the observed pseudo-first order 
rate constant on the concentration of HCl. 

of the first order rate constant on acid for [HCl] 2 3 
M is shown in Fig. 5. Above 6 M the plot is linear, 
below this concentration it is not, and the rates are 
relatively slow, because of the postulated par- 
ticipation of hydrolyzed species. Within exper- 
imental error the addition of 2 M KC1 to a solution 
of 1 in 2 M HCl had no measurable effect. Addition 
of KC1 or NaCl at higher acid concentrations is 
limited by solubility. However, hydrogen ion con- 

centration can be changed considerably by addition 
of p-toluenesulfonic acid (PTSH). The spec- 
trophotometric results are shown in Fig. 6. The rate 
constant for the disappearance of 1 at 25”C, in 6 M 
HCl, 6 M PTSH is 2.5 x 10V4 s-l whereas at 6 M 
HCl it is only 3.3 x lo- 5 s- ‘. The results indicate 
that the rate determining step in the formation of 
the hydride 2 is the addition of the proton to the 
quadruple bond. The activation probably originates 
in the reorganization involved, including some 
rotation around the molecular axis and a length- 
ening of the metal-metal bond. However, the desta- 
bilization caused by the approach of the positive 
charge and the removal of bonding electron density 
eventually leads to the breaking of the b-bond which 
is replaced by three bridges, albeit not without con- 
siderable weakening as indicated by the dramatic 
increase in bond length, ‘**13 from 2.139 A to 2.780 
A. At lower acid where some of the chloride ligands 
have been replaced by water molecules complete 
destruction of the multiple bond prevails.14 The rate 
constant in 6 M HCl and 6 M PTSH is considerably 
smaller compared to the value (Fig. 6) 1.9 x 10e3 
s- ’ at 12 M HCl. The difference could partly be 
attributed to medium effects but a more plausible 
explanation is that it is caused by the axial coor- 
dination of the negatively charged chloride ligands, 
which causes a weakening of the metal-metal bond, 
and a simultaneous increase of the proton nucle- 
ophilicity of 1. The increase in bond length caused 
by axial coordination is well known. 1 5 With the 
non-complexing PTS- some of the chloride ligands 
are replaced by water molecules, which are decreas- 
ing the nucleophilicity. An analogous effect is 

A 0.5- 

01 I I I 1 
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Fig. 6. Spectral changes of a K,Mo,Cl, (10d4 M) solution in a mixture of HCl(6 M) and PTSH (6 
M) recorded at 10 min intervals. 
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Scheme 1. Proposed pathways of the formation of Mo,HCI~- from Mo,CIi- by proton oxidative 
addition. 

expected at lower acid concentrations. The b&end 
coordinated aqua adduct Mo,Cl,(H,O):- can be 
isolated’* in 6 M HCl but not from 12 M HCk9 
whereas the anion Mo#&(H~O)~-, where one 
water molecule is replaced by chloride, has been 
structurally characterized as the pyridinium salt.lsb 
The implication is that apart from hydrolysis the 
following equilibrium occurs, 

Mo,Cl,(H,O):- + Mo#&,(H~O)~-. (3) 

Thus, the mechanism can be summarized as in 
Scheme 1. 

The formation of the hydride 2 can be simply 
viewed as the protonation of the quadruple bond 
of 1 and subsequent fast rearrangement Ipath( or 
as step-wise addition of HCI across the metal-metal 
bond producing Mo2HCll-, followed by loss of 
chloride ion and chloride bridge formation [path 
(ii)]. At lower acid concentration HCl is added to 
the metathetical derivative I6 Mo,C~,(H~O)~- [path 
(iii)]. The last route has been proposed for the cor- 
responding bromide. “At this stage it is not possible 
to distinguish between paths (i) and (ii). 

T 

The mechanistic scheme just described is further 
supported by observations made with the anion W2 
Cl!-, which is transformed18 into the cor- 
responding hydride, W,HCli-, much easier (at 
- 1OC). The difference in the reactivitylg can be 
attributed to the higher energy of the HOMO of 
W:+, compared to MO:+, which implies that bond- 
ing electrons are more accessible and the disruption 
of the weaker b-bond easier. A similar effect has also 
been demonstrated by comparing the reaction*’ of 
benzoic acid with Mo2X4(PR&, which yields 
Mo1X2(PRs)1(00CPh)2, with the reaction*’ of this 
compound with W,CI,(PBu’& which gives W&l2 
(PBu;),(OOCPh)&-H)(p-Cl) resulting from facile 
oxidative addition of the generated HCl to the 
initially formed W,Cl,(PBu’&(OOCPh),. 

The hydride 2 is stable in 6 M HCl (peak at 420 
nm, E = 1082) whereas Cr(I1) is oxidized to Cr(II1) : 

Cr*++H+ +Cr3++iHz. (4) 

Reactions (1) and (4) depend on the acid con- 
centration and under the above conditions reaction 
(1) is completed in cu. 48 h and (4) in cu. 3 h. 

When thoroughly deoxydenated freshly prepared 

0 I I I I 

350 450 550 650 750 
h (nm) 

Fig. 7. Spectra of a mixture of KSMo2HCl,, 8.5 x lo-’ M and CrC12, 3.4 x 1O-4 M in 6 M HCl at 
25°C; (a) after 15 min from the start of the reaction, (b) after 1 h. 
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Scheme 2. 

HC16 M solutions of an excess of chromous chlor- 
ide and a mixture of K3M02HC18/KCI are mixed at 
room temperature the colour changes from light 
yellow-green to dark green-brown and gas evol- 
ution (H J is observed. The reaction can be followed 
spectrophotometrically, Fig. 7. The absorbance at 
420 nm due to the hydride 2 diminishes whereas a 
new peak attributed to 1 appears and chromium(I1) 
is oxidized to chromium(II1). The reaction taking 
place is 

Mo,HCli- + 2Cr2+ + H+ 

+ Mo&l;f-+2Cr3++Hz (5) 

but the measured stoichiometry is little more than 
two Cr’+ ions for each Mo,HCli-, because of the 
parallel reaction (4). There is also a peak at 615 
nm attributed to a mixture of [Cr(H,O),Cl]‘+ and 
[Cr(H,O)&1;1+ which absorbsz2 at 605 and 635 
nm, respectively. A similar mixture is obtained in 
reaction (4). At the end of reaction (5) the solvent 
is removed in DUCUO, the residues are extracted with 
tetrahydrofuran leaving behind a red solid ident- 
ified as 1; the green filtrate contains Cr(II1) in the 
form of the dichloro-complex (peaks at 445 and 640 
nm). In HCl the product 1 is converted back to 2, 
hence the dimolybdenum couple participates in the 
cycle shown (Scheme 2). With [(n-C4H9)4NJ3 
MO&~, the reaction is similar yielding 1 and 
Cr(II1). 

The Mot+ core effectively oxidizes Cr(I1) to 
Cr(II1) thus comparing to the behaviour of the ole- 
finic and acetylenic compounds,23,24 except that 
here the bond order increases rather than decreases, 
from three to four. 

The system is of interest and it it desirable to pay 
more attention to its mechanistic aspects in order 
to establish : 

(i) The mechanism of reaction (1). 
(ii) Whether the electron transfer in reaction (5) 

occurs via a chloride bridged activated complex 
(inner sphere) or by direct metal-metal interaction 
(Mo-Cr). 

(iii) How the bridges over the molybdenum ions 
open and the implications to homogeneous cataly- 
sis. 
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Abstract-Electrophilic deuteration of &so-[ 1 -CB , ,H ,2]- in the DCl/D20 system confirmed 
the expected order of reactivity on individual skeletal atoms, decreasing in the series 
B(12) > B(7-11) > B(2-6) > C(1). In contrast, electrophilic B-substitution of &so-[l- 
CBI ,H12]- with H2NOS03H is consistent with the preference of the B(7)-substitution to 
suggest a different mechanism for almost exclusive formation of 7-H 3N-cZoso-l -CB 1 lHl , . 
7-Me,N-&so-1-CB, ,H1, was isolated along with the remaining 2- and 12-Me3N-l- 
CB,,H, L isomers as side products of the thermal decomposition of [BH,(NMe&]+[nido- 
7-CB 1 ,,H 1 3]- at 27O”C, which is inconsistent with a specific insertion of the BNMe3 fragment 
into the open face of nido-[7-CB , 0Hl 3] -. Nevertheless, clean “B-insertion was observed in 
the reactions of Et 3N10BH3 with both nido-[7-CB 10H1 J- and 7-Me,N-nido-7-CB 1oH12 to 
give respectively &so-[ 1 -CB , ,H ,d - and [ 1 -Me2N- 1 -CB , 1Hl ,] - labelled by “B exclusively 
at the B(2) site. Cage rearrangement was observed, however, in the reaction of 7-Me3N- 
8-PhCH2-nido-7-CBlOHI, with Et,NBH, under similar conditions to produce only the 
1 -Me3N-7-PhCH2- 1 -CB , ,H 1 o &so-isomer. 

Recently, we have reported’ elcctrophilic sub- 
stitution reactions of the close-[ l-CB 1 ,H, d- anion 
(Fig. 1) with halogens, leading to multiple sub- 
stitution of the B(7-12) atoms with chlorine and 
bromine, and to the substitution at the B(7,12) 
sites with iodine. Acid-catalyzed reaction of [l- 
CB, ,H, *]- with dimethyl sulphoxide’ proceeded 
exclusively on the B(12) atom to produce closo- 
12-MeZS-l-CBl,H11 as the main product. With 
respect to relative rates of halogenation in the series 
of isoelectronic 1Zvertex &so-compounds, the 
decrease in reactivity in the order [B 12H12]2- > 
[CB L ,H , J- > C2B l0H 12 can be clearly estimated. 
The skeletal carbon, bearing a partial net positive 
charge, reduces the reactivity towards electrophilic 
reagents. Previous work has shown that, apart from 

* Author to whom correspondence should be addressed. 

the disproportionation of nido-[7-CB , ,,H, J- at 
higher temperatures, ’ the close-[ 1 -CB 1 I HI J- anion 
and its C-amine derivatives can be prepared by 
more convenient one-boron insertion into the 
framework of nido-7-L-7-CB , ,,H , 2 compounds I-3 
(L = H-, H3N and Me,N). This paper reports 
some new aspects of this insertion reaction along 
with some supplementary results on electrophilic 
substitution reactions of &so-[ l-CB, ,H, 2]-. 

EXPERIMENTAL 

Physical measurements 

The ’ ‘B (64.18 MHz) and two-dimensional (2-D) 
“B-“B NMR spectra were recorded on a Varian 
XL-200 spectrometer in hexadeuterioacetone, 
chemical shifts are given in 6 @pm, referenced to 
BF3 * OEt 2, positive shifts downfield). 2-D ’ ‘IS-’ ‘B 
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l CH 
OH 

Fig. 1. Simplified structure and numbering system of &so-[1-CB, ,H,& anion and nido-7-L-7- 
CB , 0H1 2 compounds. 

NMR spectra were produced on selected samples 
via procedures described elsewhere. 4 The following 
short notation of the off-diagonal interactions 
(cross peaks) found in 2-D spectra is used : boron 
atoms found to interact with the observed boron 
atom (on diagonal) are given in brackets with right 
superscripts (s-strong, m-medium, w-weak, 
O-zero interaction) indicating relative intensities 
of the cross peaks observed. ‘H (60 MHz) NMR 
spectra were obtained on Tesla BS-467 equipment 
in hexadeuterioacetone, chemical shifts are given in 
6 (ppm, referenced to TMS). Mass spectra were 
collected at 70 eV using a GC/MS HP-5989 device. 
TLC was performed on Silufol (silica gel on alu- 
minium foil ; detection by I2 vapour followed by 
AgN03 spray) in 1: 3 acetonitrileechloroform. 
Melting points were determined in sealed capillaries 
under nitrogen and are uncorrected. 

Chemicals 

Diethyl ether and tetrahydrofuran were distilled 
with NaAlH,(OC,H,OCH,), prior to use and other 
solvents were purified by standard distillation 
procedures. A concentrated solution of DC1 
in D20 was prepared by the absorption of dry 
DCl, generated in the reaction of benzoyl 
chloride with D20 (Merck, 99.9%) at 120-14O”C, 
in D20. Compounds 7-L-7-CB,0H,2 (L = H3N or 
Me,N), 5-7 [1-CB,,H,2]-,3 6-PhCH2B,0H13,8 
[BH2(NMe3)2]fI-,9 and Et3N*OBH3” were pre- 
pared by literature methods. Other commercially 
available chemicals were reagent grade and were 
used as purchased. 

Syntheses 

Except where otherwise indicated, all syntheses 
were conducted under an inert atmosphere. Oper- 
ations connected with solvent evaporations were 
performed in uacuo on a standard rotatory evap- 
orator. 

Deuteration of close-[1-CBI ,H,2]-Na+. A NMR 
tube was charged with a 1 M D,O-solution of [l- 
CBi 1H,2]-Na+ (cu. 3 cm’) prepared as in the fol- 
lowing experiment. The solution was acidified by 
three drops of concentrated DCI/D*O and the ’ 'B 
NMR spectrum was monitored in 15 min, 1 h, 2 
h, and 24 h intervals. The H-D exchange rate on 
individual B-atoms was estimated by monitoring 
the collapse of the two low-field doublets into 
singlets (Fig. 2). The final product of the exchange 

B(7-1 I) 

d-6) 

AhI- 

I\ 15min J( 

20 0 

mm 

-20 

Fig. 2. Proton-coupled “B NMR spectra of the closo- 
[l-CB, ,H ,,I-Na+/DCl/D,O system in different time 

intervals. 



Electrophilic substitution reactions and one-boron insertion 1983 

was [7,8,9,10,1 1,12-D6-I-CB, ,H,]-Na+ ; connec- 2-D “B-“B NMR : B(7) [B(12)“, B(8,l l)“, B(2,3)“1, 
tivities from the 2-D “B-l ‘B NMR spectrum : B(12) [B(7)“, B(8,11/9,10)S], B(8,11/9,10) [B(12)“, 
B(12) [B(7-1 I)“], B(7-11) [B(2-6)“, B(12)“], B(2-6) B(7)“, B(2,3/4,6)5, B(5)? B(2,3/4,6) [B(7)“, 
[B(7-1 I)“]. B(8,l l/9,10)“, B(5)“], B(5) [B(2,3/4,6)3 B(9,10)“]. 

7-H3N-I-CB,rH,r. The [l-CB,,H,d-NMe,H+ 
salt (2.2 g; 0.01 mol) was treated with aqueous 1 M 
NaOH (10 cm’) at 50°C the solution was filtered 
and the trimethylamine evolved was removed in 
~XZCUO. The residual solution was extracted with 
ether (30 cm3) and the organic layer was separated 
and evaporated. The semi-solid residue (hydrated 
[ 1 -CB 1 ,H , ,I-Na+) obtained after removing the sol- 
vents, was dissolved in water (50 cm’), acidified 
with acetic acid to pH 6 and treated with H2NS03H 
(7.0 g; 0.06 mol). The mixture was heated at 80°C 
for 10 h, cooled to an ambient temperature and the 
unreacted [I-CB, ,Hlz]- was precipitated with 3 M 
aqueous EtXN* HCl. The white precipitate was 
isolated by filtration, washed with water and 
vacuum-dried to recover 1.5 g (59%). of [l- 
CB, rH,$NEt3H+, as assessed by ’ 'B NMR. The 
clear filtrate was extracted with ether (2 x 20 cm3) 
and the ether layer was evaporated, leaving a white 
solid which was recrystallized from benzene (20 
cm3) and vacuum-dried to give 0.25 g (39%) of 
7-H3N-I-CB,,H2,,; m.p. > 280°C ; RF 0.25 ; m/z 
161; ‘H NMR: 6 6.54 [s, 3H, H,Nj, 2.51 [s, IH, 

WI1 ; “B NMR: aB -5.28 [s, IB, B(7)], -6.90 
[d, lB, J(BH) 156, B(12)], -13.60 [d, 2+2B, 
136, B(8,11)/B(9,10)], -16.79 [d, 2+2B, 164, 
B(2,3)/B(4,6)], -19.41 [d, lB, 160, B(5)]. As 
assessed by I 'B NMR, the product was slightly 
contaminated by the 12-H3N-isomer (singlet at bB 
- 0.60). 

&so-7-Me,N-I-CB, rH1 r. A sample of 7-H3N-l- 
CB,,Hi, (0.2 g; 1.25 mmol) was dissolved in 5% 
sodium hydroxide (10 cm’) and the resultant solu- 
tion was treated with dimethyl sulphate (0.8 cm3 ; 
8.4 mmol). The mixture was stirred at room tem- 
perature for 1 h to deposit white material and 
treated with concentrated ammonia (5 cm’) for 
0.5 h. The product was isolated by filtration, washed 
with water, vacuum-dried and dissolved in 1 : 1 
dichloromethane/benzene. The solution was slowly 
reduced in volume to ca. 10 cm3 to precipitate white 
crystals which were filtered, washed with benzene 
(cu. 5 cm3) and vacuum-dried to afford 0.2 g (75%) 
of 7-Me,N-I-CB, ,H, , ; m.p. 268-270°C ; RF (ben- 
zene) 0.20; m/z 203 ; ‘H NMR : 6 3.08 [s, 9H, 
Me,Nj, 2.59 [s, IH, H(l)]; “B NMR: BB 2.57 [s, 
lB, B(7)], -7.39 [d, lB, 138, B(12)], -13.89 [d, 
2+2B, 166, B(8,11/9,10)], -16.98 [d, 2+2B, 152, 
B(2,3/4,6)], - 18.65 [d, lB, 151, B(5)], the unre- 
solved signals assigned to B(8,l l/9,10) and 
B(2,3/4,6) were partially resolved in the “window 
area” of the 2-D spectrum. Connectivities from 

Thermal decomposition of nido-[7-CB, 0HI 3]- 
[BH,(NMe,),]+. The title salt (2.65 g; 0.01 mol), 
prepared by the precipitation of 0.2 M aqueous 
nido-[7-CB, ,H, 3]-Na+ (50 cm’) with [BH2 
(NMe3)$- (2.6 g; 0.01 mol), was heated in 
vacua at 270°C for 3 h in a reaction flask equipped 
with a glass sublimation tube. The white sublimate 
and residual solids were digested with dichloro- 
methane (2 x 20 cm’) and the resultant mixture 
was filtered. Silica gel (5 g) was added to the filtrate 
and the solids obtained after removing the solvent 
were placed onto a column (2.5 x 30 cm) packed 
with silica gel. Benzene developed three main frac- 
tions of RF 0.42, 0.25 and 0.20 (checked by TLC 
in benzene) which were evaporated, washed with 
hexane and vacuum-dried. The first fraction 
(0.36 g ; 18%) was identified as close-12-Me,N-l- 
CB, ,H, 1 ; m.p. 163-164°C ; m/z 203 ; ‘H NMR : 6 
2.92 [s, 9H, Me,Nj, 4.49 [s, IH, H(l)]; “B NMR: 
bB 7.73 [s, lB, B(12)], -12.43 [d, 5B, 148, B(7-ll)], 
- 17.23 [d, 5B, 160, B(2-6)] ; connectivities from 
2-D “B-“B NMR: B(12) [B(7-ll)“], B(7-11) 
[B(2,6)“, B(12)S], B(2-6) [B(7-ll)“]. The product 
from the second fraction, (0.1 g ; 5%) was identified 
as close-2-Me3N- I-CB , ,H, , ; m.p. 206207°C ; m/z 
203; ‘H NMR: 6 3.22 [s, 9H, Me,Nj, 4.71 [s, lH, 
H(l)]; “B NMR: d8 19.02 [s, lB, B(2)], -3.15 
[d, lB, 147, B(12)], -11.15 [d, 2B, 157, B(7,11)], 
-14.72 [d, 5B, 157, B(3-6,9)], -19.59 [d, 2B, 154, 
B(8,10)] ; connectivities from 2-D “B-l ‘B NMR : 
B(2) [B(3-6,9)“, B(7,l l)“], B(12) [B(7,1 l)“, B(8,10)S, 
B(3,6/4,5/9)7, B(7,ll) [B(8,lO)s, B(l2)“, B(2)“, 
W,6/4,5/9)"1, W,W,W [B(7,11)“, B(8,10)“, 
B(12)“‘j, B(8,lO) [B(3,6/4,5/9)“, B(7,l l)“, B(12)“]. The 
third fraction was identified from “B NMR as 7- 
Me,N-I-CB, ,Hr r, which was characterized in the 
preceding experiment. The dichloromethane insol- 
uble portion was treated with boiling 5% potassium 
hydroxide (30 cm’) and filtered. The filtrate was 
precipitated with 1 M tetramethylammonium chlo- 
ride, the white solid was isolated by filtration and 
recrystallized from aqueous acetone to recover 1.3 
g (59%) of close-[I-CB, ,H,,]-NMe$, as assessed 
from ’ ‘B NMR. 3 

“B-insertion into nido-[7-CB,,H,,]-. A mixture 
of [7-CB10H,3]-Csf (2.7 g; 0.01 mol) and 
Et3N”BH3 (6.8 g; 0.06 mol) was heated at 200°C 
for 6 h and the triethylamine evolved was removed 
by distillation. After being cooled to room tem- 
perature, the mixture was treated with a mixture 
of ethanol (50 cm3) and concentrated hydrochloric 
acid (30 cm’). After the initial exothermic reaction 
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had ceased, the mixture was heated at 80°C for an 
additional 4 h, diluted with water (100 cm3), filtered 
with activated charcoal and extracted with ether 
(2 x 30 cm’). The ether layer was evaporated with 
water (15 cm3) and the remaining aqueous solution 
was precipitated with 1 M NMe&l (10 cm3). The 
precipitate was isolated by filtration, washed with 
water and recrystallized from aqueous acetone to 
give 1.2 g (55%) of clo~o-[2-‘~B-l-CB,,H,,]- 
NMe: (for l”B and ,‘B NMR spectra see Fig. 3). 

,OB Insertion into nido-7-Me,N-7-CB, oH, *. A 
mixture of 7-Me3N-7-CBIOH12 (1.9 g ; 0.01 mol) 
and Et3N1’BH3 (2.8 g; 0.02 mol) was heated at 
200°C for 4 h to evolve hydrogen and triethylamine. 
After being cooled to room temperature, the mix- 
ture was decomposed with a mixture of ethanol (50 
cm3) and concentrated hydrochloric acid (30 cm3) 
as in the preceding experiment. The solids were 
decanted and treated with 10% NaOH (30 cm”) and 
the alkaline solution was filtered. The filtrate was 
stirred with dimethyl sulphate (7.6 g ; 0.06 mol) for 
1 h and the excess dimethyl sulphate was removed 
by adding concentrated ammonia (10 cm’) under 
stirring for 0.5 h. The white product was isolated 
by filtration and recrystallized from acetone to 
obtain 0.8 g (42%) of &so-1-Me3N-2-“B-l- 

CB,oH,,; “B NMR: aB -7.40 [d, lB, 141, B(12)], 
-13.65 [d, 5B, 140, B(7-11)], -15.07 [d, 4B, B(3- 

@I. 
B(2-6) 

I 
-10 

pm 

Fig. 3. (a) “B{ ‘H} NMR spectrum of the cl0so-[2-‘~B- 
l-CB, ,H, 2]- anion ; (b) “B( ‘H} NMR spectrum of 
cZoso-[2-‘“B-l-CB,oH,2]-; (c) “B{‘H} NMR spectrum 
of the close-[1-CB, ,H 1 2]- anion with natural isotopic 

abundance. 

nido-&PhCH,-7-Me,N-7-CB I ,H 1 1. A solution 
of nido-6-PhCH2BloH13 (3.2 g; 0.015 mol) in 
hexane (30 cm3) was added to a solution of 
sodium cyanide (2.2 g ; 0.045 mol) in water (30 cm3) 
and the mixture was stirred for 2 h. The aqueous 
layer was separated, cooled to 0°C and acidified 
with dilute (1: 5) hydrochloric acid (30 cm3). The 
deposited white solid was washed with water and 
vacuum-dried to afford 3.0 g (83%) of 8-PhCH*-7- 
H3N-7-CB , oH,, ; RF 0.5 ; m.p. > 280°C ; ‘H 
NMR: 6 7.12 [m, 5H, Ph], 5.43 [s, 3H, H3Nj, 2.45 
[m, 2H, CH,], -3.25 [br.s, 2H, PHI; “B NMR: & 
-1.18 [d+s, l+lB, B(5/8)], -8.48 [d, lB, 147, 
B(3)], -10.68 [d, 1 +lB, 132, B(2/11)], -21.46 [d, 
IB, 168, B(9)], -23.02 [d, lB, 169, B(lO)], -26.04 
[d, lB, 149,B(l)], -31.01 [d, lB, 147, B(4)], -33.86 
[d, lB, 148, B(6)]. The product was dissolved in 
5% potassium hydroxide (40 cm3) and dimethyl 
sulphate (8.5 cm3; 0.09 mol) was added dropwise 
under stirring for 1 h. The precipitate was isolated 
by filtration, washed with water (100 cm3) and vacu- 
um-dried to obtain 3.2 g (75% based on 6- 
PhCH2B 1 oH, 3 consumed) of 8-PhCHz-7-Me,N-7- 
CB loHI 1 ; RF 0.71; m.p. 266268°C ; m/z 283 ; ‘H 
NMR : 6 7.15 [m, 5H, Ph], 3.38 [s, 9H, Me,Nj, 2.50 
[q, 2H, CH,], -3.35 [br.s, 2H, PHI; “B NMR: 8a 
0.62 [d, lB, 140, B(5)], -3.18 [s, lB, B(8)], -8.20 
[d, lB, 163, B(3)], - 11.16 [d, lB, 165, B(2)], - 13.75 
[d, lB, 153, B(ll)], -19.76 [d, lB, 146, B(9)], 
-24.12 [d, lB, 138, B(lO)], -26.52 [d, lB, 144, 
B(l)], -30.9O[d, lB, 149,B(4)], -33.83[d, lB, 152, 
B(6)] ; connectivities from 2-D ’ ,B-' ,B NMR : B(5) 
[B(9)“, B(lO)“, B(l)“, B(4)“, BWI, B(8) [B(3)“, B(4)“, 
B(9)“1, B(3) NV’, B(2)“, B(l)“, B(4)“1, B(2) P(3)“, 
Wl)“, B(l)“, J3(6)“1, Wl) P(2)“, W-T, W’VI, 
B(9) P3(51m, WY, N4)“1, WO) [B(5)“, B(9)“, BP)“, 
W l)“l, B(l) P(5)“, B(3)“, WV”, B(4)“, BWI, B(4) 
P(5)m, WY, B(3)“, B(9)“, B(l)“], B(6) P(5)“, WV’, 
B(ll)“, B(l)“]. 

closo-[l-Me2N-7-PhCH2-1-CB,,H,o]-NMe~. 
A mixture of nido-7-Me,N-8-PhCH,-7-CB ,,H 1, 
(3.0 g ; 0.011 mol) and Et3NBH3 (5 cm3 ; 0.04 mol) 
was heated at 220°C for 5 h under distillation until 
the trimethylamine evolved. After being cooled to 
room temperature, the mixture was treated with 
a mixture of methanol (10 cm’) and dilute (1 : 5) 
hydrochloric acid (30 cm3) and refluxed for 3 h. The 
resulting mixture was alkalised with solid sodium 
hydroxide under cooling, filtered, and the filtrate 
was extracted with two portions of ether (30 cm3). 
The ether was removed from the organic layer 
by evaporation and the residual aqueous solution 
was precipitated with 1 M NMe,Cl (20 cm3). 
The white precipitate was filtered, washed with 
water (20 cm3) and recrystallized from methanol 
to give 2.9 g (78%) of close-[1-Me,N-7-PhCH,-1- 
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CB 1 ‘H,,,-NMe: ; R, 0.40 ; ‘H NMR : 6 7.03 [m, 
SH, Ph], 3.43 [s, 12H, NMe$], 3.06 [s, 6H, NMe2], 
2.25 [m, 2H, CHJ ; ’ ‘B NMR : &, -4.78 [s, IB, 
B(7)], - 10.56 [d, lB, 131, B(12)], - 14.16[d, 2+2B, 
148, B(2,3/8,11)], -15.29 [d, 2+2B, B(4,6/9,10)], 
- 17.94 [d, lB, 164, B(5)]; connectivities from 
2-D ‘B--“B NMR: B(7) [B(12)“, B(2,3/8, ll)‘], 
B(12) [B(7)“, B(2,3/8,1 l)“, B(4,6/9,10)“], B(2,3/8,11) 
[B(7)S, B(l2)“, W,6/%~0)“1, WWWO PW”, 
B(2,3/8,1 l)“, B(5)“], B(5) [B(4,6/9,10)m]. The prod- 
uct (1.2 g ; 2.85 mmol) was shaken with ether (10 
cm ‘) and dilute (1: 3) hydrochloric acid (20 cm 3, 
until the solid had disappeared. The ether was 
removed from the organic layer by evaporation and 
the solid was dissolved in 5% potassium hydroxide 
(30 cm’). The mixture was methylated with di- 
methyl sulphate (0.7 cm3 : 7.4 mmol) under stirring 
for 1 h and the excess dimethyl sulphate was re- 
moved by treatment with concentrated ammonia (5 
cm’) for 15 min. The white precipitate was isolated 
by filtration, vacuum-dried and recrystallized from 
benzene to afford 0.8 g (96%) of &so-l-Me3 N-7- 
PhCH2-I-CB,,H,,,; R,0.65; m.p. 165-167°C; m/z 
293 ; ‘H NMR : 6 7.05 [M, 5H, Ph], 3.37 [s, 9H, 
Me,Nl, 2.19 [m, 2H, CH,]; “B NMR: BB -2.82 
[s, lB, B(7)], -6.33 [d, lB, 141, B(12)], -12.86 
[d, 2+2B, 150, B(4,6/9,10)], -14.15 [d, 2B, 149, 
B(8,11)], -15.47 [d, 2B, 167, B(2,3)], -18.56 [d, 
lB, 154, B(5)]. 

RESULTS AND DISCUSSION 

Previously reported results* suggested the fol- 
lowing order of reactivity towards electrophilic sub- 
stitution on individual cage atoms of the &so-[l- 
CBl’H12]- anion (Fig. 1): B(12) > B(7-11) > B(2- 
6) > C(1). The observed course of the acid-cata- 
lyzed deuteration of the latter anion in the DCI/D20 
system, monitored by the “B NMR spectrum (Fig. 
2) is in agreement with this presumption. The H- 
D exchange occurs primarily at the B(12) position 
with subsequent exchange at the B(7-11) equatorial 
belt to give the B(7-12) hexadeuterated compound 
as a final product. The reaction is in agreement with 
the results of the electrophilic deuteration of closo- 
1,2-&B 10H I 2 occurring on boron atoms non- 
adjacent to carbon. ’ ’ 

A different result was obtained, however, in an 
attempt to introduce amine functionality directly 
onto the &so-[1-CB, ‘H’J cluster in its reaction 
with excess hydroxylamine-O-sulphonic acid in 
weakly acidic solution. The reaction affords close-7- 
H,N- 1 -CB 1 , H , 1 contaminated with a small amount 
of the 12-H3N-I-CB,‘H,, isomer. On the other 
hand, the observed, even though a little surprising 
enhanced reactivity at B(7), which is indicative of a 

different substitution mechanism, is comparable to 
the reported I2913 less favoured equatorial sub- 
stitution of the clos~-[B,,,H’~]-~ anion by the H3N 
group under similar conditions. The compound 7- 
H3N-I-CB,,H,, can be smoothly methylated in 
alkaline medium to give its N-trimethyl deriva- 
tive, close-7-Me3N-1-CB, ,H, ‘. 

All of the three possible B-substituted Me3N- 
derivatives of the general formula close-Me,N-l- 
CB, ,H, , were isolated as side products of the 
thermal decomposition of the [BH,(NMe,),]+[7- 
CB I ,H, 3]- salt at 270°C to produce the parent closo- 
[l-CB’ ‘H12]- as the main product. The relative 
ratio of the 2-, 7- and 12-Me,N-I-CB 1 ‘H,, deriva- 
tives isolated is cu. 3 : 1 : 10, respectively. The 
described reaction represents another interesting 
way of boron insertion into open borane clusters, 
however, the found type of insertion is inconsistent 
with the expected regioselective entry of the B- 
NMe, fragment into the open pentagonal face of 
the nido-[7-CB, 0Hl 3]- anion (Fig. 1) ; this process 
should produce exclusively close-2-Me,N- l- 
CB,,H,,. Since I-Me,N-l-CB,,H,, and 7-Me3N- 
1 -CB, ,H, 1 do not undergo thermal rearrangement 
at 320°C for 10 h, the thermal migration of the 
exohedral substituent seemingly does not account 
for the observed course of the reaction. 

Nevertheless, this result prompted us to examine 
boron insertion reactions in more detail. In com- 
parison with the preceding reaction, the results 
of “B-insertion reactions of Et3N’OBH3 with 
both nido-[7-CB , oHl 3]- and nido-7-Me,N-7-CB 1 o 

H12 14-‘5 at 200°C are in good agreement with 
the respective formation of [I-CB’ ‘H 12]- and l- 
Me,N-l-CB, ‘H,, (on methylation of the [I-Me,N- 
I-CB”H,,]- intermediate), both labelled by “B 
exclusively at the B(2) site, as documented via “B 
and ’ 'B NMR spectra (Fig. 3). The spectra indicate 
clearly the desired “B-enrichment on the B(2-6) 
equatorial belt, which is in agreement with a clean 
‘OB insertion into the open pentagonal face of the 
eleven-vertex nido-system. 

The Et,NBH, insertion approach has also been 
employed in a similar reaction conducted on nido-7- 
Me3N-8-PhCH2- l-CB, oHl ,. Unlike the preceding 
case, only the close-l-Me,N-7-PhCH,-I-CB’ ‘H,. 
derivative has been obtained instead of the 2- 
PhCH2-isomer expected on applying the inser- 
tion scheme outlined above. The result is com- 
patible with a regioselective cage rearrangement 
which manifests the steric effect of the two bulky 
Me,N and PhCN,-exohedral substituents at vicinal 
positions. 

The constitution of all isolated compounds of 
both nido-7-L-7-CB 1 ,H, 2 and close-[ l-CB , ‘H 1 2]- 
series was established unambiguously from ‘H and 
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“B NMR spectra. From the known cage geom- 4. 
etries, the 2-D ’ ‘E’ ‘B NMR spectra were inter- 
preted and the resonances in the 1-D spectra 5. 
assigned to specific boron nuclei. In the relevant 
connectivity schemes (see Experimental), most ‘. 
adjacent borons gave rise to the cross peaks 
observed in the 2-D spectra, even though the results 

7. 

are complicated due to the overlap of closely spaced 8 
resonances in a few cases. 

9. 

Acknowledgement-The authors wish to thank Dr Z. 10. 
Weidenhoffer for the mass spectral measurements. 

1. 

2. 
3. 

11. 

REFERENCES 12. 

T. Jelinek, J. Plegek, S. Hei’manek and B. Stibr, 13. 
Collect. Czech. Chem. Commun. 1986, 51, 819. 
W. H. Knoth, Znorg. Chem. 1971,10,598. 
J. PleSek, T. Jelinek, E. Drdakova, S. Heimanek and 14. 
B. Stibr, Collect. Czech. Chem. Commun. 1984, 49, 
1559. 15. 

S. Heiinanek, J. Fusek, B. Stibr, J. Plegek and T. 
Jelinek, Polyhedron 1986,5, 1303. 
W. H. Knoth and E. L. Muetterties, J. Znorg. Nucl. 
Chem. 1961,20,66. 
W. H. Knoth, J. L. Little, J. R. Lawrence, F. R. 
Scholer and L. J. Todd, Znorg. Synth. 1968, 11, 33. 
T. Jelinek, J. PleSek, S. Hei-mamek and B. Stibr, 
Collect. Czech. Chem. Commun. 1986,50, 1376. 
R. J. Palchak, J. H. Norman and R. E. Williams, J. 
Am. Chem. Sot. 1961,83,3380. 
J. PleSek, T. Jelinek, S. Heimanek and B. Stibr 
(unpublished results). 
J. PleSek, B. Stibr, E. Drdakova and T. Jelinek, 
Czech. Pat. 1986, 242,064. 
B. Stibr, S. Hei%mek, Z. JanouSek, J. Dolansky, Z. 
Plzlk and J. PleSek, Polyhedron 1982, 1, 822. 
W. R. Hertler and M. S. Raasch, J. Am. Chem. Sot. 
1964,86,3661. 
W. H. Knoth, J. C. Sauer, D. C. England, W. R. 
Hertler and E. L. Meutterties, J. Am. Chem. Sot. 
1964,86,3973. 
D. E. Hyatt, R. F. Scholer, L. J. Todd and J. L. 
Warner, Znorg. Chem. 1967,6,2229. 
W. H. Knoth, J. Am. Chem. Sot. 1967,89,1274. 



Polyhedron Vol. 6, No. 1 I, pp. 1987-1991, 1987 
Printed in Great Britain 

0277-5387/87 $3.00+.00 
0 1987 Pergamon Journals Ltd 

SYNTHESIS AND MOLECULAR AND CRYSTAL STRUCTURE 
OF THE OCTANUCLEAR PALLADIUM CLUSTER 

Pds~~-CO),oC2-CO),(PMe3)7 

MANERED BOCHMANN* and IAN HAWKINS 

School of Chemical Sciences, University of East Anglia, Norwich NR4 7TJ, U.K. 

and 

MICHAEL B. HURSTHOUSE* and RICHARD L. SHORT 

Department of Chemistry, Queen Mary College, London El 4NS, U.K. 

(Received 27 April 1987 ; accepted 27 May 1987) 

Abstract-Treatment of bis(dibenzylideneacetone)palladium with trimethylphosphine 
under a carbon monoxide atmosphere gives the title complex in good yield. X-ray crys- 
tallography has shown the structure of the complex to consist of an octahedron of palladium 
atoms which is bicapped by two further palladium atoms in an asymmetric fashion. Seven 
of the eight palladium centres carry terminal trimethylphosphine ligands. Two face-bridging 
and six edge-bridging CO molecules complete the ligand shell. 

Clusters of zerovalent palladium carrying carbonyl 
and phosphine ligands, Pd,(CO),(PR3)Y, are known 
for nuclearities n ranging from 3-23. ’ Although all 
are synthesised under very similar and mild con- 
ditions, the process of cluster formation appears to 
be highly sensitive to the palladium source and the 
reaction medium. For example, the carbonylation 
of Pd(N02)2(PPh2Me)2 in dichloromethane gives 
Pd4(CO)S(PPhzMe)4,2 and Pd(q’,$-CBH13(PMe,) 
generates Pd7(C0)7(PMe3)7,3 while Pd(OAc)2 in 
H20/Ac,0 or dioxane results in the synthesis of 
Pd&Q)17--x&‘R3)5+x (x = 0,2)” and ofPd&Q)i2 
ww6, 5 respectively. We report here the high- 
yield preparation and the crystal and molecular 
structure of a new member of this family, Pd8(CO)8 

PMd7 (0 

EXPERIMENTAL 

Preparation ofPd8(CO)8(PMe3)7 

To a solution of 1.75 g (3.04 mmol) bis(di- 
benzylideneacetone)palladium’ ’ in 40 cm3 dry 
dichloromethane under nitrogen was added 0.31 

* Authors to whom correspondence should be addressed. 

cm3 (3.0 mmol) trimethylphosphine at room tem- 
perature. CO was bubbled through this solution for 
1 min and the colour of the mixture changed from 
yellow-brown to maroon. Stirring was continued 
for 1 h under 1 bar CO. After removal of volatiles 
the residue was washed with 4 x 10 cm3 diethyl- 
ether, leaving a dark-red powder which was re- 
crystallized from dichloromethane-diethylether to 
give 400 mg of 1 (0.24 mmol, 65%). Shiny deep 
red-to-black plates suitable for X-ray diffraction 
were obtained by the slow evaporation of a 
dichloromethane solution of 1 through a rubber 
septum. 

X-ray crystallography 

The crystal used for X-ray work was mounted 
under nitrogen in a thin-walled glass capillary. The 
orientation matrix and associated cell dimensions 
and intensity data were obtained at 29 1 K following 
previously described procedures, I2 using an Enraf- 
Nonius CAD4 diffractometer operating in the u)- 
28 scan mode and graphite monochromatised Mo- 
K, radiation [A(Mo-K,) = 0.71069 A]. The strut- 
ture was solved by direct methods (SHELXS86),13 
developed via difference synthesis and refined via 

1987 
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full matrix least squares, with scattering factor data 
taken from reference 14. During the refinement pro- 
cess it became clear that some of the PMe3 groups 
were orientationally disordered and it was pos- 
sible to refine the carbon atoms in the isotropic 
mode only. Pd and P atoms were treated aniso- 
tropically. Crystallographic data were as follows : 
Pds(CO)B(PMeJ7, M, = 1607.83, orthorhombic, 
a = 11.106(4), b = 11.248(2), c = 42.302(4) A, 
V = 5284.1 A3, space group P2,2,2,, Z = 4, 
d, = 2.02 g cm-3, p = 26.5 cm- ‘. 5258 intensities 
measured, 5221 unique and 4080 observed 
[FO > 3a(F’)]. The final R, R, values were 0.055 and 
0.064 respectively, with weights o = 1/[02(F0)+ 
0.0003F~. Final atomic parameters, full lists of 
bond lengths and angles and Fo/Fc 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 Crystallo- 
graphic Data Centre. 

RESULTS AND DISCUSSION 

Treatment of a solution of bis(dibenzyl- 
ideneacetone)palladium in dichloromethane with 
one equivalent of trimethylphosphine under a CO 
atmosphere at room temperature gives black- 
purple crystals of the title complex (1) in 60-70% 

yield. The infrared spectrum of solid 1 (Nujol mull) 
indicates the presence of bridging and the absence 
of terminal CO ligands (vco 1763 (m), 1775 (m), 
1803 (sh), 1810 (s), 1843 (m), 1878 (s) cm-‘); a 
simpler spectrum is observed in dichloromethane 
solution (vco 18 17 (s), 1877 (m) cm- ‘). The presence 
of PMe 3 ligands is indicated by bands at 128 1 (m) 
and 955 (vs) cm-‘. 

The structure of (1) was elucidated by X-ray 
diffraction. Six of the eight palladium atoms are 
arranged to form a regular octahedron. The two 
remaining Pd atoms cap two opposite triangular 
faces of the octahedron and interact with the same 
octahedral vertex Pd atom [Pd(l)] which, as a 
consequence, is the only metal centre of the cluster 
not to carry a terminal PMe, ligand. Two of the 
eight carbonyl ligands bridge the two octahedral 
faces adjacent to those capped by palladium ; the 
others are edge-bridging. The structure and atomic 
numbering scheme are given in Fig. 1; selected bond 
lengths and angles are collected in Tables 1 and 2. 

The octahedral core of the cluster is subject to 
only minor distortions due to a shortening of CO 
bridged edges (on average 2.78 vs 2.85 A). The 
shortest Pd-Pd distances are found between the 
singular octahedral atom Pd( 1) and the two capping 
atoms Pd(7) and Pd(8). The capping is highly asym- 
metric ; one Pd-Pd interaction between each cap 
and the core is significantly weaker than the other 

Fig. 1. The molecule structure of 1, showing the atomic numbering scheme. Ellipsoids correspond to 
50% probability. 
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Table 1. Selected bond lengths of 1 (A) 

Pd( ljPd(2) 
Pd( ljPd(3) 
Pd(ljPd(7) 
Pd(2jPd(3) 
Pd(2jPd(5) 
Pd(2jPd(6) 
Pd(2jPd(7) 
Pd(3jPd(6) 
Pd(3jPd(7) 

Pd(2jP(2) 
Pd(3jP(3) 
Pd(6jP(6) 
Pd(7jP(7) 

2.859(S) 
2.824(5) 
2.703(5) 
2.872(5) 
2.754(5) 
2.780(5) 
3.138(5) 
2.838(5) 
2.730(5) 
2.309( 10) 
2.321(8) 
2.307(9) 
2.289(10) 

Pd(l)--C(l) 
Pd(3jU) 
Pd(4jW) 
Pd(2W(3) 
Pd(6jC(3) 
Pd(3)--C(5) 
Pd(7)--c(5) 
Pd(ljC(7) 
Pd(7)--C(7) 
Pd(3>--c(3) 
Pd(5W(4) 
C(lW(1) 
C(3)-4x3) 

2.420(25) 
2.198(25) 
2.036(24) 
2.061(24) 
2.043(23) 
2.050(25) 
2.060(25) 
2.092(23) 
1.927(24) 
2.634(25) 
2.670(23) 
1.188(27) 
1.191(28) 

two, with an average Pd-Pd bond length of 3.18 
8, between the capping atoms and two mutually 
opposite octahedral vertices. 

This asymmetry of bonding of the capping pal- 
ladium units is reflected in the Pd-C distances 
of the triply bridging CO ligands. Three sets of 
significantly different Pd-C bond lengths are 
observed, from the shortest (2.04 A) between C( I ,2) 
and the Pd atoms least involved in bonding to a 

capping metal [Pd(2,4)], to the longest towards 
Pd(l) (> 2.3 %i). Two of the six edge-bridging CO 
ligands, C(3) and C(4), also show a strong tendency 
towards a face-bridging position and are inclined 
towards Pd(3) and Pd(5), i.e. the 
Pd(2)--C(3)--Pd(6) plane deviates by 47.9” from 
the Pd(2)--Pd(4)-Pd(6) plane (48.1” for the 
Pd(4)-C(4)-Pd(6) plane), while angles of 0” 
would have been expected for truly edge-bridging 

Table 2. Selected bond angles of 1 (deg.) 

Pd(3jPd( ljPd(2) 
Pd(4jPd( 1 jPd(3) 
Pd(SjPd( ljPd(2) 
Pd(SjPd(ljPd(3) 
Pd(5 jPd(2 jPd(l) 
Pd(6jPd(2 jPd( 1) 
Pd(6 jPd(2 jPd(5) 
Pd(7 jPd(1 jPd(2) 
Pd(7 jPd(1 jPd(3) 
Pd(7 jPd(1 jPd(4) 
Pd(7 jPd(l jPd(5) 
Pd(7 jPd( ljPd(8) 
Pd(7jPd(2 jPd(3) 
Pd(7 jPd(2 jPd(6) 
Pd(7 jPd(2 jPd(1) 
Pd(7 jPd(3 jPd(1) 
Pd(7 jPd(3 jPd(2) 
Pd(7 jPd(3 jPd(4) 
Pd(7 jPd(3 jPd(6) 

60.7(2) 
58.5(2) 
57.7(2) 
89.9(2) 
61.0(2) 
90.8(2) 
61.6(2) 
68.6(2) 
59.1(2) 

117.1(2) 
126.2(2) 
171.9(l) 
53.8(2) 

114.0(2) 
53.3(2) 
58.2(2) 
68.1(2) 

119.1(2) 
126.2(2) 

P(6jPd(6jPd(2) 
P(6jPd(6jPd(3) 

Pd(l>--C(ljPd(3) 
Pd(4C(ljPd(l) 
Pd(4)---C( 1 J--W3 

Pd(2)--C(3jPd(6) 
Pd(3)--C(5jPd(7) 
Pd(l)--c(7jPd(7) 
C(5jPd(7)--C(7) 
C(3jPd(6F(4) 
WjPd(l>-c(2) 
C(ljPd(l)--C(7) 

P(2jPd(2jPd( 1) 
P(2jPd(2 jPd(6) 
P(2jPd(2 jPd(7) 

129.5(3) 
139.4(2) 
91.4(3) 

135.6(2) 
135.0(2) 

75.2(8) 
79.2(8) 
81.8(9) 

85.3(g) 
83.2(9) 
84.4( 10) 

158.9(g) 
165.1(8) 
147.0(8) 
113.7(10) 

P(3 jPd(3 jPd(1) 
P(3 jPd(3 jPd(2) 
P(3jPd(3 jPd(6) 
P(3jPd(3 jPd(7) 

152.7(2) 
140.5(2) 
91.3(3) 

137.1(2) 



1990 M. BOCHMANN et al. 

ligands. However, the Pd(3)-C(3) and Pd(5)-C(4) 
distances of 2.63 and 2.67 A are too long to be 
interpreted as bonding interactions. 

For steric reasons, the trimethylphosphine 
ligands coordinated to Pd(3) and Pd(5) are bent out 
of the octahedral “equatorial” plane towards Pd(6) 
by 37.7 and 37.2”, respectively, while P(2) and P(4) 
are slightly inclined towards Pd( 1) below this plane 
by 3.7 and 8.4”, respectively. 

The cluster possesses 110 cluster valence electrons 
(CVE) and its geometry is in agreement with this 
electron count.6S7 Examples for octanuclear 110 
CVE clusters are very limited ; the dianion 
[Os,(CO),zl’- (2L8 the mixed-metal cluster 
0s6Pt2(CO),7(CgH,& (3)9 and the carbide cluster 
[Re&(CO),,]‘- lo have been structurally char- 
acterized. A comparison of the structure of 1 with 
that of the isoelectronic OS cluster [OS~(CO)~~]~- 
(2)’ reveals significant differences in the distribution 
of metal-metal bond lengths (Fig. 2). While both 
in 1 and 2 the shortest interactions are those 
between the basal octahedron vertex and the two 
capping atoms, in 2 each of these caps forms a 
nearly regular tetrahedron with its three neighbours 
in the octahedral core and the longest OS-OS dis- 
tances are found not between capping and core 
atoms but for the non-CO bridged vertices between 
the apical and two equatorial OS atoms of the octa- 
hedral core. Asymmetric capping as observed in 1 
is a feature typical of d lo metal centres and is found 
to varying degrees in the mixed-metal 0s6PtZ cluster 
39a (Fig. 2) as well as in Pd,(CO),(PMe,)+ and 
Pd,,(CO),,(PBu;)z* (Fig. 3). It has been argued3,6 

*By contrast, asymmetric-face capping Pd units are 
absent from Pd,,(CO),,(PEt,),,, which consists of a 
four-fold edge bridged Pd, 9 octahedron in a cubic close 
packed arrangement.’ The Pds geometry of (1) may be 
regarded as part of a Pd , 9 structure. 

Fig. 2. Comparison of the structures of the octanuclear 
110 CVE clusters Pd8(C0)8(PMe3)7 (l), [OS,(CO),~]“- 
(2) and Os6Pt,(CO), ,(CsH, & (3) (bond lengths in A). 

A 8 

Fig. 3. Partial structures of Pd,(CO),(PMeJ,3 (A), Pd ,,(CO), z(PB~;)65 (B), and Pd2,(CO)&PEtJ, ,,’ 
(C), illustrating two types of asymmetric face capping (A,B) and the only example of symmetrical 

edge bridging (C) palladium. 
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that the reason for metal-metal bond lengthening 4. 
as observed in 1 lies in the energetic separation 
between the metal p orbitals from the s and d levels 5. 
which increases as one moves across the transition 
series towards heavier elements. A high energy 
(relative to d levels) would make the p orbitals less 
available for bonding, resulting in a deficiency of 

5. 
’ 

metal-metal bonding MO’s in the cluster and an 8. 
occupation of low-lying antibonding MO’s and 
consequently a distortion of the cluster geometry. 9. 
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SPECTROPHOTOMETRIC STUDY OF THE COMPLEXATION 
EQUILIBRIA OF COBALT0 WITH 445’~METHYL-3’- 

ISOXAZOLYLAZO)-RESORCINOL AND DETERMINATION 
OF COBALT(II) 
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Abstract-The reaction of cobalt(I1) with 4-(5’-methyl-3’-isoxazolylazo)-resorcinol (MIAR) 
in 4% v/v ethanol-water medium at Z = 0.1 M (NaC104) was investigated spec- 
trophotometrically. Graphical and numerical calculation methods were used to establish 
the equilibria in solution and to evaluate the stability constant of the complexes formed 
(log8101 = 7.48 + 0.06, log #I, 1, = 12.77 max 12.99, logZ?,,, = 16.41+ 0.07). The optimum 
conditions for the spectrophotometric determination of Co(I1) with MIAR were established 
and the method applied to its determination in some low alloy steels and hydrofining 
catalysts. 

Heteroazo-phenols and -naphthols have been 
widely used as chromogenic reagents and metal- 
lochromic indicators for many metal ions, ‘*2 but 
in general little attention has been paid to study 
their complexation equilibria in solution. 

In a previous paper3 the acid-base behaviour, 
Table 1, of 4-(5’-methyl-3’-isoxazolylazo)-res- 
orcinol (MIAR) as well as its complexation equi- 
libria with cadmium(I1) were studied. 

The present paper deals with the spec- 
trophotometric study of the complexation equi- 
libria of MIAR and Co(II), the species in solution 
and their stability constants established by graphi- 
cal and numerical calculation methods, and a 
method is developed for the spectrophotometric 
determination of cobalt, which is applicable to its 
determination in some low alloy steels and hydro- 
fining catalysts. 

EXPERIMENTAL 

4-(S-methyl-3’-isoxazolylazo)-resorcinol (MIAR) 
lop3 M solution in absolute ethanol. Standard 
10-l M CO(C~O~)~ solution prepared from cobalt 

*Author to whom correspondence should be addressed. 

nitrate by perchloric acid treatment and standard- 
ized complexometrically. 4 A hexamine/HC104 
bulfer solution (pH = 7.5) was used as indicated. 
The ionic strength, Z, of the solution was kept con- 
stant at 0.1 m (NaClO,). 

Analytical reagent grade chemicals and de-ion- 
ized water were used throughout with no further 
purification. 

The pH measurements were carried out with a 
Radiometer PHM64 digital pH-meter with a glass- 
calomel combination electrode. Absorption 
measurements were made on a Hitachi Perkin- 
Elmer 200 recording spectrophotometer provided 
with 1 cm matched quartz cells. Measurements were 
performed at 25 f 0.1 “C. Calculations were carried 
out on a Digital VAS/VMX 1 l/780 (V.4) computer. 

Table 1. Optical characteristics of MIAR species (4% v/v 
ethanol-water, Z = 0.1 M NaC103 

LiU 
Species (mn) 

& 

(1 mol- ’ cm- ‘) pKa 

HzR 365 18,351 HR- 385 26,171 
RZ- 463 29,244 

pKa3 5.51 
pKa4 10.52 

1993 
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Spectrophotometric determination of cobalt 

To the sample, 8.75-30.00 pg of cobalt(I1) in a 
25 cm3 measuring flask, 5 ml of lO-3 M MIAR, 5 
cm3 of hexamine/HClO, buffer solution (pH = 7.5), 
1 cm3 of 2.5 M NaClO, was added and made up 
to volume with de-ionized water. After 5 min the 
absorbance was measured at 465 nm against a 
reagent blank. 

Spectrophotometric determination of cobalt in low 
alloy steels and hydrofining catalysts 

1 g amounts of the steel or catalyst were weighed 
accurately and treated with 30 cm3 of HCl (1 : 1) 
and 5 cm3 of concentrated HNO, in the case of the 
steel, and with 30 cm3 of HCl (1: 1) in the case of 
the catalyst, heated in a water-bath until dissolved 
and then taken almost to dryness. The residue was 
redissolved and made up to 100 cm3 in a calibrated 
flask with 6 M HCl. Suitable aliquots were analysed 
as described above, iron being previously removed 
with di-iso-propyl ether. 

RESULTS AND DISCUSSION 

Solutions containing 4-(5’-methyl-3’-isox- 
azolylazo)-resorcinol, MIAR and Co(H) show an 
orange colouration over a wide pH range. The 
absorption spectra as a pH function of the MIAR- 
Co solutions where Cc,& = 20/ 1, Fig. 1, show at 
the greatest acid pHs an absorption maximum that 
corresponds to the free reagent and at pH > 5 an 

0 

AO 

400 5ccl 600 

hm 

Fig. 1. Absorption spectra of the system Co(IIkMIAR. 
C,=2.10-sM;Cc,=4.10-4M;Z=0.1 M(NaCIO,); 
4% (v/v) ethanol-water; pH = (I) 2.86, (2) 3.96, (3) 

4.76, (4) 5.27, (5) 6.25. (6) 0.80, (7) 7.30. 

05- 

0.4 - 

A 03- 

1 1 I I I I 
3 4 5 6 7 

PH 

Fig. 2. Absorption-pH curves for the system Co-MIAR. 
C, = 2.10-’ M, Z= 0.1 M (NaC103; 4% (v/v) etha- 
nol-water ; 465 nm; C,/C,, = (1) l/20, (2) l/40, (3) l/60, 

(4) l/l, (5) 5/l. 

absorption maximum is defined at 465 nm, indica- 
tive of the complex species formed. 

The absorbance-pH curves, at 465 nm, for solu- 
tions with different CcJC, ratios, Fig 2, show that 
the complexation begins at pH N 5 and stabilizes 
at pH 2 6.5. 

The stoichiometry, determined at pH = 7.5 and 
465 nm by the continuous variations and the molar 
ratio methods, indicated the formation of a 1: 2, 
Co : R species, Fig. 3. 

0 

A0 

4- 

2- 

0 05 I 

O_I 
r (0) 
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0 05 I 15 
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Fig. 3. Stoichiometry of the Co(H)-MIAR system. 
I = 0.1 M (NaClO,) ; pH = 7.5 ; 4% (v/v) ethanol- 
water; 465 nm; (1) m = C,,/C,+C,,; C, = 4.10-’ M, 
(2) n = Cc&,; C, = const. = 2.10m5 M, (3) r = 

C&co; Cc, = const. = lo-‘M. 
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Comparison of the absorption spectra in the pres- .a2, E,, so and E are the molar absorptivities of species 
ence of oxidants or reducers confirmed the presence H2R, HR- and R2- of the reagent and the complex, 
of cobalt(I1) in the complex. respectively. 

In order to calculate the formation constant of 
the complex a method of graphical analysis of the 
A-pH curves derived from that of Sommer et al.’ 
was used. In accordance with the range of pHs in 
which complexation took place and the pK, values 
of the reagent, it could be admitted that the H2R 
and HR- species of the reagent were those that 
took part in the complexation reactions, written as 
follows 

Upon applying the logarithmic equation for 
m = 2, straight lines with a slope of value four were 
obtained for pH > 6 for the first equilibrium and a 
value of two for the second equilibrium, indicating 
that the species formed was CoR,, while the points 
of pH > 6 were not in alignment. The fact that not 
all the points were alligned within a straight line 
indicated the possible existence of more than one 
complex species in solution. 

CoZ++mH2Rs ?:21C~H,R,+nH+ 

(a = 2m-n) (A) 

Co2’ +mHR- z~%:~ CoHbR,+pH+ 

(b = m-p) (B) 

to which the following set of equations can be 
applied : 

Once the values of m, n, andp became known, eqn 
(2) was applied for pH > 6. The results obtained for 
equilibrium B are presented in Table 2, where it is 
observed that the values of Klo2 and s,02 for the 
species CoR, are slightly different for solutions with 
metal excess than in equimolar and excess reagent 
solutions. 

The numerical calculation method was next 
applied, using the LETAGROP-SPEFO pro- 
gramme. 6 In this treatment, we initially divided 
the experimental data into two parts: one cor- 
responding to the solutions in excess of metal ion 
and the other to the equimolar and excess reagent 
solutions the most suitable model was defined and 
then applied to the whole of the experimental data. 

(AZ - CRiTR)(eZ - m.Qm 

log(CM~Z-CMm~R-AZ+CR&J(CR~-mA)m 

= logK+npH (1) 

Ca m 1 -=- 
A E+-- &Klim 

(AZ- CR&)(&-mQ”‘lH+(” 1 
I/m x A”( CM&Z - CMmER - AZ + C,&) (2) 

where 

2 = jH+I/Ka3+ 1 + Ka,/(H+l ; 

IH+I Ka4 
ER = &2Ka, +&l+&OJH+ 

The data presented in Table 3 indicate that for 
the ratios in excess of metal ion and in accordance 
with the values of U and o(A) the fit to a model of 
a single species is not correct, even with the species 
CoR,. The best fit was achieved for a model 
formed by the species CoHR, CoR and CoR,, 
although the constant of the species CoHR was not 
well defined. The results obtained for the equimolar 
and excess reagent ratios also indicate that the best 
fit is obtained with the three-species model deduced 
in the previous calculations. 

Table 2. Values of log K and E for the system Co-MIAR calculated by graphical 
methods 

Equation CR/CM Straight line” El02 bKto2 

(1) l/60 Y = -3.49+1.96X - 3.49 
1140 Y = -3.74+1.99x -3.74 
l/20 Y = -3.46+1.90X -3.64 
111 Y = -4.04+1.95x -4.04 
511 Y = -4.73+2.02X -4.73 

(2) 1160 Y=3.66x10-s+1.40x10-3X 54,644 -3.78 
l/40 Y =3.67~10-~+1.52xlO-~X 54,455 -3.84 
l/20 Y =3.77~10-~+1.78xlO-~X 53,051 - 3.92 
l/l Y =4.04~10-~+3.69x 1O-3X 49,504 -4.52 
511 Y = 4.14x lo-‘+3.89x 10-)X 48,320 -4.55 

a Correlation coefficients better than 0.997. 
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Table 3. Values of U, a(A), log&, and sM, for the different models tested by 
the LETAGROP-SPEFO method 

Species 

(a) solutions in metal ion excess 

CoH2R2 0.393 0.071 - 

CoHR, 0.188 x lo- ’ 0.015 - 

CoR, 0.484 x lo- 1 0.025 - 

CoH,R, 
* - CoR, 0.650 x IO- 0.009 

CoR, - CoOHR 0.661 x10-2 0.009 

CoR 
CoR, 0.636 x lo-’ 0.009 - 

CoHR 
CoR 0.720 x lo- * 0.009 - 

CoHR 12.77 max 12.99 
CoR 0.266 x lo-’ 0.006 7.39 + 0.23 
CoR, 16.73kO.13 

(b) equimolar and reagent excess solutions 

CoR, 0.875 x lo-* 0.011 - 

CoR 
CoR, 

CoHR 
CoR 
CoR, 

CoHR 

0.320 x lo-* 0.008 - 

12.77 max 12.99 
0.246 x lo- * 0.007 7.39kO.23 

16.43 -10.08 

CoR 
CoR, 

0.583 x lo- * 0.009 - 

CoR; 

CoHR 
CoR 
CoR, 0.604 x lo-’ 0.010 - 

CoH,R, 

(c) all data together 

CoHR 12.77 max 12.99 
CoR 0.252 x lo-* 0.007 7.48 +0.06 
CoR, 16.41 kO.07 

- 

- 

- 

- 

44,241+ 1130 
28,812_+497 
54,640 _+ 568 

- 

- 

44,241& 1130 
28,812+497 
50,171+268 

- 

- 

44,241 f 1130 
30,811+ 191 
50,704+313 

The values obtained for the formation constants 
and molar absorptivities of the different complex 
species that form the most suitable model are given 
in Table 3. 

In accordance with the values obtained for the 
whole of the experimental data and using the 
HALTAFALL programme, the distribution 
diagrams of species for the proposed model at 
different metal-ligand ratios, were established as 
clearly seen in Fig. 4 the slight concentration of 
the CoHR species justifies the fact that its stability 
constant is not well defined by mathematical 
calculation. 

The results obtained evidence the limitations pre- 
sented by applying the graphical method to the 
study of complexation equilibria in which mixtures 
of complexes in solution co-exist. 

Spectrophotometric determination of cobalt with 
MIAR 

The complex CoR,, the predominant species in 
excess of reagent, at pH = 7.5 and 465 nm conforms 
to Beer’s law between 0.12 and 1.65 ppm, according 
to the equation : 

A = 9.3 x 10-4+0.6591CoZ+(ppm)I c.c = 0.999 



The complexation equilibria of cobalt(H) 

Table 4. Spectrophotometric determination of cobalt with MIAR in the 
presence of foreign ions, ICo’+) taken = 0.235 ppm, pH = 7.5,1= 465 nm 

1997 

a 

The method developed was applied to the deter- 
mination of cobalt in a low alloy steel, Artilleria J- 
5 (4.935% Co), containing Ni and Cu in amounts 
smaller than those of Co, after previous removal of 
iron with di-iso-propyl ether, and to a hydrofining 
catalyst, Hydrobon HS-9 (3.23% Co), with recov- 
eries of 4.92% and 3.22%, respectively, as mean 
values of three determinations. 

Fig. 4. 
system 

Distribution diagram of species for Co-MIAR REFERENCES 
calculated by HALTAFALL programme, (a) 

CoHR, (b) CoR, (c) CoR,; C&C, = (1) 60/l, (2) l/5. ;. 

with 3.89 x IO4 as molar absorptivity and 0.23-l. 18 3. 
ppm as optimum concentration range in accordance 
with the Ringbom graph with 1.8% as photometric 

4 
’ 

error. 
From the statistical study carried out with ten 

5. 

samples each containing 0.235 ppm of cobalt, 0.233 6. 
ppm was obtained as the mean value, with a stan- 
dard deviation of 3.24 x 10m3 and a relative error 7. 
of 1% (P = 0.05). 

(interferent(/l[Co’+( interference 

100/l” 
50/l 
25/l 

l/l 

l/l 

F-, Ca’+, Cl-, Br-, Ag+, I-, Mg*+, A13+ 
SCN-, S20:- 
Tl+, CzO:-, WO:-, MOO:- 
Mn*+ Au’+, tartrate, citrate 
Cu’+,‘Ni*+ , Pd*+, UO:+, Cd*+, Zn*+ 
EDTA, DCTA, NT’A 
(high interference) 

(1 Maximum amount tested. 

OEl- 

06- 

The results obtained upon studying the inter- 
ferences originated by different cations and anions 
in the determination of cobalt are presented in 
Table 4. 
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Abstract-Mononuclear amide rhodium and iridium complexes of the formulae 
M(LH)(COD) and M(LH)(CO)(PPh,) (M = Rh, Ir ; COD = 1,5cyclooctadiene ; LH 
= deprotonated Z-N-phenyl, /?-(amino)-4-methylstyryldiphenylphospha-1 I’-azene) are 
described. The related amine ionic compounds [M(COD)(LH,)]CIO,, [Rh(CO),(LH,)] 

Clod, [Rh(CO)(PPh3)(LH2)1C10,, [M(COD)(LH2)I[M(C1)2(CODII and [WWdJ-M 
[Rh(Cl),(CO)7J have also been obtained. 

There has been an increasing interest in the chem- 
istry of amide complexes of rhodium’-’ and 
iridium.“” In this context, we have recently 
reported the preparation of new dinuclear 
rhodium397 and iridium7 amide complexes con- 
taining the deprotonated diaminenaphthalene 
group, in which the ligand is bound to the two 
metals in a bridging and chelating manner, as well 
as dinuclear rhodium(I) complexes with phenyl(Z 
pyridyl)amido ligands.’ Following our studies, we 
report here the synthesis of new chelated rhodium 
and iridium complexes derived from primary Z-j?- 
enaminophospha-A5-azene (Fig. 1). This ligand can 
be easily deprotonated with bases to give amide 
compounds. Furthermore, the ligand contains a 
phospha-I’-azene group which in coordination 
chemistry has not received extensive attention.” 

EXPERIMENTAL 

Reactions were carried out under a nitrogen 
atmosphere using standard Schlenk techniques. 

* Author to whom correspondence should be addmsed. 

[Ir@-OMe)(COD)12, I2 [Rh@-OMe)(COD)],,” 
~r(,!&I)(COD)]2’3 and [Rh&-C1)(COD)]214 and 
LH2” were prepared as previously reported. IR 
spectra were recorded on a Perkin-Elmer 783 spec- 
trophotometer. Elemental analyses were carried out 
with a Perkin-Elmer 240B microanalyzer. Con- 
ductivities were measured at 20°C with ca. 4 x 1O-4 
M acetone solutions using a Philips PW 9509 con- 
ductimeter. Molecular weights were measured in cu. 
lo- 3 M chloroform solutions with a Perkin-Elmer 
115 osmometer. 

c 

r;31 0 
'NH* 

CH3 

Fig. 1. 

1999 



2000 M. J. FERNANDEZ et al. 

Preparation of M(LH)(COD) complexes 

The M(LH)(COD) (M = Rh, Ir) compounds 
were prepared by reaction of [M@OMe)(COD)12 
with LH2 in dichloromethane. In a typical 
procedure, [Rh@-OMe)(COD)], (50 mg, 0.1 mmol) 
was added to a solution of LH2 (84 mg, 0.2 mmol) 
in dichloromethane. The mixture was allowed to 
react for 30 min, after which the solution was evap- 
orated to dryness to leave a yellow solid. Yield 83 
mg (67%). 

Preparation of M(LH)(CO)(PPh,) complexes 

The M(LH)(CO)(PPh,) (M = Rh, Ir) complexes 
were prepared by similar methods. In a typical pro- 
cedure, carbon monoxide was bubbled through a 
solution of Rh(LH)(COD) (255 mg, 0.4 mmol) in 
dichloromethane for 30 min, after which PPh, (108 
mg, 0.4 mmol) was added. The solution was stirred 
for 30 min, then concentrated and addition of hex- 
ane gave a yellow precipitate, which was filtered off, 
washed with hexane and air-dried. Yield 262 mg 
(82%). 

Preparation of [M(COD)(LH,)]ClO, complexes 

The [M(COD)(LH,)]ClO, complexes were pre- 
pared by similar methods. As a typical example, a 
mixture of [Rhb-Cl)(COD)], (40 mg, 0.08 mmol) 
and AgC104 (33 mg, 0.16 mmol) in acetone was 
stirred for 30 min. The AgCl was filtered off and 
LH2 (66 mg, 0.16 mmol) was added to the filtrate. 
After concentration of the solution, the addition of 
diethyl ether gave a yellow precipitate, which was 
filtered off, washed with diethyl ether and air-dried. 
Yield 23 mg (20%). 

Preparation of [Rh(CO),(LHJ]ClO, 

Carbon monoxide was bubbled through a solu- 
tion of [Rh(COD)(LH3]ClO, (100 mg, 0.14 mmol) 
in dichloromethane for 30 min. The yellow solution 
was concentrated and diethyl ether was added to 
yield a yellow solid, which was filtered off, washed 
with diethyl ether and air-dried. Yield 64 mg (69%). 

Preparation of [Rh(CO)(PPh,)(LH,)]ClO, 

PPh, (85 mg, 0.32 mmol) was added to a solution 
of [Rh(CO),(LH,)]ClO, (213 mg, 0.32 mmol) in 
dichloromethane. The solution was stirred for 30 
min, then concentrated and addition of diethyl ether 
gave a yellow precipitate which was filtered off, 
washed with diethyl ether and air-dried. Yield 247 
mg (86%). 

Preparation of [M(COD)(LH,)][M(Cl),(COD)] 
complexes 

The lIM(COD)(LH,)][M(Cl),(COD)] complexes 
were prepared by similar methods. In a typical pro- 
cedure, [Rh&Cl)(COD)], (60 mg, 0.12 mmol) was 
added to a solution of LH2 (50 mg, 0.12 mmol) in 
dichloromethane and the solution was left to react 
for 15 min. The solution was concentrated and 
addition of hexane gave a yellow precipitate which 
was filtered off, washed with hexane and air-dried. 
Yield 62 mg (58%). 

Preparation of [Rh(CO),(LH,)][Rh(CI),(CO),] 

[Rh(,u-Cl)(CO)& (40 mg, 0.1 mmol) was added 
to a solution of LH2 (42 mg, 0.1 mmol) in dichlo- 
romethane. The solution was left to react for 30 
min, after which the solution was concentrated and 
addition of hexane gave a yellow precipitate which 
was filtered off, washed with hexane and air-dried. 
Yield 57 mg (70%). 

RESULTS AND DISCUSSION 

Reaction of Z-N-phenyl, /_I-amino-4-methyl- 
styryldiphenylphospha-1 A5-azene (LH,) with [M 
(p-OMe)(COD)], (M = Rh, Ir) leads to the 
formation of the chelated amide complexes 
M(LH)(COD), according to the following equa- 
tion : 

[Mb-OMe)(COD)], + 2LH2 

+ 2M(LH)(COD) + 2MeOH. 

As we have previously reported,7 the methoxy 
dimers are good starting materials for the prep- 
aration of amide complexes via deprotonation of 
an amine ligand. 

Treatment of M(LH)(COD) with carbon mon- 
oxide gives the M(LH)(CO), complexes as can be 
deduced by the presence of two metal carbonyl 
bands of approximately equal intensity in the IR 
spectra, typical of cis-dicarbonylated complexes 
[v(W) : 1990,206O cm- * (M = Rh) ; 1965,204O 
cm- ’ (M = Ir)]. The M(LH)(CO), complexes have 
not been isolated due to their solubility in aprotic 
solvents. Reaction of M(LH)(CO), with PPh3 leads 
to the displacement of one CO ligand and sub- 
sequent formation of M(LH)(CO)(PPh,). 

IR spectra (Table 1) show the presence of 
v(N-H) bands from the deprotonated ligand and 
v(P=N) bands in the region 1102-l 110 cm- ’ cor- 
responding to the phospha-1’-azene group, whose 
frequency drops to around 200 cm- ’ confirming the 
coordination of the P=N group as a two electron 



Amide rhodium and iridium complexes 

Table 1. Analytical and physical data for the neutral compounds 

2001 

Compound 

Analyses [Found(Calc.)] M.W.” Selected 
N 

(E) 
H [Found IR bands 

(Calc.)] (cm-‘) 

Rh(LH)(COD) (E, 68.7 
(E, 

623 3330: 1105 
(68.0) (618) 

Ir(LH)(COD) (Z, 58.8 :::, 706 3320,b 1102 
(58.4) (707) 

Rh(LH)(CO)(PPh,) (3’::) 68.1 785 3358: 1110 
(69.0) (E) (80) 1955d 

Ir(LH)(CO)(PPhJ 60.6 914 3368; 1110 
(62.0) (889) 1942d 

a Ca. 2 x 10m3 M chloroform solutions. bv(NH). ‘v(P=N)(Nujol mulls). dv(C~) 
(CH,C12 solutions). 

nitrogen donor. ‘6,‘7-18 Furthermore, molecular 
weight measurements on the complexes in chloro- 
form solution by vapour pressure osmometry con- 
firm the mononuclear formulation. 

The [M(COD)(LH,)]ClO, (M = Rh, Ir) com- 
plexes are obtained by reaction of LH2 with 
[M(COD)(acetone),]CIO~, prepared in situ by 
reacting [MO;-Cl)(COD)]2 with AgC104 in ace- 
tone. [Rh(COD)(LH,)]ClO, reacts with carbon 
monoxide to give [Rh(CO),(LH,)]ClO,, which on 
treatment with PPh3 leads to the formation 
of [Rh(CO)(PPh,)(LH,)]ClO,. The coordinated 
amine group (-NH,) in [Rh(CO),(LH,)]CIO, can be 
easily deprotonated by treatment with a methanol 
solution of potassium hydroxide leading to the 
amide complex Rh(LH)(CO), ; this reaction can be 

reversed by addition of perchloric acid, according 
to the following equation : 

[Rh(CO),(LH,)]ClO, .“‘;rodH- Rh(LH)(CO),. 
4 

Reaction of [M@-Cl)(COD)]z (M = Rh, Ir) with 
LH2 in dichloromethane results in the formation 
of the ionic pair [M(COD)(LH,)][M(Cl)z(COD)]. 
Similarly reaction of [Rh(,+Cl)(CO),], with LH2 in 
dichloromethane gives [Rh(CO),(LH,)][Rh(Cl), 
(CO),]. The latter complex can also be obtained 
by treatment of [Rh(COD)(LH,)][Rh(CI),(COD)] 
with carbon monoxide. It shows four metal car- 
bony1 bands in the IR spectrum corresponding to 
[Rh(CO),(LH,)]+ (v(m) = 2020, 2085 cm- ‘) 
and [Rh(Cl),(CO)$ (v(Ck0) = 1990, 2070 

Table 2. Analytical and physical data for the ionic compounds 

Compound 

Analyses[Found(Calc.)] Selected 
N H AMa IR bands 

(ohm- ’ cm2 mol- ‘) (cm- ‘) 

[Rh(COD)(LH,)]ClO, 

[Ir(COD)(LH,)]ClO, 

[Rh(CO) z&H JlC10~ 

[RUCO)(PPh ,)(LH JlClO~ 

[Rh(COD)(LH,)I[Rh(CI),(COD)I 

[Ir(COD)(LH,IIIIr(CI),(COD)I 

FWCO) z&H ,IINW) z(W 21 

57.7 
(58.4) 
52.2 

(52.0) 
51.6 

(52.2) 
61.2 

(61.3) 
57.9 

(57.3) 
47.3 

(47.8) 
47.0 

(47.1) 

:::, 

(Z) 
(2;) 
(Z) 
(E) 
(2;) 
(E) 

135 3228’ 

122 3215’ 

133 32OC-3300,” 
2025,’ 2085 

113 3200-3300,b 
1995 

54 3 l OO-3200’ 

62 3 100-3200’ 

97 3 150-3250,” 
1990,’ 2020,’ 
2070,’ 2085 

a Ca. 2 x lo- 3 M acetone solutions. b v(N-H)(Nujol mulls). ’ v(CkO)(CHzC1, solutions). 
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cm-‘Pzl These reactions are analogous to that 7. 
found with chelating bidentate nitrogen donor 
hgands,“” and support the tendency of this 8. 
hgand to act as a chelate due to the stability con- 
ferred by the formation of a six membered ring 9. 
with a rc electronic delocalization. Analytical 
and physical data for the ionic complexes are given 
in Table 2. 

lo 

4. 

5. 

6. 
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Abstract--‘H NMR spectra are reported for tris(8-quinolinolato)manganese(III), tris(2- 
methyl-8-quinolinolato)manganese(III) and mixtures of tris(acetylacetonato)man- 
ganese(II1) and tris(8-quinolinolato)manganese(III). In the latter case, mixed complexes 
are formed in equilibrium, with only one of the three possible isomers of acetylacetonato 
bis(S-quinolinolato)manganese(III) being present in detectable amounts. The spectra were 
assigned making extensive use of selective deuteriation. 

There has been considerable interest recently in 
complexes of Mn(III), partly because a number of 
enzymes contain manganese in this oxidation state. ’ 
One technique for studying Mn(II1) complexes is 
‘H NMR spectroscopy. Although a number of low- 
spin porphyrin complexes have recently been char- 
acterized,2’3 and the low-spin Mn(CN)- anion has 
been known for some considerable time, the great 
majority of Mn(II1) complexes are high-spin. 4 Spec- 
ies of this type which have been studied by ‘H NMR 
spectroscopy include those with /?-diketones,‘y6 tro- 
polones, 7 porphyrins, ‘-’ ’ and some sulphur-bond- 
ing ligands. ’ ’ In general, the ‘H NMR resonances 
have moderate bandwidths. 

The present work is concerned with the ‘H NMR 
spectra of complexes derived from 8-quinolinol(8- 
hydroxyquinoline), i.e. tris(8-quinolinolato)man- 
ganese(III), Mn(hq),, tris(2-methyl-8-quinolino- 
lato)manganese(III) and 8-quinolinolatoacetyl- 
acetonato mixed species. The rather complex 
spectra were assigned with the extensive use of 
selective deuteriation. 

EXPERIMENTAL 

Trisacetylacetonato manganese(II1) (Mn(acac)3). 
This was prepared by the method of Bhattacharjee 
and Chaudhuri. ’ 2 

Mn(hq),13-To a solution of Mn(acac), (0.89 
g, 0.0025 mol) in ethanol (30 cm3) was added 8- 

*Author to whom correspondence should be addressed. 

quinolinol (1.45 g, 0.01 mol) dissolved in ethanol 
(20 cm’). After 1 h at ca. 4”C, the crystals were 
filtered off, washed with ethanol and dried in vacua. 
The coordinated ethanolI was finally removed by 
heating at 170-180°C for 1 h. Yield 0.92 g (75%). 
The deuteriated complexes were prepared similarly, 
using a molar ratio 8-quinolinol-d, : Mn(acac), of 
3.5 : 1. 

Tris(2-methyl-8-quinolinolato)manganese(III). 
This was prepared as described by Burns et al. I4 or 
from Mn(acac), and excess 2-methyl-8-quinolinol 
in ethanol. 

Selective ring deuteriation of 8-quinolinol 

Except where otherwise stated, materials were 
sealed in glass tubes of appropriate wall-thickness 
in an Ar atmosphere, and the selectivity of deut- 
eriation was > 90%. 

8-quinolinol-d5,7. 8-quinolinol (1 g, 6.9x 1O-3 
mol), D20 (5 cm3) and either triethylamine (0.5 
cm3, 3.5 x lop3 mol) or NaOD (0.14 g, 3.5 x lop3 
mol) were heated at 100°C for 24 h. The solution 
was saturated with C02, the solid filtered off, 
washed with H20, and dried in vacua over CaCl,. 
Yield 0.72 g (70%). 

To distinguish between the five and seven 
positions, 8-quinolinol (0.5 g), 38% DC1 (2.4 cm’) 
and D20 (2.4 cm3) were heated in a screw-top vial 
at ca. 95°C for 48 h. The ‘H NMR spectrum of the 
solution after dilution with an equal volume of D,O 
showed that the ratio [H,]/[H,] was ca. 2.3, with the 
other ring protons being tinaffected. The solution 
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was made slightly alkaline with NaOH,, and the 
product isolated as above. Yield 0.36 g (70%). 

8-quinolinol-d2,5,7. 8-quinolinol (0.6 g) and DzO 
(5 cm3) were heated at 218°C for 24 h. After cooling, 
the solid was filtered off and dried as above. Yield 
0.43 g (70%). 

8-quinolinol-d,,,,4,s,6,,. 8-quinolinol HCl (0.7 g, 
obtained by adding HCl gas in diethyl ether to a 
solution of 8-quinolinol in diethyl ether) and DzO 
(12 cm3) were heated at 255°C for 4-6 days. After 
cooling, NaHCO, (0.4 g) dissolved in a little water 
was added to precipitate the product. Yield 0.36 g 
(62%). 

The largest amount of residual protium was at 
the six position. 

To characterize H6 further, Na (0.17 g, 7.4 x 10d3 
mol) was added in portions to D20 (5 cm3) with 
cooling and in an Ar atmosphere, followed by 1.0 
g (6.9 x lop3 mol) of 8-quinolinol. The mixture was 
heated in a rocking stainless steel bomb under Ar 
for cu. 1 h at cu. 200°C. The contents were diluted 
with a little H20, filtered to remove some debris 
caused by attack on the stainless steel, and the fil- 
trate adjusted with HCl,, to pH 7. Yield 0.62 g 
(60%). The ‘H NMR spectrum showed that all ring 
protons were largely deuteriated, with the exception 
of H,+ 

To distinguish between H3 and Ha, a solution 
similar to that used to prepare 8-quinolinol- 
d 2,3,4,5,6.7 was heated at 250-255°C for 24 h only. 
The ‘H NMR spectrum (DC1 solution) of the deut- 
eriated product so obtained showed that the ratio 
[H,]/[H,] was cu. 3.5. 

8-quinolinol-d2,3,4,6. 8-quinolinol-d2,3,4,5,6,7 (0.4 
g), Hz0 (10 cm3) and NaOH (0.11 g) were heated 
at 100°C for 24 h and the product isolated as for 8- 
quinolinol-d,,,. 

5 

2CD3-8-quinolinol-d5,7. The preparation was 
similar to that for 8-quinolinol-d,,+ using NaOD 
and 2CH,-8-quinolinol. In addition to H5 and H7, 
the CH3 group was almost completely deuteriated. 
Yield 85%. 

Mn(acac-d,)3. Acetylacetone (1.1 g) dissolved in 
D20 (10 cm3) was left overnight. Finely powdered 
AnalaR KMnO, (0.25 g) was added with vigorous 
stirring. After 10 min the crystals were filtered off, 
washed with water and dried in vacua. Yield 0.4 g. 
‘H NMR and mass spectroscopy showed that the 
isotopic purity was ca. 85%. 

Mn(acac-dJ3. Acetylacetone-ds15 (1.2 g) dis- 
solved in Hz0 (10 cm3) was left overnight, and the 
procedure for Mn(acac-d,), was then followed. The 
isotopic purity was cu. 93%. 

The ‘H NMR spectra of the manganese com- 
plexes were measured at 250 MHz on a Bruker 
WM-250 FT spectrometer, and the deuteriated 8- 
quinolinols similarly or at 90 MHz on a Perkin- 
Elmer R32 spectrometer. 

RESULTS AND DISCUSSION 

The ‘H NMR spectrum of Mn(hq), is shown in 
Fig. 1, and indicates that the complex exists as the 
meridional isomer, since in the facial isomer all 
three rings are equivalent. The mer configuration is 
also found in the solid state for Mn(hq),16 and 
Cr(hq),17 from X-ray studies, and for Al(hq)3,18,1g 
Ga(hq),,” Co(hq),‘* and Rh(hq),‘* from ‘H NMR 
spectroscopy. The spectrum was assigned by study- 
ing deuteriated samples of Mn(hq)3, prepared from 
8-quinolinol which had been selectively deuteriated 
in all six ring positions. The ‘H NMR spectrum” 
of 8-quinolinol in CDC13 solution (220 MHz) shows 
some overlap of the ring resonances. However, by 

H, H4,% 

I lH6 

H3 

1 

I 

a0 
I I I I I 8 I 

60 40 20 0 -20 -40 -60 

S (ppm) 

Fig. 1. The ‘H NMR spectrum of Mn(hq), in CDCl, at 301 K. 
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using, where necessary, solutions in D20 containing 

NaOD or DCl, complete resolution could be 
obtained even at 90 MHz. Standard techniques for 
the deuteriation of aromatic compounds were 
used,*l*** i.e. heating 8-quinolinol with D20 under 
neutral, acid or alkaline conditions (see Exper- 
imental Section). Since the ‘H NMR spectrum of a 
deuteriated 8-quinolinol was compared with that 
of the complex prepared from it, highly selective 
deuteriation was not required. In the present work, 
the minimum value for [H,]/[H,], where x and y are 
two positions to be distinguished, was greater than 
2, although smaller ratios would have been 
adequate. 

Table 1 presents the observed chemical shifts. 
The only omission is one resonance from HZ, which 
could not be located. It can be seen that the chemical 
shifts for the three rings vary greatly, with two 
resonances for each proton lying close together, 
and the third considerably up-field. This could be 
explained by a large pseudo-contact contribution. 
However, for other Mn(II1) complexes the general 
conclusion is that pseudo-contact shifts are com- 
paratively sma115*9 and it seems more likely that the 
observed variations are largely due to differing o- 
and n-delocalization of the metal d electrons onto 
the ligands. * 3 

The linewidths of the proton resonances vary 
greatly (Fig. 1). Two coupling mechanisms can con- 
tribute to the linewidths, dipolar broadening (pro- 
portional to r- 6, where r is the distance between 
the manganese nucleus and the proton) and scalar 
broadening. Calculations using a molecular mode1 
suggest that the linewidths are largely, though not 
entirely, governed by the dipolar mechanism. This 
is also found for other Mn(II1) comp1exes,9 and 
can enable probable assignments to be made in the 
absence of selective deuteriation experiments. 

The ‘H NMR spectrum of tris(2-methylqui- 
nolinolato)manganese(III) could be largely 
assigned [in conjunction with that for Mn(hq),] 
from the line positions and widths. An ambiguity 
concerning H4 and H5 was resolved by measuring 
the spectrum of the complex obtained from 2CD3- 
8-quinolinol-di7 which also enabled two partly 
overlapped CH3 resonances to be located unam- 
biguously. The results are given in Table 1. 

Mixed 8-quinolinolato-acetylacetonato man- 
ganese(II1) complexes 

Figure 2 shows the ‘H NMR spectrum of a solu- 
tion prepared from Mn(hq), and Mn(acac)s. From 
the complexity of the spectrum it is clear that ligand 

Table 1. Proton chemical shifts (6) of 8-quinolinolato complexes of manganese(II1) in CDC13 at 301” 

Compound Resonance 
Paramagnetic shifts” 

(ppm) 

t&(2-CH ,-8-quinolinolato) 
manganese(II1) 

HZ 
H3 
H4 
H5 
HE5 
H, 

CH, 
H3 
H‘l 
H5 
H6 
H7 

H, 
H, 
H7 
CHS 

Mn(acac)(bq), 
(Isomer A or B) 

142, 114, 
83.4, 79.2, 

-8.1, - 14.1, 
-6.4, - 16.8, 

8.4, 6.4, 
- 14.1, -22.5, 

56.8, 17, 
82.1, 75.0, 

-1.1, -3.9, 
-6.3, -21.0, 

5.9, 5.1, 
- 9.4, - 26.4, 

(65.6) 
-28.9 
-26.3 

42.9, 29.9, 

(57.2) 
(-27.6) 

-41.3 

(3.8) 
-35.1 

19.2 

- 133.4, 105.4, - 
34.4 76.6, 67.6, 26.8 

-48.6 - 16.4, -22.4, -56.9 
-58.6 -13.4, -23.8, -65.6 

3.1 0.9, -1.1, -4.4 
-43.7 -21.3, -29.7, -50.9 

9 
17.7 

-33.5 
-58.8 

1.6 
-43.5 

24.1, 9.7 

LI Relative to In(hq) 3. ’ ’ 
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I I I 

60 60 40 
I I I I 1 
20 0 -20 -40 -60 

Gtppm) 

Fig. 2. The ‘H NMR spectrum of a mixture of 0.05 M Mn(acac), and 0.05 M Mn(hq), in CDCI, at 
301 K. Assignments (1) Mn(hq),, H 3 ; (2) Mn(hq) 3r H 3 ; (3) Mn(acac),(hq), (HJ ; (4) Mn(acac)(hq),, 
(H,); (5) Mn(acac),hq, CH,; (6) Mn(hq),, H,; (7) Mn(acac),hq, CH,; (8) mixed, acac CH; (9) 
Mn(acac),, CH3; (10) Mn(acac),hq, CH3; (11) Mn(acac)(hq),, CH,; (12) Mn(acac),, CH; (13) 
Mn(acac),hq, CHS; (14) Mn(hq)s, H,; (15) CHCl,; (16) Mn(hq),, He; (17) Mn(acac)OlqL, (HJ; 
(18) Mn(hqL HS; (19) Mn(hq),, H,; (20) Mn(hqh, I-L HT; (21) WW3, H5; (22) WW, H,; 
(23 Mn@=Mw, H,; (24) Mn@cac)@qh 0-L) ; (25) Mn(acacMW, f-L ; (26) MnG=4(hq)2, I-b ; 
(27) Mn(acac)(hq),, H,; (28) Mn(hq),, H7; (29) Mn(hq),, H.,; (30) Mn(hq),, Hg. Sharp peaks in the 

region 6 O-10 arise from diamagnetic impurities. 

exchange has occurred to give mixed complexes in 
equilibrium with Mn(hq), and Mn(acac)3 (6 CH3 
25.2 ppm, 6 CH 18.2 ppm). A solid analysing as 
Mn(acac)(hq), has been reported by Yamaguchi 
and Sawyer. 24 The possible isomers for Mn 
(acac),hq and Mn(acac)(hq), are shown in Table 2 
together with the number of resonances expected 
for each isomer. To assign the spectrum shown in 
Fig. 2, the ‘H NMR spectra of Mn(acac)3, Mn 
(acacd,), (deuteriated in the CH groups), Mn(acac- 
d& (deuteriated in the CH3 groups), Mn(hq-d,), 
and Mn(hq-d2,3,4,6)3 were studied in various com- 
binations. By a comparison of the three spectra 
obtained from Mn(hq-d,), mixed with Mn(acac)3, 
Mn(acac-d ,)3 and Mn(acac-dJ3, all the CH3 res- 
onances in the mixed complexes could be char- 
acterized. It was only possible to locate one acac 
CH resonance of a mixed complex (at S = 28.4 
ppm), with the other presumably being overlapped. 
The spectrum of a mixture of Mn(acac-d6)3 and 
Mn(hq-d2,3,4,6)3 enabled the H5 and H7 resonances 
in the mixed complexes to be picked out and con- 
firmed that only one of the three possible isomers 
of Mn(acac)(hq)2 was present in any detectable 
amount, i.e. either isomer A or B. The H, and H, 
resonances were distinguished by their relative line- 
widths (see above). 

Resonances from the two mixed isomers Mn 
(acac),hq and Mn(acac)(hq), could be distinguished 
on intensity grounds. For a solution initially equi- 

Table 2. Possible isomers of Mn(acac),hq and 
Mn(acac)(hq)z and expected ‘H NMR spectra 

Expected Relative 
resonances intensity 

Mn(acac) zhq 

Mn(acac)(hq), 

A 

CC, 

N 

I 

"hi 
c 

* 

3 

0 0 

N J 

4CH, 
2 CH(acac) 

6 hq 

1 CH, 
1CH 

6hq 

1 CH3 
ICH 

6 hq 

2CH3 
1 CH 

12hq 

6 
1 
2 

6 
1 
2 
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molar in Mn(acac), and Mn(hq),, we have [Mn 
(aca+hql = ~n(acac)(hq)~. As confirmation, some 
spectra were recorded with different initial ratios of 
Mn(acac)3 and Mn(hq), or deuteriated analogues. 

A number of other hq resonances in the mixed 
complexes could be tentatively assigned on the basis 
of their line positions and widths. The final assign- 
ments are given in Fig. 2 and Table 1. Quantitative 
intensity measurements showed that in the equi- 
librium Mn(acac), + Mn(hq), cs Mn(acac)n 
hq + Mn(acac)(hq),, the mixed complexes were 
favoured. In a solution initially 0.05 M in both 
Mn(acac)3 and Mn(hq)3, the ratio of the con- 
centrations of the mixed isomers to those of 
Mn(acac), and Mn(hq), was cu. 1.6. 
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Abstract-A new bidentate ligand {2-(diphenylphosphino)ethyl)benzylamine (DPEBA) 
was synthesized and characterized based on the IR, mass and ‘H, 13C and 31P NMR 
spectra. Various complexes of platinum group metal ions and Ni(I1) and Co(I1) ions with 
the ligand were synthesized. Reaction of RuC12(PPhJj or RuC12(Me2S0)4 with the ligand 
DPEBA, resulted in formation of a penta-coordinate, Ru(I1) species of the composition 
[RuCl(DPEBA)JCl. Carbonylation of [RuCl(DPEBA),]Cl gave an octahedral carbonyl 
complex of the type [RuCl(CO)(DPEBA),]Cl. The reaction of RuCl,* 3H20 or 
RuC13(AsPhJ2MeOH with a twofold excess of the ligand gave an octahedral Ru(II1) 
cationic species [Ru(DPEBA),Cl$l. Carbonylation of the Ru(II1) complex gave rise to a 
carbonyl complex [RuCl(CO)(DPEBA),]Cl,. The ligand DPEBA reacts with cobalt(I1) 
chloride in methanol to give the 1: 1 complex [Co@PEBA)Cl& A series of Rh(I) complexes 
[Rh(DPEBA),Cl], [RhCl(CO)(DPEBA)] and [Rh(DPEBA),]Cl were synthesized by the 
reaction of DPEBA with RhCl(PPh&, RhCl(CO)(PPh,), and [Rh(COD)Cl],, respectively. 
Reaction of [Ir(COD)Cl], and IrCl(CO)(PPhJ)2 with the ligand DPEBA, gave the square- 
planar complexes [Ir(DPBA),]Cl and [Ir(DPEBA)(CO)Cl], respectively. Octahedral 
cationic complexes of the type ~(DPEBA),ClJCl (M = Rh(III), Ir(II1)) were synthesized 
by the reaction of the ligand DPEBA and rhodium and iridium trichlorides. Reaction of 
NiC12 * 6H2O with DPEBA in 1: 2 molar equivalents, in boiling butanol gave an octahedral 
neutral complex [Ni(DPEBA),Cld which readily rearranges to the square-planar complex 
[Ni(DPEBA),]Cl, in methanol. Reaction of Pd(I1) and Pt(I1) chlorides with DPEBA 
gave square-planar, cationic complexes of the type [M(DPEBA),Cl]Cl (M = Pd, Pt). All 
the complexes were characterized on the basis of their analytical and spectral data. 

Recently we have synthesized transition metal com- 
plexes of bi- and poly-dentate ligands 1-4 containing 
mixed donor atoms like N, P, As and 0, because of 
their increasing importance in the area of cataly- 
sis.5-7 Bidentate ligands with one weak and one 
strong donor site have been a subject matter of 
many reports. 8 These ligands can act both as chel- 

* Author to whom correspondence should be addressed. 

ating ligands as well as bridging ligands with metal 
ions and readily provide a coordination site for 
the incoming substrates by the displacement of the 
weak donor atom. This factor, the susceptibility of 
the weak donor site to displacement by the 
incoming substrate along with the stability of the 
catalyst precursor in the absence of the substrate by 
chelate effect, has a tremendous utility in the field 
of homogeneous catalysis. 9-I ’ 

In this paper we report the synthesis of one such 
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ligand (2-(diphenylphosphino)ethyl}benzylamine 
(DPEBA) which contains a set of mixed donor 
atoms N and P. This ligand has been synthesized 
and characterized by ‘H, 13C{ ‘H} and 31P{ ‘H} 
NMR spectra and mass spectra. The ligand 
DPEBA was used in the synthesis of Ni(II), Co(I1) 
and platinum group metal complexes which were 
characterized by analytical and spectral data. 

RESULTS AND DISCUSSION 

The mixed donor bidentate ligand DPEBA is 
soluble in almost all organic solvents. The infra- 
red spectrum of the ligand exhibits a characteristic 
v(N-H) at 3300 cm- ’ and a band of the quaternary 
ammonium salt was observed at 2800 cm-’ in 
addition to the other ligand absorptions. 

The ‘H NMR spectrum of DPEBA, exhibits res- 

A. PURSHOTHAM REDDY 

and shows general features similar to those reported 
earlier on some polytertiary phosphines, arsines 
and phosphinoarsines12~13 and confirms the 
above formulation of the ligand. 

Metal complexes of the ligand DPEBA 

Ru(I1) and (III) complexes of DPEBA. The reac- 
tion of RuC12(PPh3)3 or RuC12(Me2S0)4 with the 
ligand DPEBA in 1 : 2 molar ratio gave rise to the 
five-coordinate, cationic Ru(I1) species [RuCl 
(DPEBA),]Cl (1). Complex 1 exhibits conductivity 
consistent with a 1 : 1 electrolyte14 (Table 1). A band 
at 3 10 cm- ’ in the far-infrared spectrum is assigned 
to v(Ru-Cl). Complex 1 can exist in square- 
pyramidal or trigonal-bipyramidal geometries. The 
3 ‘P( ‘H) NMR spectrum of 1 is however consistent 
with a square-pyramid geometry (structure I). The 

,,+: . . . . . .._............ :a 

5 
I 

onances from the phenyl protons around 6 7.5. The 
resonance of the protons of the CH,C!H* bridge 
are observed as multiplets centred at 6 2.8 (CH, 
protons attached to amine centre) and 6 4.2 (-CH, 
protons attached to diphenylphosphino group), due 
to the interaction of the neighbouring methylene 
protons and also by the 3’P nuclear spin. Two sin- 
glets at 6 3.5 and 6 1.7 were assigned to the CH, 
protons of the benzyl group and the N-H proton, 
respectively. The 3’P( ‘H) NMR spectrum of the 
ligand exhibits a singlet at 6 - 19.3 in CHC13. The 
’ 'C{ ‘H} NMR spectrum of DPEBA exhibits two 
well defined doublets at 6 48.3 and 6 22.5. The 
more downfield doublet is assigned to the methylene 
carbon of the CH2CHz bridge attached to phos- 
phorus, with larger ‘J(C-P) = 30.5 Hz and the 
other doublet with 2J(C-P) = 17.1 Hz, can be 
assigned to the methylene carbon attached to nitro- 
gen. A singlet at 6 56.7 is assigned to the methylene 
carbon CH2 of the benzyl group. Two well defined 
multiplets in the range 6 129.4-131.4 are assigned 
to the aromatic carbons of the diphenylphosphino 
moiety and the phenyl of the benzyl group. The 
mass spectral fragmentation of the ligand 
DPEBA is presented in the experimental section 

co 

la 

3’P NMR spectrum exhibits two doublets at 6 45.9 
and 42.9 (Table 2) indicating the presence of two 
magnetically non-equivalent phosphorus atoms. 
Based on this spectrum all the other isomers with 
equivalent phosphorus atoms can be ruled out as 
they would give rise to a singlet. The other trigonal- 
bipyramidal isomer where one of the phosphorus 
atoms lies in the equatorial plane and the other in 
an axial plane can also be excluded on the basis of 
the chemical shift values. In this isomer one expects 
a large chemical shift difference between the two 
3 ‘P resonances. 2 Based on the chemical shift values 
a square-pyramidal geometry in which one of the 
phosphorus atom is tram to Cl (doublet at 6 45.9) 
and the other tram to N (doublet at 6 42.9) can be 
proposed for the complex (Structure I). The 
J(P,-P,) value of 39 Hz is also typical for the 
coupling constant of non-equivalent phosphorus 
nuclei cis to one another in ruthenium(II)-tertiary 
phosphine complexes. ’ ‘2 ’ 6 

Carbonylation of complex 1 yielded an octa- 
hedral carbonyl species [Ru(DPEBA)Cl(CO)]Cl la. 
Complex la is a 1: 1 electrolyte (Table 1) and exhi- 
bits an intense CO infrared absorption band at 1940 
cm- ‘. The 13C{ ‘H} NMR spectrum displays a sin- 
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Table 1. Analytical and other physical data for metal complexes 

2011 

Complex Colour 

Conductivityb Elemental analysis’ 
M.p.” 1,, a-’ 

(“C) cm* mol-’ %C %H %N 

[Ru(DPEBA),Cl]Cl (1) Red 229 

[RuCl(CO)(DPEBA)JCl (14 Green > 200 

[Ru(DPEBA),Cl,]Cl (2) Red 255 

[RuCl(CO)(DPEBA) jCll W Brown > 200 

[Co(DPEBA)Cl 2] (3) Bluish-green 300 

[Rh(DPEBA) *Cl] (4) Yellow 268 

[Rh(DPEBA)&l (5) Yellow 269 

[Ir(DPEBA) &l (6) Pale yellow 263 

[Rh(DPEBA)(CO)Cl] (7) Yellow 275 

[Ir(DPEBA)(CO)Cl] (8) Yellow 279 

[Rh(DPEBA) ,Cl dC1 (9) Yellow 235 

[Ir(DPEBA) *Cl JCl (IO) Yellow 293 

[Ni(DPEBA),ClJ (II) Blue 265-269 

[Pd(DPEBA) ,Cl]Cl (12) Yellow 293 

[Pt(DPEBA) ,Cl]Cl (13) Pale yellow 285 

80 

76 

89 

135 

6(A) 

21 

60 

80 

25 

25 

68 

85 

4(A) 
178(M) 
70 

79 

62.2 
(61.7) 
60.1 

(60.2) 
59.4 

(60.4) 
57.7 

(57.6) 
65.6 

(64.8) 

(2::) 
55.8 

(55.3) 
58.2 

(58.1) 
54.3 

(53.8) 
45.9 

(45.5) 
59.4 

(60.5) 
53.1 

(52.9) 
65.5 

(65.3) 
61.7 

(61.5) 
55.6 

(56.2) 
- 

:::, 

:::) 
(E) 
(E) 
g, 
(2) 
(2::) 
(:4) 
(2) 
(2) 
(2) 
(E) 
(2) 
(:::) 
(2) 

- 

3.4 

(3.3) 

(Z) 

(:::, 

(Z) 

(Z) 

(Z) 

;::, 

(Z) 
2.8 

(2.8) 

(Z, 

(Z) 
2.9 

(2.8) 

(Z) 

(Z) 

(Z) 

a Decomposition temperatures. 
‘Measured in DMF solution except where mentioned, A = acetone, M = methanol. 
‘Found values are given in parentheses. 

glet at 6 196.2 indicative of a coordinated carbonyl 
group. The 3’P{ ‘H} NMR spectrum of la exhibits 
a singlet at 6 20.3 which is typical of the presence 
of cruns phosphorus atoms (Structure Ia). 

Interaction of RuCl ,(AsPh s) ,MeOH or RuCl 3 - 
3Hz0 with the ligand DPEBA in 1 : 2 molar equi- 
valents resulted in the formation of the cationic 
Ru(III) complex [Ru(DPEBA),Cld (2). Complex 2 
is a 1 : 1 electrolyte (Table 1) and exhibits a magnetic 
moment of 1.98 pB corresponding to one unpaired 
electron as expected for a low-spin, Ru(II1) species. 
The tram coordination of the chloride is indicated 
by the presence of a single (Ru-CI) band at 326 
cm- ‘. The 3 ‘P( ‘H} NMR spectrum of 2 exhibits a 
rather broad singlet at 6 37.2 due to the para- 
magnetic nature of the complex. Based on the 31P 

chemical shift value an octahedral geometry in 
which the phosphorus atoms of the ligand DPEBA 
lie cis to each other is proposed (Structure II). 

Carbonylation of 2 in MeOH-CHzC12 sol- 
vent gave the carbonyl complex [RuCl(CO) 
(DPEBA)&l, (2a) by the displacement of one of 
the chlorines present in 2. Complex 2a is a 1: 2 
electrolyte (Table 1) and its infrared spectrum gave 
the v(C0) band at 1940 cm- ‘. The 13C{ ‘H} NMR 
spectrum of 2a exhibits the resonance of CO at 6 
208.0. The “P{ ‘H} NMR spectrum of 2a exhibits 
a more upfield broad singlet at 6 20.2 indicating a 
tram geometry for the two coordinated phosphorus 
atoms of the ligands (Structure IIa) unlike that of 
2 where the phosphorus atoms are tram to a N 
donor group. The magnetic susceptibility of com- 
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II 

plex 2a gave a value of 1.95 peg corresponding to a 
low spin t$ Ru(II1) complex. The oxidation state 
of ruthenium (+ 3) in the complex is also supported 
by the further downfield shift of the CO resonance 
at 6 208.0 indicative of a weaker Ru(III)--CO bond. 

Co, Rh and Ir complexes of DPEBA. The reaction 
of CoCl, - 6H20 and DPEBA in refluxing 
methanol, gave the greenish-blue, neutral, high-spin 
complex [CoCl,(DPEBA)] (3). The complex is a 
non-electrolyte (Table l), with chlorides coor- 
dinated to the metal ion as evidenced by the pres- 
ence of v(Co-Cl) at 366 and 322 cm-‘. The elec- 
tronic spectrum of 3 in dichloromethane is 

II0 

consistent with a tetrahedral geometry. The band 
at 707 nm in the visible region is assigned to the 
4A2(F) -+ 4T,(P)(v,) transition,” which is split into 
a number of components indicating a considerable 
deviation from the Td symmetry. The magnetic 
moment, 4.41 pLg also corroborates a tetrahedral, 
high spin, cobalt(H) species, with paramagnetism 
nearer to the spin-only value.‘8”9 No 3’P(‘H) sig- 
nal for complex 3 was obtained. Based on the 
above spectral data a tetrahedral geometry is pro- 
posed for complex 3. 

The reaction of the ligand DPEBA with 
RhC1(PPh3) 3, [RhCl(COD)] z and [IrCl(COD)] 2 

Table 2. 3 ‘P{ ‘H} NMR spectral data for metal complexes 

Complex” Solvent 

Chemical Coupling constants (Hz) 
shift* 
(6) J(M-P) J(P-P) 

Ph,PCH,CH,N(H)CH,Ph.HCl 
[Ru(DPEBA),Cl]Cl (1) 

[RuCl(CO)(DPEBA)JCl (la) 
[Ru(DPEBA),Cl,]Cl (2) 
[RuCl(CO)(DPEBA) $Zl z W 
[Rh(DPEBA) ,Cl] (4) 

[Rh(DPEBA) JCl 
[Ir(DPEBA) ,]Cl 
[Rh(DPEBA)(CO)Cl] 
[Ir(DPEBA)COCl] 
[Rh(DPEBA) #Zl,]Cl 
[Ir(DPEBA) ,Cl JCl 
[Ni(DPEBA) ,C12] 
[Pd(DPEBA) ,Cl]Cl 

[Pt(DPEBA),Cl]Cl 

(5) 
(6) 

:z 
(9) 
(10) 
(11) 
(12) 

(13) 

CHCl 3 
Methanol 

CHCI ) 
CHCl, 
CHCl 3 
Methanol 

Methanol 
CHCl 3 
Methanol 
CHCl 3 
CHCl, 
CHCl ) 

Acetone 
CHCl 3 

CHC13 

-19.3(s) 
45.8(d) 
42.9(d) 
20.3(s) 
37.2(bs) 
20.2(bs) 
36.1(d) 
33.2(d) 
22.3(2) 
19.6(d) 
52.7(d) 

-22.0(s) 
22.7(d) 

-7.2(s) 
8.7(d) 

-22.9(s) 
62.3(s) 
47.3(d) 
13.0(d) 
34.0(d) 

-0.99(d) 

- - 
- - 

- - 
- - 
- - 

115 25 

115 

154.00 - 
- 

126.95 - 
- - 

86.89 - 
- - 

- 

- 40 

3768.9 18 
3259.3 

“DPEBA = Ph,PCH,CH,N(H)CH,Ph.HCI. 
‘Chemical shift values (6) in ppm relative to 85% H,PO,, with positive values downfield from 

reference, s = singlet ; d = doublet, bs = broad singlet. 
‘See the text. 
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resulted in the formation of [Rh(DPEBA),Cl] 4, with the complexes MCl(CO)(PPh,), (M = Rh, Ir). 
[Rh(DPEBA)$l5 and [Ir(DPEBA)&l6, respec- Complexes 7 and 8 exhibit intense infrared absorp- 
tively. Complex 4 is a non-electrolyte, whereas 5 tions at 1970 and 2020 cm- ’ respectively, indicative 
and 6 are 1 : 1 electrolytes (Table 1). A band at of the coordinated CO. The v(Rh-Cl) and 
330 cm-’ in the IR spectrum of 5 is assigned to v(Ir-Cl) are observed at 348 and 325 cm- ’ in com- 
v(Rh-Cl). plexes 7 and 8, respectively. 

The “P( ‘H} NMR spectrum of 4 displays an 
AMX type of spectrum with a pair of doublets of 
doublets (Table 2) indicating the presence of two 
non-equivalent phosphorus atoms and also suggests 
that one of the ligands DPEBA, which is potentially 
bidentate, is coordinated to the metal ion through 
its phosphorus donor atom only and the other 
donor atom N being free as shown in Structure III. 

The 3’P{ ‘H} NMR spectra (Table 2) displays a 
doublet at 6 27.7 for complex 7 with 
‘J(Rh-P) = 126 Hz and a singlet at 6 -7.2 for 
complex 8, respectively. A square-planar geometry 
with phosphorus either truns to Cl or CO can there- 
fore be proposed. However the chemical shift values 
suggest that the phosphorus is tram to a CO’ 
groupI (Structure V). 

M = Rh: P&t Pf+ 

Based on the chemical shift, the doublet of doublets 
at 6 34.7 can be attributed to the phosphorus atom 
(P,) trunk to Cl and the other doublet of doublets 
at 6 21.0 is assigned to the phosphorus atom (Pb) 
of the unidentate DPEBA. The larger downfield 
chemical shift 6 20 of P, in comparison to Pb is due 
to the involvement of P, in a five-membered ring 
and also the truns disposition to Cl.” The 
‘J(Rh-P,) and ‘J(Rh-P,) coupling constant 
values of about 115 Hz and the ‘J(P,--P,) of 25 Hz 
are in agreement with the earlier reported work*’ 
and confirm the square-planar geometry as shown 
in (III). 

The 3 ‘P{ ‘H) NMR spectra of complexes 5 and 
6, however, display doublets at 6 52.7 (with 
‘J(Rh-P) = 154 Hz) for complex 5 and a singlet 
at 6 - 22.04 for complex 6 (Table 2). The 3 ‘P NMR 
spectral data of 5 and 6 support the coordination 
of all the donor atoms to the metal ions with cis 
phosphorus as shown in IV. 

M=Rh,Ir 

Complex [RhCI(CO)(DPEBA)] 7 and 
[IrCl(CO)(DPEBA)] 8 were synthesized by the 
interaction of one equivalent of the ligand DPEBA 

M= Rh,Ir 

V 

The Rh(II1) and Ir(II1) complexes [MC12 
(DPEBA)dCl (M = Rh 9, Ir 10) show conductance 
values indicative of 1 : 1 electrolytes. The v(Rh-Cl) 
and v(Ir-Cl), in 9 and 10 are observed at 310 and 
340 cm- ‘, respectively, The 3 ‘P{ ‘H} NMR spectra 
of 9 and 10 exhibits a doublet at 6 8.7 with 
‘J(Rh-P) = 86 Hz and a singlet at 6 -22.9, respec- 
tively. An octahedral geometry with a cis dis- 
position of phosphorus atoms and trans chlorides 
is proposed for 9 and 10. 

The 3 ‘P{ ‘H} NMR data (Table 2) of complexes 
4, 5, 7 and 9 reveal the fact that the ‘J(Rh-P) 
of Rh(I) complexes are larger than the ‘J(Rh-P) 
coupling values of Rh(II1) complexes as was 
observed earlier. 22 The ‘J(Rh-P) in Rh(1) com- 
plexes are of the order 115-154 Hz whereas it is 
around 86 Hz in the Rh(III) complex. The 3’P 
NMR chemical shifts of coordination complexes 
are generally observed downfield as compared to 
that of the free ligand due to the strong o-donor 
bond from phosphorus to metal with a small d,- 
d,, back donation. However in the case of iridium 
complexes 6, 8 and 10 the chemical shift (6) values 
are observed at higher field values particularly for 
the complexes 6 and 10 where the chemical shifts 
are observed at 6 - 22.0 and - 22.9 respectively. 

The “P{ ‘H) chemical shifts of the third tran- 
sition series of elements are usually close to the free 
ligand value or at values more upfield to that of the 
free ligand. 23 The upfield shift in the 6 values can 
be accounted in terms of a weak metal phosphorus 
a-bond and a strong metal to ligand d,-d, back 
bonding interaction.24.25 
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Ni(II), Pd(I1) and Pt(I1) complexes of DPEBA. 
The reaction of NiC12 * 6H20 with the ligand 
DPEBA in boiling butanol gave a deep blue, 
neutral, octahedral 1 : 2 complex [Ni(DPEBA),Cl,] 
(11). The presence of a v(Ni--Cl) band at 321 err- ’ 
is due to the truns chlorides. 

The electronic spectrum of 11 in acetone displays 
three bands at 635, 560 and 325 nm, which are 
assigned to 3A, + ‘T,, 3A, --t 3T1,(F) and 3A2g + 
3T1,(P) transitions, respectively, characteristic of 

an octahedral, Ni(I1) species. When complex 11 is 
dissolved in methanol the deep-blue colour of the 
complex rapidly changes to a bright red colour and 
the electronic spectrum of this solution exhibits a 
single absorption band at 414 nm, which can be 
attributed to a square-planar Ni(I1) species lla 
derived from a change of the octahedral Ni(I1) 
geometry to a diamagnetic square-planar geometry. 
The change from 11 to lla can be brought about 
by slow addition of methanol to the acetone solu- 
tion 11 and observe the decrease in the intensities 
of the peaks in the UV-Vis spectrum at 635, 560 
and 325 nm and simultaneously the increase in the 
intensity of 414 nm. This change is further cor- 
roborated by studying the conductivity (Table 1) 
and 31P{ ‘H} NMR of 11 and lla. The complex 11 
is neutral, whereas lla is a 1 : 2 electrolyte. The 
“P { ‘H) NMR spectrum of 11 in acetone at room 
temperature does not give a well resolved spectrum 
but at - 30°C it gives a singlet at 6 62.3. This large 
chemical shift may be due to the disposition of the 
two phosporus atoms trans to Cl (Structure VI). 
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The 3’P(‘H} NMR spectrum of lla in methanol 
displays a sharp singlet but at a much higher field 
of 6 29.18 when compared to that for 11, suggesting 
the equivalence of the phosphorus atoms in either 
a cis or a truns configuration as shown in Via. The 
square-planar complex lla is not converted back 
to 11 on the addition of acetone. 

Interaction of K2MC1, (M = Pd, Pt) with the 
ligand DPEBA in a 1: 2 molar equivalents in water- 
acetone mixture give rise to cationic complexes of 
the type [MCl(DPEBA),]Cl (M = Pd 12 ; Pt 13). 
The 1 : 1 electrolytic nature of these complexes and 
the presence of v(M-C~)~~ at 325 and 310 cm-’ in 
12 and 13 support the configuration of the com- 
plexes 12 and 13 as shown above. The 3 ‘P( ‘H} NMR 
of both complexes 12 and 13 confirm the unidentate 
nature of one of the DPEBA ligands coordinated 
to the metal ion. The 3’P NMR spectrum of 12 
exhibits two doublets at 6 47.3 and 13.0 indicating 
the presence of two non-equivalent phosphorus 
atoms. The doublet at 6 47.3 can be assigned to 
phosphorus atom (P,) (Structure III) truns to Cl 
and associated in a five-membered ring.27 The 
doublet at 6 13.0 can be assigned to the phosphorus 
atom (P6) of the ligand DPEBA acting in a mon- 
odentate fashion with the nitrogen end free. The 
J(P,-P,) value of 39.2 Hz is also typical of cis- 
phosphorus atoms and the square-planar geometry 
is assigned as shown in III. 

The 3 ‘P{ ‘H) NMR spectrum (Fig. 1) of complex 
13 displays two doublets at 6 34.0 and -0.99 with 
‘95Pt satellites confirming the unidentate nature of 

Or 

VI0 
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Fig. 1. 3 ‘P{ ‘H} NMR spectrum of [PtCI(DPEBA),]Cl. 

one of the two ligands DPEBA. The former doublet 
at 6 34.0 can be assigned to P, of the ligand DPEBA 
involved in a five-membered ring(II1) and the latter 
6 -0.99 to the Pb of the unidentate ligand. The 
‘J(Pt-P,) value of 3768 Hz and ‘J(Pt-Pb) of 3259 
Hz are typical of a phosphine tram to chloride and 
tram to an amine, respectively.28*2v The 2J(P,-P,) 
of 18 Hz is also typical of mutually cis phosphines 2v 
as shown in (III). 

The 3 ‘P NMR chemical shifts (6) (Table 2) of all 
the complexes reveal that there is a good correlation 
between the size of the metal ion and chemical 
shifts. In the group Co, Rh, Ir and Ni, Pd, Pt the 
coordination chemical shifts are largest for the first 
member of the triad and decreases in the order 
Co > Rh > Ir and similarly Ni > Pd > Pt as the 
size increases and electronegativity decreases. It was 
also observed that the chemical shift values decrease 
in the order Ru(II1) > Rh(II1) > Ir(II1). 

EXPERIMENTAL 

The Ru(III), Ir(II1) and Rh(II1) trichloride tri- 
hydrates, K2PdC14 and K,PtCI, were obtained from 
Johnson Matthey (U.K.) or Alfa Inorganics 
(U.S.A.). The ligand triphenyl-phosphine was pur- 
chased from Strem Chemicals Inc. (U.S.A.). The 
complexes RuC12(PPh3)3,30 RuC12(Me2S0)4,31 
RuC13(AsPh3)2MeOH,27 RhCl(PPh3)3,32 RhCl 

(CO)(PPh3)2,33 IrCl(CO)(PPh3)233*34 and [M 
(COD)CI], (M = Rh, Ir35) were synthesized by 
published procedures. Ethanolamine, benzyl chlor- 
ide and thionyl chloride were of Analar reagent 
grade and were used without further purification. 
All solvents used in this work were of reagent grade 
and were purified and dried before use. All the 
preparations were carried out under an atmosphere 
of nitrogen. Microanalysis, melting points, infrared 

spectra, conductivity and magnetic susceptibility 
measurements were done as reported.36 Proton 
NMR spectra of the ligand DPEBA was recorded 
on a Bruker 270 MHz spectrometer in CDC13. The 
Carbon-l 3 NMR spectra of the ligand was recorded 
on a Jeol FXIOO spectrometer operating at 24.99 
MHz in CDCl, using TMS as an external reference. 
Phosphorus-31 NMR spectra of the ligand and 
complexes were taken in the indicated solvents 
(Table 2) with a Jeol FXlOO spectrometer operating 
at 40.3 MHz in the Fourier transform mode with 
proton noise decoupling and a deuterium lock. The 
samples were placed in a 10 mm NMR tube and a 
capillary with deuterium oxide was placed in for the 
lock. Phosphoric acid (85%) was used as an external 
standard. The electronic spectra of complexes were 
measured on a Shimadzu UV240 spectrophoto- 
meter. Molecular weight and mass spectral measure- 
ments of the ligands were done as reported earlier. 2 

Microanalytical data, conductivity, melting point 
and magnetic susceptibility data of the ligand and 
complexes were presented in Table 1. The 3’P{ ‘H} 
NMR spectral data are presented in Table 2. 

Synthesis of the ligand DPEBA. The new biden- 
tate ligand {2-(diphenylphosphino)ethyl)benzyl- 
amine (DPEBA) was synthesized employing the 
reaction as shown in Scheme 1. 

PhCH&l + H 2NCH 2CH20H 

1;;“: ) PhCH ,N(H)CH $H 20H 

a 

a ,ij(;o;;;o; PhChNH)CH2CWJ 
b 
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b +KPPhz*2diox 

I,Cdioxane PhCH ,N(H)CH 2CH2PPh 2 

C 

c + HCl methan01 - PhCH2N(H)CHZCH2PPh2*HCl 

(Ph = C gH 5, diox = dioxane) 

The compound PhCH2N(H)CH2CH20H, a was 
prepared by the reaction of benzyl chloride (51.8 g, 
0.41 mol) with ethanolamine (25.0 g, 0.41 mol) and 
potassium carbonate (29.5 g, 0.20 mol) in 100 cm3 
of absolute alcohol. The halide b was obtained37 by 
the reaction of a with thionyl chloride in a 1: 1 ratio 
in the form of a quaternary ammonium salt which 
on treatment with 10% NaOH gave the free amine 
b as an insoluble oil. A dioxane solution of the 
above oil (dried over Na2S04 prior to its use) was 
added dropwise with stirring to an orange-red sus- 
pension of KPPhZ3’ in dioxane, in a stoichiometric 
amount under cold conditions (15-20°C). The reac- 
tion mixture was then allowed to reflux for 1 h. 
During the course of reaction a sharp decolouration 
of the orange-red colour occurred. The reaction 
contents were then poured into ice-water to get a 
crude oil c which was then separated and stirred 
with 2N HCI in 20 ml of methanol to get a white 
crystalline precipitate d. The ligand d was recry- 
stallized from methanol-petroleum ether mixture 
with a yield of about 65% ; m.p. 98-100°C ; molwt. 
355.5(calculated), 350(experimental, osmometric in 
chloroform). Found : C, 70.6 ; H, 6.4 ; N, 3.8. Calc. 
for CZ1H23PNC1: C, 70.9; H, 6.5; N, 3.9%. 

then reduced to a small volume and diethyl ether 
added to get a pinkish-red complex which was fil- 
tered, washed with benzene and recrystallized from 
a dichloromethane-diethyl ether mixture. Yield : 
7 1%. Alternatively, the same complex was obtained 
by the reaction of DPEBA and RuC12(Me2S0)4 
in benzene. When carbon monoxide was passed 
through a MeOH-CH,Cl, solution of [RuCI 
(DPEBA) jC1 the colour of the solution immedi- 
ately changed to green to give a carbonyl complex 
of the composition [RuCl(CO)(DPEBA),]Cl. 

(2) Dichloro(bis(2-(diphenylphosphino)ethy[)ben- 
zylamine) ruthenium (III) chloride, [Ru(DPEBA), 
Cl,]Cl. The ligand DPEBA (0.841 g, 1.14 mmol) 
dissolved in 10 cm3 of methanol was added to a 
refluxing methanolic solution of RuC13 * 3H20 
(0.2 g, 0.38 mmol). After refluxing the solution for 
an additional 6 h, the reddish complex was filtered, 
washed with methanol, diethyl ether and dried in 
vucuo. Yield : 63%. Alternatively, the same complex 
was obtained by the reaction of DPEBA with 
RuCl,(AsPh,),MeOH in benzene. When CO was 
bubbled through a MeOH-CH,Cl, solution of 
[RuC12(DPEBA),]C1, a brown carbonyl complex 
of the composition [RuCl(CO)(DPEBA)~Cl, 
resulted. 

Mass spectral fragmentation of DPEBA 

PhCH,N(H)CH2CH2PPh: (lo), 

PhCH 2-N +-CH #ZH ,PPh Z (42), 

PhCH=N+(H)CH2CH2Ph (30), 

C7H: (100) P+Ph, (18), 

C6H4P+C6H4 (IO), PhP+ (8). 

(Ph=C,H,). 

(3) Dichloro (2 - (diphenylphosphino) ethyl) ben- 
zylamine) cobalt (II), [Co(DPEBA)ClJ. A solution 
of the ligand DPEBA (0.45 g, 1.26 mmol) dissolved 
in methanol was added to a refluxing methanolic 
solution of CoCl 2 * 6H 20. The colour of the solution 
changed to greenish-blue immediately. After 
refluxing the solution for 6 h it was concentrated to 
a small volume by a vacuum rotary evaporator and 
the complex precipitated by the addition of diethyl 
ether. The greenish-blue complex was filtered, 
washed with CC14, diethyl ether and dried in vacua. 
The complex was recrystallized from a dichloro- 
methanediethyl ether mixture. Yield : 70%. 

Preparation of complexes 

(4) Chloro (bis (2 - (diphenylphosphino) ethyl) ben- 
zylamine) rhodium (I), [Rh(DPEBA(,Cl]. The com- 
plex RhC1(PPhJ3 (0.15 g, 0.16 mmol) and the 
ligand DPEBA (0.15 g, 0.324 mmol) in 30 cm3 of 
benzene were refluxed for 12 h. The solution was 
concentrated to a small volume and diethyl ether 
added to get a yellow precipitate which was filtered, 
washed with CC14, diethyl ether and recrystallized 
from a methanol-diethyl ether mixture. Yield: 
78%. 

(1) Chloro (bis (2 - (diphenylphosphino) ethyl) ben- (5) (Bis (2 - (diphenylphosphino) ethyl) benzyl- 
zylamine) ruthenium (II) chloride, [RuCl(DPEBA);I amine) rhodium (I) chloride, [Rh(DPEBA)Z]C1. 
Cl. The complex RuC12(PPh& (0.15 g, 0.16 mmol) The complex [Rh(COD)Cl], (0.15 g, 0.30 mmol) 
and the ligand DPEBA (0.17 g, 0.47 mmol) and the ligand DPEBA (0.43 g, 1.21 mmol) were 
were refluxed for 12 h in acetone. During the refluxed for 7 h in acetone. The solution was then 
course of the reaction the original brown colour concentrated to a small volume and by the addition 
of the solution changed to red. The solution was of diethyl ether the precipitated complex was 
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filtered, washed with diethyl ether and recrystallized 
from a dichloromethane-n-hexane mixture. Yield : 
55%. 

(6) (Bis (2 - (diphenylphosphino) ethyl) benzyl- 
amine) iridium (I) chloride, [Ir(DPEBA),]Cl. The 
ligand DPEBA (0.27 g, 0.75 mmol) was added to a 
refluxing benzene solution of [Ir(COD)Cl12 (0.13 g, 
0.19 mmol). After refluxing the solution for 6 h, the 
yellow crystalline complex separated was filtered 
and washed with benzene. Yield : 78%. 

(7) Chlorocarbonyl(2 - (diphenylphosphino) ethyl) 
benzylumine)rhodium(I), [RhCI(CO)@PEBA)]. The 
ligand DPEBA (0.15 g, 0.42 mmol) dissolved in 10 
cm3 of benzene was added to a refluxing benzene 
solution of RhCl(CO))(PPh,), (0.29 g, 0.42 mmol). 
After refluxing the solution for 6 h, the solution 
was cooled and a yellow crystalline complex was 
obtained. The complex was filtered, washed with 
benzene, diethyl ether and dried in vacua. Yield: 
84%. 

(8) Chlorocarbonyl(2 - (diphenylphosphino) ethyl) 
benzylamine) iridium (I), [IrCI(CO)(DPEBA)]. To a 
suspension of IrCl(Co)(PPh& (0.24 g, 0.31 mmol), 
the ligand DPEBA (0.11 g, 0.31 mmol) was added 
and refluxed for 6 h. The solution was concentrated 
to a small volume by a rotary vacuum evaporator. 
The addition of diethyl ether gave a yellow complex 
which was filtered, washed with CCL, and recry- 
stallized from a methanoldiethyl ether mixture. 
Yield : 65%. 

(9) Dichloro (bis (2 - (diphenylphosphino) ethyl) 
benzyZamine)rhodium(III)chlori&, [RhCI,(DPEBA)d 
Cl. To a refluxing methanolic solution of RhC13 - 
3H20 (0.17 g, 0.63 mmol), the ligand DPEBA 
(0.67 g, 1.80 mmol) was added and the solution 
further refluxed for 10 h. The solution was then 
evaporated to a small volume on a rotary 
vacuum evaporator and diethyl ether added to get 
a yellow crystalline complex. The compound was 
filtered, washed with diethyl ether and recrystallized 
from a dichloromethane-n-hexane mixture. Yield : 
72%. 

(10) Dichloro(bis(2-(dipheny@hosphino)ethyI)ben- 
zylamine)iridium(III)chloride, [IrC12(DPEBA),] 
Cl. A mixture of 0.1 g (0.28 mmol) of IrCl, * 
3Hz0 and the ligand DPEBA (0.31 g, 0.85 mmol) 
in ethanol was refluxed for 6 h. During the 
course of the reaction the colour of the solution 
changed to pale-yellow. The solution was con- 
centrated to a small volume by a vacuum rotary 
evaporator and the complex precipitated by the 
addition of diethyl ether. The pale-yellow complex 
was filtered, washed with water, CCL, and recrys- 
tallized from a dichloromethane-n-hexane mixture. 
Yield : 55%. 

(11) Dichloro (bis (2 - (diphenylphosphino) ethyl) 

benzylumine) nickel (II), t&iCl,(DPEBA),]. A mix- 
ture of hydrated nickel(I1) chloride (0.20 g, 0.84 
mmol) and the ligand DPEBA (0.59 g, 1.6 mmol) 
were refluxed in 30 cm3 of degassed butanol for 
4 h. A deep-blue crystalline complex was obtained, 
which was filtered, washed with hot butanol and 
diethyl ether and dried in vacua. Yield : 85%. 

(12) Chloro(bis(2-(diphenylphosphino)ethyl)ben- 
zylamine)palladium(II)ch/oride, [PdCl(DPEBA)]Cl. 

(13) Chloro(bis(2-(diphenylphosphino)ethyl)ben- 
zylumine)plutinum(II)chloride, [PtCl(DPEBA)]Cl. 
For the preparation of 12 and 13 aqueous solutions 
of K*PdCl, (0.1 g, 0.31 mmol) and K2PtC14 (0.2 g, 
0.48 mmol) were added separately to a refluxing 
acetone solution of the ligand DPEBA (0.61 g, 0.61 
mmol and 0.34 g, 0.96 mmol). The solutions after 
refluxing for 3 h were evaporated to dryness by a 
rotary vacuum evaporator to get pale-yellow com- 
plexes of the composition [PdCl(DPEBA)]CI 12 and 
[PtCl(DPEBA)]Cl 13. The complexes were filtered, 
washed with diethyl ether and recrystallized from a 
dichloromethane-diethyl ether mixture. Yield : 
75% 12 ; 60% 13. 
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Abstract-A series of early transition metal organometallic derivatives containing the 
ancillary ligand 2,6_diphenylphenoxide (OAr-2,6Ph,) have been synthesized. Compounds 
of stoichiometry Ti(OAr-2,6Ph,),(R), (R = CH3, CH2SiMe3, CH2Ph and Ph) and Ti(OAr- 
2,6Ph),(R) (R = CH3, CH2SiMe3) are obtained by treating the corresponding homoleptic 
alkyl, TiR4, with the required amount of phenol, HOAr-2,6Ph2. For the Group 5 metals 
Nb and Ta, the methyl derivatives M(OAr-2,6Ph2)2(CH3)3 and M(OAr-2,6Ph2)3(CH3)2 
are obtained via methylation of the corresponding chloro-aryloxides. Besides routine spec- 
troscopic characterization the diphenyl Ti(OAr-2,6Ph2)2(Ph)2 and mono-alkyl Ti(OAr- 
2,6Ph2)3(CH2SiMe3) have been structurally characterized by X-ray diffraction techniques. 
Both molecules contain a pseudo-tetrahedral environment about the titanium atom with 
short 1.794(3)-1.806(2) A, Ti-0 distances and large, 153-179”, T&--O-Ar angles. The 
Ti-C distances appear normal for these types of compounds. 

The last few years have seen a considerable re- 
search effort into the study of the inorganic and 
organometallic chemistry associated with 2,6-di- 
alkylphenoxide, (OAr) and 2,6-dialkylthiophen 
oxide, (SAr) ligation. In the case of the phenoxide 
ligands a diverse range of chemistry has been sup- 
ported. 1-4 The related thiophenoxide ligands have 
also been extensively used with a wider range of 
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Camille and Henry Dreyfus Teacher-Scholar, 1985- 
1990 ; Fellow of the Alfred P. Sloan Foundation, 1986- 
1990. 

transition metals to generate systems of possible 
relevance to biological thiolate environments. 5-8 
Following our work on the sterically very demand- 
ing 2,6-di-tert-butylphenoxide ligand which has 
been shown to sometimes undergo the mild acti- 
vation of the aliphatic carbon-hydrogen bonds of 
the tert-butyl groups, 9, lo we have begun an inves- 
tigation of the ligand 2,6_diphenylphenoxide on 
similar metal systems. ’ ’ This ligand has the possi- 
bility of forming related six-membered metallacycle 
rings, albeit this time via activation of an aromatic 
CH bond. Recent work by our group on mol- 
ybdenum has confirmed this postulate. *’ We wish 
to report here our synthesis of a number of Group 

2019 
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TiRQ 
2HOAr-2,6Ph2 HOAr-2,6Ph2 

-2HR 
wTi(OAr-2,6Ph2)2(R)2 

-HR 
WTi(OAr-2,6Ph2)3(R) 

(X) (11) 

(b): R = CH3 
(D): R = CH2SiMe3 
(&): R = CH2Ph 
(Id): R = Ph 

Scheme 1. 

(_) : R = CH3 
(m): R = CH2SiMe3 

4 and Group 5 metal organometallic derivatives of 
this ligand as well as their structural and spec- 
troscopic properties. While this work was in pro- 
gress we became aware that some related studies 
were being carried out by Dilworth and co- 
workers’3,‘4 to complement the interesting work 
they had previously completed on the related 2,6- 
diphenylthiophenoxide group. 5 

RESULTS AND DISCUSSION 

Synthesis of compounds 

Two general synthetic strategies for the synthesis 
of organometallic derivatives containing 2,6- 
diphenylphenoxide ligation were employed. The 
first involved the treatment of homoleptic alkyls of 
titanium and zirconium’ 5 with the parent phenolic 
reagent in hydrocarbon solvents. This resulted 
in the sequential protonolysis of alkyl groups 
to directly generate mixed alkyl, phenoxides 
of this ligand. For zirconium the treatment of 
Zr(CHzSiMe3)4 with HOAr-2,6Ph2 led to the 
rapid replacement of all alkyl groups and forma- 
tion of sparingly soluble Zr(OAr-2,6Ph2), in 
essentially quantitative yields. However, with titan- 
ium alkyls the substitution reaction was more con- 
trolled and allowed the synthesis in moderate yields 
of a number of compounds of general formulae 
Ti(OAr_2,6Ph,),(R), (I) and Ti(OAr-2,6Ph2)3(R) 

(II) (Scheme 1). The tetra-alkyl substrate TiR4 
was either isolated (R = CH2SiMe3) or else gener- 
ated in situ (R = CH3, CH,Ph, Ph) before being 
reacted with HOAr-2,6Ph,. The phenoxide deriva- 
tives (I) and (II) were thermally much more robust 
than the corresponding homoleptic alkyls, under- 
going little noticeable decomposition either in the 
solid state or hydrocarbon solution at 20-30°C 
over periods of weeks. These deep red or yellow 
crystalline materials proved only slightly soluble 
in hexane but much more soluble in aromatic 
hydrocarbon solvents. 

For the Group 5 metals niobium and tantalum a 
synthetic route via the mixed chloro, phenoxide 
intermediates was investigated (Scheme 2). Treat- 
ment of the pentahalides MCI, (M = Nb, Ta) with 
HOAr-2,6Ph2 (2 equivalents) in benzene led to the 
corresponding bichlorides M(OAr-2,6PhJ,Cl, in 
good yields. It was then found possible to further 
substitute one more chloride ligand by using 
LiOAr-2,6Ph,, again in hydrocarbon solvents, to 
yield the dihalide derivatives. Treatment of these 
halide substrates with the alkylating agent LiCH3 
resulted in the formation of the corresponding 
methyl compounds, M(OAr-2,6Ph&(CH J 3 (III) 
and M(OAr-2,6Ph2)3(CH3)2 (IV) as yellow 
(M = Nb) or colorless (M = Ta) crystalline solids 
(Scheme 2). Treatment of the dimethyl species (IV) 
with excess LiCH3 resulted initially in the formation 
of (III) with loss of LiOAr-2,6Ph,, but on extended 

MC15 
2HOAr-2,6Ph2 

) M(OAr-2,6Ph2)2C13 
LiOAr-2,6Ph2 

*M(OAr-2,6Ph2)3C12 

-2HCl I -LiCl I 

3LiCH3 -3LiCl 2LiCH3 -2LiCl 

+ LiCH3 + 
M(OAr-2,6Ph2)2(CH3)3 4 

-LiOAr-2,6Ph2 
M(OAr-2,6Ph2)3(CH3)2 

(III) (Iv) 

(a): M = Nb (b) M = Ta 

Scheme2. 
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exposure decomposition, presumably via formation 
of M(CHJS, took place. This reactivity pattern is 
similar to that found for other 2,6-di-alkyl- 
phenoxide complexes of these metals. ’ 

Spectroscopic properties 

Some selected NMR data are collected in Table 1. 
As is to be expected the ‘H and 13C NMR spectra 
of the 2,6_dipAenylphenoxide ligand itself are not 
very informative, all resonances being grouped in 
the 6 67.5 ppm and 6 110-160 ppm regions. How- 
ever, the ligand does have some influence on the 
NMR resonances of other groups contained in the 
metal coordination sphere. This is a consequence 
of the phenyl substituents of the aryloxide ligand 
which, due to their associated diamagnetic 
anisotropy, tend to shield some of the proton and 
carbon nuclei of adjacent groups. This effect was 
also noticed in dimolybdenum amido and tantalum 
alkylidyne derivatives of this ligand. ’ ’ Table 1 con- 
tains some selected ‘H and 13C NMR data for the 
organometallic compounds obtained in this study. 
Hence, considering the methyl derivatives one finds 
that the M-CH, protons resonate at values of 6 0.53 
(Ia), -0.41 (IIa), 0.09 (IIIa), -0.26 (IIIb), 0.18 
(IVa) and - 0.21 ppm (IVb) compared to values of 
6 l-2 ppm typically found for methyl derivatives of 
these metals containing other 2,6_dialkylphenoxide 
ligands. Similar upfield shifts of the resonances of 
other protons in the alkyl ligands are also evident 
(Table 1). 

Solid state structures of Ti(OAr-2,6Ph,)2(Ph)2 (Id) 
and Ti(OAr-2,6Ph2)dCHzSiMe3) (IIb) 

In order to more fully characterize the coor- 
dination properties of the 2,6_diphenylphenoxide 

ligand in these systems, X-ray diffraction analyses 
of the diphenyl compound (Id) and mono-tri- 
methylsilylmethyl derivative (IIb) were carried out. 
Although a complete data set was also collected on 
the trimethyl Ta(OAr-2,6PhJ2(CH3),, the struc- 
ture proved impossible in our hands to solve. l6 
Attempts to solve the structure of the niobium 
analogue by Dilworth and co-workers were also 
unsuccessful.‘3 Figures 1 and 2 contain the ORTEP 
views of (Id) and (IIb) respectively while Tables 2 
and 3 contain some selected bond distances and 
angles. The diphenyl compound (Id) was found 
to contain one molecule of benzene per unit cell. It 
can be seen that both compounds (Id and ID) con- 
tain a pseudo-tetrahedral arrangement of oxygen 
and carbon atoms about the titanium metal center. 
The five Ti-0 distances lie in the narrow range of 
1.794(3)-l .806(2) A and can be compared with 
distances of 1.780(3) and 1.781(3) A in Ti(OAr- 
2,6P?J417 and 1.782(8), 1.802(7) and 1.810(9) ‘in 
Ti(OAr-2,6Bu;)J. I8 In the less crowded di- 
phenyl (Id) the T&-O-Ar angles are 153.0(3) and 
162.2(3)’ while in the much more sterically con- 
gested Ti(OAr-2,6Ph,)3(CH2SiMeJ (IIb) this 
angle opens up to values of 164.6(2), 170.7(2) and 
179.1(2)“. These latter values are on average signifi- 
cantly larger than found in the stoichiometrically 
related iodide compound Ti(OAr-2,6Bu;),I ; 
155.2(4), 158.2(4) and 159.1(4)“.‘8 

The short Ti-0 distances found in these com- 
pounds are consistent with the presence of con- 
siderable oxygen-p to metal-d rc-bonding. The 
almost linear Ti-0-Ar angles also can be attri- 
buted to this effect and are characteristic of the 
coordination of 2,ddialkylphenoxide ligands to 
early transition metal centers” and allow some 
relief of the steric congestion at the metal caused 
by the bulky substituents. Similar structural 

Table 1. Selected spectroscopic data 

Compound ‘H NMR (S) 13C NMR (6) 

Ti(OAr-2,6PhJ2(CHJ2 (Ia) 
Ti(OAr-2,6Ph,),(CH,SiMe3)2 (Ib) 

Ti(OAr-2,6PhJ2(CH,Ph), (Ic) 
Ti(OAr_2,6Ph,),(Ph,) (Id) 
Ti(OAr_2,6Ph,),(CH,) (IIa) 
Ti(OAr-2,6Ph,)3(CHzSiMe3) (IIb) 
Nb(OAr-2,6Ph2)2(CH3)3 (IIIa) 
Ta(OAr-2,6Ph,),(CHx)3 (IIIb) 
Nb(OAr-2,6Ph2)s(CH3)z (IVa) 
Ta(OAr-2,6Ph,)x(CH3), (IVb) 

0.53 (s, Ti-CHj) 
0.85 (s, TikCH2); -0.05 (SiMe,) 

1.87 (s, Ti-CH2) 
- 

-0.41 (s, Ti-CH3) 
0.27 (s, Ti--CH& ; - 0.77 (SiMe,) 
0.09 (s, Nh-CH,) 

-0.26 (s, Ta-CH3) 
0.18 (s, Nb-CHJ 

-0.21 (s, Ta-CH3) 

66.1 (Ti-CH&, ‘J = 125 Hz 
90.0 (Ti-CH2), ‘J = 112 Hz; 

6.6 (SiMe,) 
99.2 (Ti-CH,), ‘J = 131 Hz 

202.9 (Ti-C,H,) 
66.7 (TiXH,), ‘J = 129 Hz 

101.0 (Ti-CH,) 5.6 (SiMe,) 
52.0 (NbCH3) 
58.7 (Ta-CH,) 
62.0 (Nb-CH3) 
64.8 (Ta-CH3) 

“In CsD, at 30°C. 
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Fig. 

49) 

1. ORTEP view of Ti(OAr-2,6Ph&(Ph), (Id) emphasizing the central coordination sphere 
Ti-Ph groups. 

and 

features were reported by Dilworth for Ti(OAr- 
2,6Ph2)2C12. I3 The Ti-C(pheny1) distances of 
2.070(5) and 2.106(5) 8, in Ti(OAr-2,6Ph2)2(C6H5)2 
(Id) are slightly shorter than the distance of 
2.272(14) A reported for the metallocene derivative 
Cp,Ti(CsH5)2.‘0 The Ti-C distance of 2.051(4) 8, 
in (IIb) is also slightly shorter than found in 
the mono-cyclometallated complex Ti(OCgH3Bu1 
CMe,CH,)(OAr-2,6Bu;)(CH,SiMe&py), 2.131(6) 
A.’ However, we do not believe these shorter 
distances in these derivatives of 2,6-diphenylphen- 
oxide are significant. 

EXPERIMENTAL 

All reactions were carried out under an atmo- 
sphere of dry, oxygen-free nitrogen using standard 
Schlenk and glove box techniques. Solvents were 
distilled under nitrogen from sodium benzophenone 
and stored under nitrogen. The halides TiCl,, 
NbC15 and TaCl, were obtained commercially 

(Alfa) as was 2,6_diphenylphenol (HOAr-2,6Ph,, 
Aldrich). ‘H and 13C NMR spectra were recorded 
on a Varian Associates XL-200 spectrometer. 
Microanalyses were obtained in-house at Purdue 
University. 

Preparations 

Due to similarities of the procedures used full 
details of the synthesis of only representative com- 
pounds will be given. Considerable difficulty in 
obtaining good microanalyses of derivatives of 2,6- 
diphenylphenoxide was experienced. Typically car- 
bon percentages were suppressed probably due to 
the formation of metal carbides. However, full 
microanalytical data that were obtained on all 
new compounds are reported. 

Ti(OAr-2,6Ph&CHJ2 (Ia). To a solution of 
IMgCH3 (0.11 mol) in diethylether (250 cm’) cooled 
to -78°C was slowly added TiCl, (0.026 mol) in 
hexane (15 cm3). The resulting yellow mixture con- 
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C(l23) 

Fig. 2. ORTEP view of Ti(OAr-2,6Ph2)s(CH,SiMe,) (IIb) emphasizing the central coordination 
sphere and alkyl group. 

taining Ti(CH3)4 was stirred for 1 h at -78°C 
before HOAr-2,6Ph, (13.9 g, 2 equiv per Ti) was 
added slowly as a toluene (50 cm3) solution. The 
color of the mixture darkened to orange and meth- 
ane was evolved. After being allowed to warm 
slowly to room temperature, all solvent was 
removed in uacuo to yield a dark solid residue. 
Extraction of the residue with a 50150 hexane/ 

benzene mixture and evaporation gave the crude 
product as an off-yellow crystalline powder. Re- 
extraction with hexane and cooling to - 15°C 
gave the pure product as lemon-yellow crystals. 
Yield = 6.28 g (42%). Found : C, 79.7 ; H, 5.5. Calc. 
for TiC38H3202 : C, 80.3 ; H, 5.7%. 

Ti(OAr-2,6Ph2)2(CH,SiMe3), (Ih). To a yellow 
solution of Ti(CH2SiMe3)4 (1.0 g) in benzene (20 

Table 2. Selected bond distances and angles for Ti(OAr-2,6Ph,),(CsH,), - C6Hs 
(Id) 

Ti(lW(2) 1.794(3) TiW-CW 2.106(5) 
Ti(l)-O(21) I .797(3) Ti( l)-C(46) 2.070(5) 

O(2)--Ti--O(2 1) 122.99(14) Ti-O(2)--C(3) 153.0(3) 
O(2)---Ti-C(40) 108.97(B) Ti-O(21~C(22) 162.2(3) 
O(2)-Ti-C(46) 107.14(18) Ti-C(4O)-C(41) 120.7(S) 
0(21)-Ti-C(40) 106.09( 18) Ti-C(40)-C(45) 126.3(4) 
0(21)-Ti-C(46) 109.24(18) Ti-C(46)-C(47) 122.7(4) 
C(40)-Ti-C(46) 100.01(20) Ti-C(46)-C(51) 118.9(4) 
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Table 3. Selected bond distances and angles for Ti(OAr-2,6PhJ3(CH2SiMe,) 

(TIb) 

Ti-0( 1) 1.797(2) T&-O(3) 1.802(2) 
Ti-O(2) 1.806(2) Ti-C( 100) 2.051(4) 

0( l)-Ti-O(2) 115.42(8) O(3)--Ti-C(lOO) 104.7(2) 
0( l)-Ti-O(3) 111.27(9) Ti-O( I)-C( 11) 170.7(2) 
O(l)--Ti-C(lOO) 102.5(2) T&O(2)--C(21) 179.1(2) 
O(2)-Ti-O(3) 114.39(9) Ti-0(3+C(31) 164.6(2) 
O(2)-Ti-C(100) 107.2(2) Ti-C( 1 OO)--Si( 1) 126.4(2) 

cm3) was added solid HOAr-2,6Ph2 (1.24 g, 2 
equiv) with vigorous stirring. The resulting mixture 
was stirred overnight before the solvent was 
removed in vucuo to yield the crude product as 
a yellow powder. The compound can be readily 
recrystallized from saturated hexane solution on 
cooling as large yellow blocks. Yield = 1.08 g 
(60%). Found : C, 73.2 ; H, 7.0. Calc. for 
TiC44H4802Si2 : C, 70.8 ; H, 6.7%. 

Ti(OAr-2,6PhJ 2(CH ,Ph) 2 (1~). An essentially 
identical procedure used for (Ia) except using 
C1MgCH2Ph (0.16 mol) and TiC14 (0.04 mol) 
yielded the di-benzyl (Ic) as deep-red crystals from 
hexane. Yield = 24.6 g (84%). Found : C, 80.9 ; H, 
5.7. Calc. for TiC,0H,002: C, 83.3; H, 5.5%. 

Ti(OAr-2,6Ph2)2(Ph)2* C,H6 (Id). Addition of 
HOAr-2,6Ph2 (14.8 g, 2 equiv) to a preformed solu- 
tion of TiPh4 (PhMgBr, 0.12 mol; TiC14, 0.03 
mol) using the procedures outlined for (Ia) above 
yielded a dark brown mixture. The crude product 
was purified by recrystallization from hexane/ 
benzene mixture as large yellow blocks. Yield = 
3.5 g (17%). Found: C, 82.2; H, 5.5. Calc. for 
TiC48H3602*C6HS: C, 84.1; H, 5.5%. 

Ti(OAr-2,6Ph2)3(CH3) @a). A yellow solution 
of Ti(OAr-2,6Ph,)2(CH3)2 (Ia) (0.5 g) and HOAr- 
2,6Phz (0.22 g) in toluene (10 cm’) was stirred at 
25°C. Methane evolution occurred, but no color 
change was evident. After 30 min the solution was 
cooled slowly to yield the product as yellow crystals. 
Yield = 0.50 g (73%). More product could be 
obtained on cooling the mother liquor. Found : C, 
81.4; H, 5.2. Calc. for TiC55H4203: C, 82.7; H, 
5.3%. 

Ti(OAr-2,6PhJ3(CH,SiMe3) (IIb). A mixture of 
Ti(CH,SiMe& (1.0 g) and HOAr-2,6Ph, (1.86 g, 
3 equiv) in toluene (30 cm3) was refluxed for 4 h. 
The solvent was removed to give the crude product 
as a yellow powder which was recrystallized from a 
toluene/hexane mixture. Yield = 0.6 g (27%). 
Found: C, 79.6; H, 6.0. Calc. for TiC5,HS,,Si03: 
C, 80.8; H, 5.8%. 

Nb(OAr-2,6Ph)z(C13). A solution of HOAr- 
2,6Ph2 (18.16 g) in benzene was added slowly to a 

solution of NbC15 (9.96 g) also in benzene. The 
resulting mixture was stirred for 3 h before the 
solvent, along with generated HCl, was removed in 
uucuo to leave the crude product as an orange solid. 
Recrystallization from a saturated toluene solution 
gave the pure product. Yield = 24.0 g (94.4%). 
Found: C, 62.5; H, 4.3; Cl, 14.2. Calc. for Nb, 
C3,H,,0,C13: C, 62.7; H, 3.8; Cl, 15.4%. 

Ta(OAr-2,6Ph&Cl,. This was obtained as a 
yellow solid using an identical procedure using 
TaCl, instead of NbCl,. Found : C, 56.9 ; H, 3.9 ; 
Cl, 12.2. Calc. for Ta, C&H,,O&l,: C, 55.6; H, 
3.4; Cl, 13.7%. 

Nb(OAr-2,6Ph2)3C12. Addition of LiOAr- 
2,6Ph2 (0.37 g) to a solution of Nb(OAr- 
2,6PhJ2C13 (1 .O g) in benzene gave a yellow-orange 
suspension. After being stirred overnight the mix- 
ture was filtered and the filtrate stripped to yield the 
crude product as a yellow-orange solid. (Recrys- 
tallization from saturated hexane solutions gave the 
pure product.) Yield = 1.25 g (96.2%). Found : C, 
72.3; H, 4.6; Cl, 7.1. Calc. forNbC,,H,,O,Cl,: C, 
72.1 ; H, 4.4; Cl, 7.9%. 

Ta(OAr-2,6Ph2)3C1,. An identical procedure 
using Ta(OAr-2,6Ph,),Cl, gave the product as a 
pale yellow solid. Found : C, 64.2 ; H, 4.4 ; Cl, 8.7. 
Calc. for TaC,,H,,O,Cl,: C, 65.6; H, 4.0; Cl, 
7.2%. 

Nb(OAr-2,6Ph2)2(CH3)3 (IIa). Slow addition of 
LiCH 3 (190 mg, 3 equiv) to a solution of Nb(OAr- 
2,6Ph2&13 (2.0 g) in benzene causes a lightening 
of the solution from orange to pale yellow. Fil- 
tration and removal of the solvent in Z~UCUO gave the 
product as a yellow powder. Recrystallization from 
hexane yielded the pure products as well formed 
yellow crystals. Yield = 1.1 g (68.1%). Found : C, 
70.7; H, 5.4. Calc. for NbC39H3502; C, 74.5; H, 
5.6%. 

Ta(OAr-2,6Ph,),(CH3)3 (IIIb). An identical pro- 
cedure using Ta(OAr-2,6Ph2)zC13 yielded (IIb) as 
well formed, white blocks from hexane. Found : C, 
65.0; H, 5.1. Calc. for TaC39H3502: C, 65.3; H, 
4.9%. 

Nb(OAr-2,6Ph2)3(CH3)2 (IVa). Obtained from 
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Nb(OAr-2,6Ph&C12 and LiCH3 (2 equiv) in 
benzene. Recrystallized from hexane on cooling. 
Found : C, 78.3 ; H, 5.4. Calc. for NbC56H4503 : C, 
78.3; H, 5.3%. 

Ta(OAr-2,6PhJ3(CH3)z (IF%). Obtained by 
reacting Ta(OAr-2,6PhJ,Clz with LiCH3 (2 equiv) 
in benzene. An identical procedure to that used for 
(IIa) yielded the product as a white crystalline solid. 
Found : C, 70.3 ; H, 4.7. Calc. for TaCS6H,,03 : C, 
71.0; H, 4.8%. 

Crystallographic studies 

ating procedures and a listing of programs have 
been published previously.21 A suitable small crys- 
tal was selected and transferred to the goniostat for 
characterization and data collection. Attempts at 
cooling the crystal to our usual operating tem- 
perature of - 150°C resulted in fracturing of the 
crystal, possibly due to a phase transition. At about 
- 94°C the crystal was stable, and this temperature 
was used for characterization and data collection. 
A systematic search of a limited hemisphere of 
reciprocal space yielded a set of reflections which 
exhibited monoclinic symmetry and extinctions cor- 
responding to the space group P2 Jc. 

Crystal data are summarized in Table 4. One The structure was solved by direct methods, all 
of the structures was determined at the Indiana non-hydrogen atoms were readily located after 
University Molecular Structure Center while the some initial difficulty resulting from the placement 
second was determined in-house at Purdue. of the Ti atom almost on a twofold screw axis. After 

Ti(OAr_2,6Ph,),(Ph), * CsH6 (Id). General oper- initial refinement the hydrogen atoms were located 

Table 4. Crystal structure determination data 

(Id) (W 

Formula 
fw 
Space group 
a, 8, 
b, A 
c, A 

; 

Y0 
Z 
V,A’ 
Density (talc.) g cm- 3 
Crystal size 
Crystal color 
Radiation 

Linear abs coeff., cm- ’ 
Temp. deg. C 
Detector aperture 

Takeoff angle, deg. 
Scan speed, deg. min -’ 
Scan width, deg. 
bkgd counts, s 
20 range, deg. 
Unique data 
Unique data with 

Fo > 3.00 u 
R(F) 
Rw(J?) 
Goodness of fit 
Largest A/c 

TiC48H3,02*C,Hs 
770.82 
P2Jc 
10.959(2) 
36.309(l) 
10.859(2) 

110.29(l) 
- 
4 
4053.16 
1.263 
0.30 x 0.30 x 0.40 
orange 
MoKu 
(A= 0.71069 A) 
2.48 
-94 
3.0 mm wide x 4.0 mm high 

2.0 
5.0 
1.2 + dispersion 
6 
645 
5321 

3754 5151 
0.0647 0.052 
0.0651 0.076 
1.171 1.515 
0.05 0.11 

TiCs,H,,Si03 
914.12 
Pi 
11.923(2) 
11.887(3) 
19.446(5) 
90.19(2) 
92.69(2) 
115.96(2) 
2 
2474.0 
1.227 
0.65 x 0.36 x 0.24 
yellow 
MoKcr 
(1 = 0.71069 A) 
2.37 
-167 
(1.5+tanO) mm wide 
4.0 mm high 
4.90 
variable 
0.8+0.35 tan 6 
50% of scan time 
4-45 
6442 



2026 R. W. CHESNUT et al. 

and refined. The full matrix least-squares refine- 
ment was completed using anisotropic thermal par- 
ameters on all non-hydrogen atoms and isotropic 
thermal parameters on the hydrogen atoms. The 
final difference map was essentially featureless, the 
largest peak was 0.6 e/A. The asymmetric unit con- 
tained one molecule of benzene solvent. The atoms 
in the solvent are numbered C(52) through to C(57). 

Ti(OAr-2,6Ph&(CH,SiMe,) (IIb). A suitable 
crystal was located and mounted in a 0.5 mm 
capillary surrounded by epoxy resin. Data 
collection and refinement were carried out using 
the standard procedures of the Purdue Crystallo- 
graphic facility. ’ ’ 

Hydrogens were located such that the hydrogen- 
carbon bond was 0.95 8, and the angles were 
correct. For methyl groups, one hydrogen was 
located in the Fourier map, its position was ideal- 
ized, and the remaining hydrogen positions were 
calculated based on it. Hydrogen temperature fac- 
tors and positions were not refined. 
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Abstract-It is shown in the present work that hexagonal and tetragonal forms of Rh(I) 
his-4,4’-diisocyanobiphenyl chloride polymers containing stacks of rhodium ions in the 
integral + 1 state show d-electron delocalization in one dimension along Rh+-Rh+ chains 
at and below ambient temperature at atmospheric pressure. 

Although most organometallic solids are 
insulators,’ their structural and electronic prop 
erties can be modified by overlap of metal orbitals’ 
or x-ligand orbinds to allow formation of con- 
duction bands. In the present study on rhodium 
diisocyanide polymers, both types of overlap may 
contribute towards the overall electronic con- 
ductivity. 

Hexagonal and tetragonal rhodium(I) bis 4,4’- 
diisocyanobiphenyl chloride polymers ([Rh(CN- 
CsH,-C,&-NC)J+Cl),,, have been prepared from 
the reaction of 4,4’-diisocyanobipheny14 with tetra- 
carbonyl di-p-chloro dirhodium. 5,6*7 These and 
similar polymers have shown catalytic hydro- 
genation properties8y9 as well as electrical’o and 
photoconductivities. ’ ’ 

Powder X-ray diffractometry on these materials 
has revealed ordered structures of “graphite-like” 
two-dimensional laminae with interlayer sep- 
arations of 3.54 and 3.40 8, for the hexagonal6 and 
tetragonal ’ O modifications respectively. Interlayer 
spacing of this order (3-4 A) are found in many 

*Author to whom correspondence should be addressed. 

planar molecule charge-transfer salts.3 For the 
materials reported here, the interplanar spacings 
most probably arise from overlap of electron den- 
sity between adjacent ligand sheets and rhodium(I) 
ions. Both structural modifications of the rhodium 
polymer satisfy all of the preconditions necessary 
for one-dimensional metals, ’ ’ and the interplanar 
spacing is at about the maximum critical distance 
(i.e. 3.44 A-ta contribution for polar&ability) 
required for delocalization of electrons within 
Rh-Rh bonded systems’3 provided that vertical 
alignment of Rh+ ions is present. 

A band found in the electronic spectra of both 
structural forms of the material at N 700 nm has 
been attributed to an a,,(dz) + a&, a*) transition 
(which shifted from 520 nm because of overlap of 
adjacent metal-metal d, orbitals”), providing the 
first evidence for Rh-Rh interactions therein.5’6 
However, to date, the existence of one-dimensional 
molecular metals in these compounds has not been 
proved conclusively. The applicability of Raman 
spectroscopy to the study of weak metal-metal 
interactions has been well detailed” and a weak 
Raman-active band has been detected at 130 cm- ’ 
for the rhodium polymers discussed here. This band 
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is attributed to a symmetric Rh-Rh stretching 
vibration and is reported here for the first time as 
further evidence for direct metal-metal interactions 
in these polymeric solids. The weak intensity of this 
band together with its low vibration frequency in 
the Raman spectrum (a band at 170 cm- ’ had pre- 
viously been detected for vRh-Rh in rhodium(H) 
acetate16) indicate that only a weak metal-metal 
interaction is present here. 

We find that both hexagonal and tetragonal poly- 
mers exhibit weak paramagnetism ; this is surpris- 
ing, as a fully spin-paired d* ground state electronic 
configuration would have been predicted for Rh+ in 
D4,, symmetry. This unpaired spin electron density 
probably arises from either paramagnetic rhodium 
impurities or from donation of electron density 
from the antibonding a-lone pair on the C atom 
from ArNC to the metal. A shift of 24 cm-’ has 
been observed for the vC=N stretching mode in 
the infrared spectra of the ligand after complexation 
and this confirms that net electron donation occurs 
from the ligand to the metal (and not the reverse) 
for these particular polymeric solids. 

The unpaired electron spin density on the rho- 
dium centres proved to be amenable to detection 
by electron paramagnetic resonance spectroscopy ; 
three EPR spectra of the hexagonal and tetragonal 
polymers are shown in Fig. 1. Both polymeric solids 
exhibit EPR spectra with two peaks. The peak at 
g w 2.00 is attributed to unpaired electron density 
on the rhodium ions and the peak at the larger g 
value is thought to be due to delocalized electron 
density in the material’s solid state conduction 
bands. Similar conduction electron EPR spectra to 
those shown in Fig. 1 have been reported for col- 
loidal metal particle sols ’ ’ and for the molybdenum 
hexafluoride intercalated graphite samples” and the 
peak assignments given are consistent with those 
suggested here. Samples of tetratolyl isocyano rho- 
dium(1) perchlorate, prepared by the action of tolyl 
isocyanide on rhodium bichloride in the presence 
of sodium perchlorate,‘g gave no detectable EPR 
signal. For this reason it is thought unlikely that 
the EPR spectra recorded for the two polymers here 
result from spin-orbital coupling within para- 
magnetic rhodium centres in an anisotropic field. 

Temperature-dependent EPR studies in the range 
78 to 420 K show that the total integrated peak area 
decreases with temperature and that the conduction 
band is the most susceptible peak of the two to 
changes in temperature. At room temperature, cali- 
bration of the EPR spectra gave total spin densities 
of 4.55 x 10m4 for each Rh site in the hexagonal 
polymer and 1.36 x lop4 for each Rh site in the 
tetragonal polymer. The values obtained for the 
conduction-electron spin densities at room tem- 

b 

2.0915 

_I t 
C 

f 
2.137 

b 

Z.0036 

Fig. 1. EPR spectra of Rh(1) his-diisocyanobiphenyl 
chloride polymers obtained on a Varian EPS3 instrument 
in air : (a) in the hexagonal configuration at 78 K shows 
two peaks (g = 2.0915,45 G and g = 2.0036,40 G), (b) 
in the hexagonal configuration at 333 K also shows two 
peaks (g = 2.0915, 85 G and g = 2.0036, 60 G), and (c) 
in the tetragonal configuration at 333 K, which shows 

two peaks (g = 2.137 72 G and g = 2.0097,5 G). 

perature for the same species were 1.8 x 10” spins 
per mol for the hexagonal polymer and 4.9 x lo’* 
spins per mol for the tetragonal polymer. 

The “dark” electrical conductivities of poly- 
crystalline samples of the two different polymers 
were determined in a low-pressure conductivity cellzo 
and show a,,,, > a, (2 x lop6 ohm- ’ cm-’ and 
1 x lo- 7 ohm- ’ cm- ’ respectively). This is in agree- 
ment with the results obtained from EPR spec- 
troscopy. The intrinsic electrical conductivities of 
both of these polymers had been interpreted pre- 
viously in terms of a summation of intralayer and 
interlayer contributions.” However, infra-red spec- 
tral data indicate that electron transfer may occur 
one way only, from the ligands to the metal and 
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Rh+...Rh+ 
chains overlap 

Fig. 2. Electronic conductivity of Rh(I) bis-diiso- 
cyanobiphenyl chloride polymers. u,, denotes con- 
ductivity within (or parallel to) diisocyanobiphenyl 
sheets. c1 denotes conductivity perpendicular to these 
sheets which predominantly involves 44 overlap of 
Rh+ centres (in essentially integral + 1 oxidation states) 
forming Rh+-Rh+ -Rh+ chains which are broken only 
by translational defects resulting in a mismatch of 
Rh+-Rh+ ions in adjacent laminae (mismatched sheet 
breaking Rb +-Rb +--Rh+ chain is shaded). --- denotes 
the diisocyanobiphenyl ligands between Rh+ centres in 

the laminae involving n-bond delocalization). 

EPR shows no peak splitting due to coupling of 
unpaired electron density on the rhodium centres 
with nitrogen atoms in the ligands. In the light of 
the results reported here, it may be concluded that 
the intralayer contribution cl1 (see Fig. 2) to the 
total electrical conductivity must be very small 
when compared with the interlayer contribution oI 
(see Fig. 2). 

Total numbers of unpaired electrons per rhodium 
site suggest that the overall oxidation state of the 
rhodium ions present in these materials is (1 + x), 
where x is a factor which takes into account the 
electron donating power of the ligands as well as the 
effects of interlayer electronic delocalization within 
the solid state. 

As mentioned earlier, the Rh-Rh distance in 
these polymers is very close to the critical limiting 
distance for delocalization of d-electrons. Thus for 
either of the two systems considered here only a rela- 
tively small stacking fault (i.e. translational dis- 
location) would be required to disrupt the one- 
dimensional metallic character (see Fig. 2). The 

electronic charge is able to move freely along the 
stra&ht Rh+-Rh+ -Rh+ segments but requires an 
activation energy input to hop over from one chain 
to the next. The kinetics involved in electron trans- 
fer of this kind are critical in defining the level 
of electronic conduction in this a similar class of 
material” and are dependent upon relaxation rates 
along the metal atom and chain lengths. Further 
research is being carried out in this area to define 
and modify the magnetic and electronic properties 
in this and related one-dimensional systems. 
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SYNTHESIS AND X-RAY CRYSTAL STRUCTURE OF 
[{(C,H,Me)Fe(CO),)2BiBic1J, : A COMPOUND CONTAINING A 

PLANAR SIX-MEMBERED Bi3CIJ RING 
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Abstract-The reaction between BiC13 and two equivalents of Na[(C,H,Me)Fe(CO)J 
affords the title complex, [((C,H,Me)Fe(CO)z}2BiCl] 3, containing a planar six-membered 
Bi3C13 ring in which each bismuth is bonded to two chlorine atoms and two (CSH4Me) 
Fe(CO), fragments. 

Organotransition metal complexes containing tran- 
sition metal-bismuth bonds are uncommon. Exam- 
ples of known complexes include [Bi{Co(CO),} 3], ’ 
Pi{WW3)31,z W3Bb(W~~1,3 ~2(co)8ti-?2- 

Bi,)(p-Bi(Me)W(CO),)J4 and recently a range of 

* Authors to whom correspondence should be addressed. 
7 Spectroscopic Data for complexes la-c. la : NMR ; 

‘H (d’ THF), 5.01 (s, SH, C,H,). 13C{‘H} (d* THF), 
86.1 (s, CTH5), 203.5 (s, CO). IR; v- (THF) 2046(w), 
2008(s), 1976(s), 1952(s). lb: NMR; ‘H (d’ THF), 2.0 
(bs, 3H, C,H,Me), 4.9 (bs, 4H, C&Me). 13C{ ‘H} (d* 
THF), 13.2 (s, C,H,Me), 85.3 and 86.5 (s, C5H4Me, ring 
C-H), 103.4 (s, C,H,Me, ring C-Me), 204.0 (s, CO). IR; 
vc- (THF), 2041(w), 2006(s), 1973(s), 1948(s). lc: 
NMR; ‘H (d* THF), 1.86 (s, 15H, C,Me,). “C{ ‘H) (d* 
THF), 9.9 (s, CsMe,), 97.0 (s, C,Me,), 203.2 and 206.2 
(s, CO). IR; v, (Nujol mull) 2020(m), 1980(s), 1950(m). 
Satisfactory microanalytical data were obtained for la 
and lb. 

$ Crystal Data for lb: C48H42Bi3C13Fe,0,,, 
M, = 1879.2, monoclinic, a = 21.4400, b = 12.480(4), 
c = 20.315(6) 8, fl = 95.00(4)“, V= 5415 A3, 2 = 4, 
D, = 2.305 g cm- 3, F(OO0) = 3528, p(MoKa) = 11.45 
mm-‘, 1= 0.71073 A, space group Cl/c; R = 0.054, 
wR = 0.058 for 3142 unique reflections with F > 4a(F), 
measured on a Siemens AED diffractometer at room 
temperature and corrected for absorption. The least- 
squares weighting scheme was w- ’ = aZ(F)+0.0004F2, 
with anisotropic thermal parameters and no hydrogen 
atoms (327 parameters). 

iron carbonyl-bismuth clusters has been reported 
by Whitmire et al.’ As part of a study of such 
systems, we have investigated the reaction of the 
cyclopentadienylirondicarbonyl anion with bis- 
muth trichloride, since there appear to be no litera- 
ture reports of transition metal-bismuth complexes 
containing the cyclopentadienyl ligand. 

Treatment of a THF solution of BiC13 with two 
equivalents of [(C5H5)Fe(CO),]- in THF at room 
temperature produces a deep emerald green solu- 
tion from which, after filtration and recry- 
stallization from THF/hexane, dark green crystals 
of la can be isolated in moderate yield. Analogous 
reactions involving the alkylated cyclopentadienyl 
ligands, C,H,Me and &Me,, afford the derivatives 
lb and lc respectively. ‘H and ’ 3C NMRT analysis 
of la-c indicated a single cyclopentadienyl environ- 
ment while infra-red spectroscopy revealed only ter- 
minal carbonyl absorptions.? However, since these 
data gave little indication as to the nature of la-e, 
a single crystal X-ray diffraction st#dy of lb was 
undertaken, the result of which is sfown in Fig. 1 
and Table 1. $ The molecule consists of a planar six- 
membered Bi3C13 ring in which each bismuth atom 
is bonded to two chlorine atoms (mean Bi- 
Cl = 2.907 A) and two (C5H4Me)Fe(C0)* frag- 
ments (mean Bi-Fe = 2.680 A) as represented in 
the diagram. Each bismuth atom resides in a tetra- 
hedral environment but this is considerably distor- 
ted, as evidenced by the large Cl-Bi-CI angles (153.2 
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Table 1. Selected bond lengths (A) and angles (“) for [{(C ,H,Me)Fe(CO) *} *BiCl] 3r lb 

Bi(ljCl(1) 
Bi(2jCl( 1) 
Bi(2jC1(2) 

Cl( ljBi( ljFe( 1) 
Fe(ljBi(ljCl(lu) 
Cl( ljBi(2jCl(2) 
C1(2jBi(2jFe(2) 
C1(2jBi(2 jFe(3) 
Bi(ljCl(l jBi(2) 

2.914(4) 
2.852(4) 
2.955(4) 

94.1(l) 
101.6(l) 
154.9(l) 
103.2(l) 
91.8(l) 
86.0(l) 

Bi( I)-Fe( 1) 
Bi(2jFe(2) 
Bi(2jFe(3) 

Cl(ljBi(ljCl(la) 
Fe(ljBi(ljFe(la) 
Cl( ljBi(2jFe(2) 
Cl( ljBi(2jFe(3) 
Fe(2jBi(2jFe(3) 
Bi(2jC1(2 jBi(2a) 

2.668(2) 
2.705(2) 
2.668(2) 

153.2(2) 
107.6(l) 
94.1(l) 
99.2(l) 

110.3(l) 
84.4( 1) 

Symmetry operator for atoms labelled a : 1 -x, y, 1/2-z. 

Fe(cO)&p 
/ 

’ /“>L Fe (CO) Cp(CO)zFe-Bi 

t I 2 

Cp 

la - Cp=CsHS 

b - Cp = &H&e 

C -Cp=GMe, 

and 154.9”), which in turn leads to a small angle at 
each chlorine (86.0 and 84.4”). These distortions are 
probably a result of a stereochemically active lone 
pair on each bismuth, which presumably lies in the 
FezBi plane and bisects the Cl-Bi-Cl angle. An 

Fig. 1. A diagram of the molecular structure of lb show- 
ing the atom numbering scheme adopted, except for the 
CSH,Me ligands. A crystallographic two-fold axis passes 

through Bi( 1) and Cl(2). 

alternative explanation invoking Bi-Bi inter- 
actions, which might result in similar distortions, is 
considered unlikely due to the large internuclear 
separation (mean Bi . . . Bi = 3.944 A). Typical 
Bi-Bi distances in complexes containing mutually 
bonded dibismuth fragments range from 2.796 to 
3.092 A’,“,‘” while in the cluster [Bi4Fe4(C0)13]2-,5b 
containing a tetrahedron of bismuth atoms, the 
Bi-Bi separations range from 3.140 to 3.473 A, 
these being associated with some degree of Bi-Bi 
interaction. The Bi-Bi distance in bismuth metal 
is 3.10 A.” The (C,H,Me)Fe(CO), fragments are 
arranged such that the cyclopendienyl Iigands are 
chemically equivalent, consistent with the observed 
solution NMR properties of la-c. The carbonyls, 
however, fall into two sets ; six pointing in towards 
the centre of the Bi3C13 ring and six pointing out. 
The observation of only one carbonyl resonance in 
the 13C NMR spectrum of la and lb implies an 
exchange process in solution at room temperature 
(presumably rotation about the Fe-Bi bonds). In 
lc, however, two CO signals are observed, con- 
sistent with a static structure in solution, possibly 
due to hindered rotation resulting from the 
increased size of the C5Me5 ligands. 

The structure of lb is formally derived from a 
cyclotrimerization of {(CgH4Me)Fe(CO),},BiC1 
fragments resulting from a Lewis acid-base inter- 
action between bismuth and a second chlorine. The 
Lewis acidity of tricoordinate bismuth is well 
known and a similar interaction occurs in the 
related chloro-bismuthinidene complex, 2.’ Fur- 

LnM\BiABi/ML” 
L M’ ‘CL’ n ‘ML ” 

2 ML,= (C,H~)MII(CO), 
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there studies in related systems and on the reactivity 3. 
of 1 are in progress. 
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Note added in proof-After submission of this manuscript 
a publication appeared reported the synthesis and struc- 
tural characterisation of la. J. M. Wallis, G. Miiller and 
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REFERENCES 

1. G. Etzrodt, R. Boese and G. Schmid, Chem. Ber. 6. 
1979,112,2574. 

2. W. Kruppa, D. Bliiser, R. Boese and G. Schmid, Z. 7. 
Naturforsch 1982, B37, 209. 

G. Huttner, U. Weber and L. Zsolnai, Z. Naturforsch 
1982, B37,707. 
A. M. Arif, A. H. Cowley, N. C. Norman and M. 
Pakulski, Inorg. Chem. 1986,25,4836. 
(a) K. H. Whitmire, C. B. Lagrone, M. R. Churchill, 
J. C. Fettinger and L. V. Biondi, Znorg. Chem. 1984, 
23, 4227; (b) K. H. Whitmire, T. A. Albright, S.-K. 
Kang, M. R. Churchill and J. C. Fettinger, Znorg. 
Chem. 1986, 25, 2799 ; (c) K. H. Whitmire, C. B. 
Lagrone and A. L. Rheingold, Znorg. Chem. 1986,25, 
2472; (d) K. H. Whitmire, K. S. Raghuveer, M. R. 
Churchill, J. C. Fettinger and R. F. See, J. Am. Chem. 
Sot. 1986,108,2778. 
A. F. Wells, Structural Inorganic Chemistry, 4th edn. 
Clarendon Press, Oxford (1975). 
J. von Seyerl and G. Huttner, J. Organomet. Chem. 
1980,195,207. 



Po/yhedron Vol. 6, No. II, p. 2035, 1987 
Pergamon Journals Ltd. Printed in Great Britain 

BOOK REVIEW 

Preparative Polar OrganometaIlic Chemistry Vol. 1. 
By Lambert Brandsma and Hermann D. Verk- 
ruijsse. Springer, Berlin, 1987. ISBN 3-540- 
19616-4,24Opp., DM 78. 

This book is the first in a new organometallic series and 
is devoted to polar organometallics derived from sp2 
compounds. The first chapter discusses the use of strong 
bases such as alkali metal amides, metal dialkyl amides 
and alkyllithiums. Aspects such as reagent stability, sol- 
vent purification, additives such as HMPA, safety pre- 
cautions and practical tips are all covered. In chapter 
two the general reactivities of polar organometallics are 
discussed, with detailed reference to alkylation, 
acylation, halogenation, etc. These two first chapters 
form an excellent introduction to synthesis using strong 
bases and organometallics, and are illustrated with plenty 
of examples and full experimental procedures in the style 
of “Organic Syntheses”. 

The remainder of the book then describes the prep- 
aration and reactions of sp2 organometallics derived 
from four main groups : olefins and allenes, hetero-sub- 
stituted unsaturated systems, hetero-aromatics and aro- 
matics. In each section a general introduction is followed 
by full experimental procedures for preparation of a 
variety of products. Three useful indexes allow rapid 
location of a particular metallation reaction, or type of 
functionalization and over 240 references are included. 

The book serves both as an excellent reference col- 
lection of organometallic preparations and as an 
informative lab. manual useful for researchers in all areas 
of synthetic chemistry. 

Department of Chemistry 
Queen Mary College 
Mile End Road 

NIGEL S. SIMPKINS 

London E 1 4NS, U.K. 
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“0 AND 14N NMR STUDIES OF THE Co@), Cu(II) AND Mn(I1) 
COMPLEXES OF L-PROLINE IN AQUEOUS SOLUTION 
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Department of Physiology and Biophysics, University of Illinois College of Medicine at 
Chicago, P.O. Box 6998, Chicago, IL 60680, U.S.A. 

(Received 27 May 1986 ; accepted after revision 17 March 1987) 

Abstract-The ’ 7O and ’ 4N paramagnetic transverse relaxation time and chemical shift of 
proline as well as of water, in aqueous solutions of Co(II), Cu(I1) and Mn(I1) were measured 
as a function of pH, temperature, and metal ion concentration. The relaxation results were 
fitted to a theoretical equation linking the Swift-Connick equation to the stability constants 
of the major complexes in equilibrium. Stability constants for the major complexes of the 
three ions in this work were determined, along with thermodynamic parameters for some 
of the complexes. Two complexes of Co(I1) were detected directly by I70 NtiR. at basic 
pH, and were assigned to CoPro, and CoPro;. The hyperfine coupling constant for these 
two complexes, A/h, was determined directly from the isotropic shift and was found to be 
-0.63 and -0.31 MHz, respectively. CoPro, could be detected in the pH range 6-12, for 
Co(I1) concentrations greater than 0.04 M, and its chemical shift was around 700 ppm 
downfield from free proline, at 300 K. CoPro; was detected only at pH 11, in the tem- 
perature range 275-284 K, with a chemical shift of 390 ppm downfield from free proline. 

Transition metal ion complexes of amino acids and 
their equilibria in aqueous solution have been the 
subject of a number of investigations. I-5 Among the 
various methods, ‘H and 13C NMR have been used 
extensively, with varying success. Both the ‘H and 
the 13C nuclei, though, are not involved directly in 
the binding to the paramagnetic ions, and conse- 
quently there is an inevitable attenuation of the 
paramagnetic effects arising from the greater dis- 
tances to the paramagnetic center. On the other 
hand, both I70 and 14N nuclei are binding sites, 
and as such they should manifest the effects of the 
paramagnetic ions in a more pronounced way. The 
above considerations, together with an over- 
whelming lack of I70 and 14N NMR studies of 
transition metal ion complexes with amino acids, 
led us to the undertaking of this work. 

The inherent difficulties associated with 170 

*Present address : Department of Chemistry, Uni- 
versity of Illinois at Chicago, P.O. Box 4348, Chicago, 
IL 60680, U.S.A. 

t Author to whom correspondence should be addressed. 

NMR, due to the low natural abundance of the ’ 7O 
nucleus (0.037%), low sensitivity and broad spectral 
lines resulting from an effective quadrupolar relax- 
ation mechanism, are difficult to overcome without 
isotopic enrichment. 6 The above difficulties, 
coupled with the requirement of a high-power trans- 
mitter and probe (not standard equipment in most 
laboratories) and rather expensive isotopic enrich- 
ment, had kept I70 NMR from realizing its full 
potential. 

Of the three metal ions in this work, the Co(II)- 
Proline complexes have been investigated the least. 
The only stability constants that could be found 
in the literature7-9 were for CoPro+ and CoPro,, 
thus comparison with literature cannot be made for 
the remaining complexes. 

EXPERIMENTAL 

For the I70 NMR measurements, proline 
enriched to 30% ’ 7O at the carboxyl site by methods 
described previously, ‘IS’ ’ was used after being 
passed through a chelex column twice, for further 
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purification. For 14N NMR, commercially avail- 
able L-proline was used as bought from the manu- 
facturer. 

The NMR measurements were obtained using 
two spectrometers : a Bruker CXP-180 high-power 
spectrometer, operating in the Pulsed Fourier 
Transform mode at frequencies of 24.4 and 13.0 
MHz for I70 and 14N NMR, respectively, and a 
home-made NSF-250 high-power spectrometer at 
the Regional NMR Center of the University of 
Illinois in Champaign-Urbana, operating in the 
Pulsed Fourier Transform mode at frequencies of 
33.926 and 18.075 MHz for 170 and i4N NMR, 
respectively. Whenever appropriate, many 
measurements were performed on both spec- 
trometers, to determine possible field effects, as well 
as to ascertain reproducibility of results. 

Normally, 2,00~10,000 scans were sufficient for 
a well-resolved spectrum, and typical spectroscopic 
parameters were a spectral width of 50 kHz, pulse 
width for a 90” pulse of 10 ps, pulse delay of 10 ys, 
recycle delay of 70 ms and 4k spectral points for 
signal averaging. 

Experimental errors in both 170 and 14N NMR 
shifts are within f0.5 ppm for narrow lines (2& 
400 Hz), and no more than + 2.0 ppm for broader 
lines. The accuracy of the measured linewidths is 
within + 5%. 

A Bruker temperature control unit, with the ther- 
mocouple external to the sample, was used to moni- 
tor the temperature of the samples to within f0.5 
K, with the CXP-180 spectrometer, whereas a 
Varian Associates temperature control unit oper- 
ating along the same principles was employed with 
the NSF-250 spectrometer. In both cases, a mini- 
mum time of 15 min was allowed for the tempera- 
ture to equilibrate each time is was changed. 

The pH of the solutions was adjusted by the 
addition of NaOH or HCl and measured on a Corn- 
ing model 125 pH meter, equipped with a combined 
electrode. The pH of the solution was measured 
before and after spectral acquisition, and, if differ- 
ent, the average value was recorded, provided that 
the variation was small. 

Stock solutions of CoCl,, CuCl, and MnClz were 
prepared from salts of the ions that were dried at 
105°C for 36 h. The concentration of proline was 
determined by weighing an amount of dried in 
vacuum powder of proline, and whose purity was 
checked with an amino acid analyzer. The amino 
acid analyzer was used at least twice for each 
sample. The accuracy of the calculated con- 
centration of proline is estimated to be within 
f lo%, to allow for humidity that was inevitably 
absorbed by the hydrophilic proline, as well as other 
measuring errors. 

THEORETICAL 

A. Chemical exchange 

The Bloch equations were modified by McCon- 
nell I2 to take into account the effects of chemical 
exchange between different magnetic environments. 
The McConnell equations were subsequently 
applied to the limiting conditions of a predominant 
diamagnetic site (the bulk water), in chemical ex- 
change with one or more paramagnetic sites at con- 
siderably lesser concentrations (aqueous complexes 
of paramagnetic ions), by Swift and Connick. I3 In 
addition to the predominance of the diamagnetic 
site, chemical exchange among the paramagnetic 
sites was considered negligible to a first approxi- 
mation, thus simplifying the solution of the modi- 
fied Bloch equations. As a result, analytical 
expressions for the paramagnetic relaxation rate, 
l/T,, and chemical shift, Ao,, of the diamagnetic 
site in the presence of the paramagnetic ions can be 
derived. For the benefit of the reader, a discussion 
of the Swift and Connick equations will follow, for 
they are an integral part of the theoretical treatment 
of our data. 

The paramagnetic relaxation rate, l/T,, and the 
paramagnetic chemical shift, Am,,, were found by 
Swift and Connick to be : 

and 

Aoa=-iL _ 
A Wj 

j=bTaTj (Zj ‘+T~‘)*+A~,? 
(2) 

where r, is the lifetime of the nucleus in the pre- 
dominant diamagnetic site, rj is the lifetime of the 
nucleus in each of the paramagnetic sites, Tzj is 
the transverse relaxation time of the nucleus in the 
paramagnetic site and AOj is the frequency differ- 
ence, in rads/s, between the bulk and each of the 
paramagnetic sites. 

In the special case of only one paramagnetic site 
exchanging with the diamagnetic site, eqs (1) and 
(2) can be reduced to simpler ones : 

1,T 

2P 
= J T2;,2+(~,Tzm)-‘+A~~ 

2, (7; ’ + T2-,‘)‘+ AC& 
(3) 

and 

where the subscript m refers to the paramagnetic 
site. 

Some distinctions about the mechanism of trans- 
fer of the paramagnetic effects to the bulk can now 
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be made, depending on the relative size of TZm and Aoi then, 
Ao,. Thus, if T;,,f >> Aof it is referred to as the 
6L Tz,” mechanism, whereas in the opposite case it IIT, = ~mlT2m. (5c) 

is referred to as the “Am,,,” mechanism. In each In this last case, the exchange is very rapid, so 
case we further distinguish between slow and fast that the term (z,,,T& ’ becomes important and it 
exchange, depending on the magnitude of the ex- can no longer be ignored in eq. (5). 
change rate, l/rm. The following limiting equations The temperature dependence of r, is given by 
describe all possible cases. the Eyring equation, ’ 5 indicative of first-order 

(1) The “Aw,,,” mechanism : exchange processes : 

A&, >> T;j, and eqs (3) and (4) become : z, = (h/kT) exp (AHtIRT- ASTIR) (9) 

l/T,, = WaWd1(~ ’ + AdJl (5) 
where AH? and AS? are the enthalpy and entropy 
of activation for the first-order reaction of exchange 

and between the diamagnetic and paramagnetic sites. 

Aw, = - (l/r,z,)Aw,,J(z~ ’ + Am;). (6) 
The frequency difference between the para- 

magnetic and diamagnetic sites is given by : 
We can now distinguish two cases, depending 

on the rate of chemical exchange, l/r,,,. Thus, for AwP = Ao,+Aw,. (10) 

AC& >> r, 2, The temperature dependence of Au+ and its 

UT, = k = ~rnhn (54 
relationship to the hyperfine coupling constant, 
A/h, is given by the equation of Bloembergen : ’ 6 

and 
@qb) = - W+ 1M(yelynY3kT (11) 

Ao, = (r,z,Ao,,,- ’ (64 where S is the spin of the paramagnetic ion, ye and 
where pm is the ratio of the number of nuclei in the y,, are the magnetogyric ratios of the free electron 
paramagnetic site divided by that of the bulk. and the nucleus under consideration, respectively, 

For z; 2 >> Aoi >> ( TZmrJ ‘, and the other constants have their usual meaning. 

UT, = ~rn~,Ad (5b) 
At the point of intersection of the two limiting cases 
of In T, vs l/T, AOJ, = 1. Thus, having deter- 

and mined r, from the slow exchange region of In T2P 

Au, = -pmA~,,,. (6b) 
vs l/T, eq. (Sa), one can determine Ao,, and conse- 
quently A/h from eq. (11). Such parameters were 

(2) The “T2m” mechanism : determined for aqueous complexes of several tran- 
sition metal ions, “-*O with considerable accuracy. 

T;, >> AC&, which results in : 

and 

11 T, = P,I(~, + Td (7) B. Paramagnetic relaxation 

The relaxation of the “0 and 14N nuclei in a 
Ao, = -_~,,&mT:,/(z,+ T2,,J2. (8) paramagnetic complex could occur by dipolar and 

Again, we distinguish two cases, depending on hyperline interactions with the unpaired electrons 
the rate of chemical exchange, l/z,, with respect to of the paramagnetic ion ’ 7~2’-23 in addition to their 
l/T,,. For T2-,’ >I z; 2, quadrupolar relaxation, and the transverse relax- 

llTzp = 11~ = PHIL (74 
ation rate, 1/T2m, is given by : 

and llT2, = WT~~)DP+UIT~HF (12) 

Am, = -~mA~m(T2rnl~m)~. (84 where DP stands for dipolar and HF for hyperfine : 

For 7~ 2 >> T;,, 

UT, = ~mIT2m VW 
UIT2m)~~ = W5KW+ 1)g28’m,%“l 

x(B+C+D+D+E+F) (13) 
and 

and 
Aw, = -_P~Aw,,,. (gb) 

Granot and Fiat’ 4 have distinguished one more 
case in the “Aw,,,” mechanism. If (r,T2& ’ >> T;,‘, 

(lIT2,& = (1/3)S(S+ 1)(2nA/h)‘(G+H). (14) 

The terms A, B, C, D, E, F, G and H are given 
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B=42, 

c = z*/[l +(o,-mJ*r;] 

D = 32,/l +o,‘r;) 

E = 6r2/(l +~:ri) 

F= 6r2/[1 +(o,+w,)*z~ 

G=z, 

H = rz/[l +(on-oJ*r:] 

where z , and z2 are correlation times characterizing 
the interactions, r is the distance between the 
nucleus and the unpaired electrons and w, and w, 
are the nuclear and electronic precessional fre- 
quencies, respectively. The rest of the terms have 
their usual meaning. 

Equations (13) and (14) can be further simplified, 
considering the relative size of w,, o, and the cor- 
relation times, r1 and r2. Thus, since o, >> o, and 
o,‘r’<< 1, eqs (13) and (14) become: 

(l/T2&~ = (WWW+ ~)s’B’rWl 

X [721+ 1322/(1 +~f~:)] (15) 
and 

(1/7-*~~~ = (1/3)(27~~ih)W+ 1) 

x[z~+z2/(1+&:)1. (16) 

Similar equations’7,23 exist for T,, : 

UT,, = w~lmh+w~lm)HF (17) 
where, 

(~/T&P = [(2/15)W+ llg2B2yn2/r61 
X[3~1+7~2/(1+&:)] (18) 

and 

(~/T,J~~ = (2/3)s(s+ 1)(27~h)*[r~/(l+d2:)1. 

(19) 

C. Quadrupolar relaxation 

The I70 quadrupolar relaxation (I = 5/2) in the 
extreme motional narrowing limit is given by the 
following equation : 23 

(1P2), = (WW +‘~*/W*qQ/ft)~~~ (20) 
where q is the asymmetry parameter, e*qQ/h is the 
quadrupolar coupling constant and 2, is the 
rotational correlation time. 

D. Complex equilibria 

For aqueous solutions of amino acids or peptides, 
containing small quantities of paramagnetic ions, 

such that [L] >> [Ml, where L and M refer to the 
ligand amino acid or peptide and metal ion, respec- 
tively, the complex equilibria in solution can be 
described by the general equation : 24 

pM2++qH++rLy-- A,, MpHqL$*P+q-Yds 
(21) 

B pqr is the overall stability constant for each metal 
ion complex : 

Bpqr = ~~,~,~~I/~~~IPIHlq~~I’~~ (22) 
Since the concentration of the metal ions in this 

work is much smaller than that of the ligands, the 
probability for polymeric species is negligible and 
only monomeric species are considered with p = 1. 
L-Proline can exist in three forms : the ionic form, 
L-, with q = 0, the zwitterionic form, HL*, with 
q = 1, and the cationic form, H2Lf, with q = 2. 
Considering that there are two possible binding sites 
per amino acid, and assuming hexa-coordinated 
complexes of the metal ions in this work, there can 
be up to three amino acids per metal ion. Thus 
r= 1,2or3. 

From the mass balance equation for [Ml,,,, and 
[Ll tota~ we get : 

WI = D%ta~ i( 1+ c 1 B ,,,Mq[Ll’ 
4 r > (23) 

and 

[Ll = Lltota, 
i( 

1 +~BoqdHlq 
4 > . (24) 

Thus, by calculating [L-l as a function of pH 
(easily accomplished with the aid of the Henderson- 
Hasselbalch equation), one can calculate the free 
metal ion concentration, provided that the stability 
constants are known and consequently the con- 
centration of each of the complexes in solution. The 
validity of the above approximation has been tested 
by Beattie et al.’ with an iterative solution of the 
complete mass balance equations using the method 
of Ingri and Sillen. 25 We can now combine the 
complex equilibria equations with the Swift-Con- 
nick equation and get : 

W2, = C&,qrf(T, T2,Am),qr 

4 r 
(25) 

where rLqr, (T2)Iq, and AoIqr refer to the lifetime, 
transverse relaxation time and frequency difference, 
in rads/s, from the free ligand, for each of the com- 
plexes. p Iqr is the ratio of the number of exchanging 
nuclei in each of the complexes divided by the num- 
ber of nuclei in the free ligand. Since the free ligand 
concentration is much larger than the concentration 
of any of the complexes, the total concentration of 
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the ligand in solution is being taken as the con- 
centration of the free ligand, to a first approxi- 
mation. Thus, 

Since [MH,L,] = j?,,[M][Hj[L], we can now sub- 
stitute in (25) and get : 

UT, = cc ~[MIWlq[Ll’B ~qrf(~, Tz, Am) ,qr/[Uotal. 
4 r 

(27) 

Substituting eq. (23) into (26) for [Ml, we get : 

UT, = 

@WLl)tot,, c c rB ,qr[Wq[Ll’f(~, Tz, Am) ,qr 0 I 

(28) 
Equation (28) thus links the paramagnetic relax- 

ation rate, l/T,, of the free ligand, to the stability 
constants of all possible complexes and their per- 
spective NMR parameters. Thus, it is possible to 
determine the stability constants of the complexes 
through a multi-parameter fit of the experimental 
relaxation data to eq. (28). In this work, the vari- 
ation of the stability constants and NMR par- 
ameters was done semi-manually, starting with pub- 
lished values of stability constants (whenever 
possible), and having the computer determine l/T, 
for any given combination of parameters. The best 
fits were then determined graphically, and the 
correlation coefficients were found to be in the 
range 0.974.99. 

E. The solvent signal 

In addition to the relaxation results for the free 
proline, there is a second set of data that indirectly 
gives information about the degree of formation of 
the various complexes, namely the paramagnetic 
relaxation rate of Hz0 : 

l/T, = pmf CT,, Tam Awn) 

where pm is the ratio of the bound water molecules 
divided by the number of molecules in the bulk 
water : 

pm = nedMltotaW.5 - GT[MI~~~~J. (30) 

Since [M] << 55.5, pm is approximated by : 

Pm = nedMltotaW.5. (31) 

In a pure aqueous solution of the metal ions 
in this work, n,= is 6, assuming a hexa-coordinated 
structure. “-‘O In the presence of the amino acid, 
though, some of the water molecules in the metal 
ion complexes get replaced by the amino acid, 
reducing, thus, the effective number of coordinated 
water molecules. Consequently, the paramagnetic 
relaxation rate of water is reduced in a predictable 
way, since it depends linearly on neff and also on 
f (z,, T,,, Aw,). Thus in general neff can be cal- 
culated from the ratio of the paramagnetic relax- 
ation of water in the presence and absence of 
proline, respectively : 

n e,-~ = tWT,)*/W”dl 
x [f(z,, TB,,,A~,J/~*(L,, Tam Awn)1 (32) 

where the asterisk denotes the presence of proline 
in the solution, and all parameters subscripted by 
m are weighted average quantities over the various 
complexes in which water can be bound. 

Equation (32) can be useful only when f (z,, T?,,,, 

bn)/f *(tm T2,,,, Aw,,J is known, or assumptions 
can be made about its magnitude. Assuming that 
f (z,, Tam AaJif *hm T2,,,, Aw,) = 1, however, 
simplifies eq. (32) to : 

n em = WTd*/U/Td (324 

which is the equation that we have used in plotting 
the experimental results. The validity of this 
approximation will be discussed in a subsequent 
section. 

Another way of calculating neff is by taking the 
weighted average of the number of water molecules 
in each complex, i.e. 

n Ed = (1/[Mltota,)(6[M(H~0)612f 
+5[MHL2+.5H20]+ ... +l[MHL,.H,O]} 

which can be written in compact form as : 

n er = (~/[Ml,~~,~)~~(6+q--~)[MHqL,I. (33) 
4 r 

Assuming that the concentrations of the com- 
plexes are known (i.e. the stability constants are 
known) one can calculate the effective coordination 
number of water molecules per metal ion, neB, in two 
ways : from eqs (32a) and (33). A good agreement 
between the results of the two equations will assure 
that the assumption made to get eq. (32a) is valid, 
and/or the stability constants are correct. Alter- 
natively, divergence of the results of eqs (32a) and 
(33) means that the assumption that [f (z,, T2,,,, 
Ao,,,)/f *(z,, Tzm, Ao,)] = 1 is not valid and/or the 
stability constants used in eq. (33) are not correct. 
A further discussion of these points will follow in 
the next section. 
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RESULTS AND DISCUSSION 

A. The Co(II)-proline system 

(1) I70 NMR. The pH dependence of the para- 
magnetic transverse relaxation rate of proline, 
l/T,, at 300 K, for a solution containing 0.13 M 
proline and 7.7 mM CoCl, (Solution A) is depicted 
in Fig. 1. The experimental results were least- 
squares fitted to eq. (28), and the stability constants 
and NMR parameters for each complex are given 
in Tables 1 and 2. Unlike other amino acids, for 
which several stability constants have been 
reported, the only stability constants for Co(II)-- 
proline complexes that could be found in the litera- 
ture were K, and p2, for CoPro+ and CoPro,, 

PH 

Fig. 1. Dependence of the “0 paramagnetic transverse 
relaxation rate of proline upon the measured pH of a 
solution containing 0.126 M L-Proline and 7.7 mM CoCl, 
(Solution A). The experimental points were recorded at 
24.4 MHz, 300 K and the dotted line is the least-squares 
fit of the experimental points to eq. (28), with the con- 

stants of Tables 1 and 2. 

Table 1. Log stability constants of the major Co(II)- 
proline complexes in aqueous solution 

Complex Constant This work Ref. 

CoHPro’+ 
Co(HPro)i + 
CoHPro $ 
CoHPro 3 
CoPro + 
CoPro, 
CoPro ; 

1.01+0.1 
1.62f0.25 
1.41 f0.2 
0.11+0.15 
5.05kO.l 5.05” 4.89’ 
9.3OkO.3 9.27” 9.30 

10.75f0.2 

“Ref. 9. 
* Ref. 7. 
‘Ref. 8. 

respectively, 7-v which are included in Table 1 for 
comparison. The following equations define the 
stability constants for all complexes assumed to 
exist in non-negligible concentrations : 

Co*+ + HPro+ 
k; 

# CoHPro*+ 

k;’ 
Co*+ + 2HPro+ 1 Co(HPro):+ 

k; 
CoPro+ + HPro+ I CoHPro: 

k; 
CoPro 2 + HPro + I CoHPro 3 

K3 
CoPro,+Pro- 1 CoProT 

Co*+ +Pro-- > CoPro + 

82 
Co2++2PRo- 1 CoPro 2 

Bl 
Co2++3PRo--i---) CoPro;. 

Table 2. Thermodynamic and NMR parameters of the Co(II)-proline complexes in 
aqueous solution” 

Complex 

CoHPro*+ 
Co(HPro):+ 
CoHPro : 
CoHPro 3 
CoPro + 
CoPro 2 
CoPro ; 

f(~ Awm) 7, A/h AH? AS? 
(s-l) (s) (MHz) (Kcal/mol) (e.u.) 

4.80 x lo4 1.6x 10m6 - 1.2f0.2 9.3 -8.6 
5.20 x lo4 
1.15 x 104 
3.10 x 102 
3.14* 

39.0* -0.63kO.02 
1.38 x 103 6.75 x 1O-4 -0.31+0.05 7.1 -10.1 

9.5 x 10-S” 7.1” -8.8’ 

’ All parameters are calculated at 300 K. 
*Ref. 9. 
‘From 14N NMR measurements. 

(1) 

(11) 

(III) 

(IV) 

01’) 

WI) 

(VII) 

(VIII) 
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First-order dissociation of CoPro+ and CoPro, 
cannot be a major source of broadening, because 
of the long lifetimes of complexes of this type (in 
the order of 10-l to lo-’ s),~,‘~ thus their con- 
tribution to the relaxation rate of proline was 
neglected, to a first approximation. (A rough cal- 
culation shows that the contribution of these two 
complexes to l/T, is less than 0.5 Hz, certainly 
negligible.) Incidentally, the small deviation of the 
experimental points from the theoretical line in the 
pH range 3-5 is due to copper impurities that are 
found in the titrating base. As will be seen in the 
Cu(II)proline results, very large broadening is 
observed in the pH range 34 for comparatively 
small copper concentrations. 

Taking the existence of Co(HPro):+ into account 
was dictated by the value of neff in the acidic pH 
range, Fig. 2. Without Co(HPro):+, an unreason- 
ably large stability constant for CoHPro’+ would 
have to be assumed to justify a value of about 5 
for neff at pH 45. Similar considerations were also 
made in the case of glycine and alanine for Co2+ 
but not for Cu’+ and Mn*+, for which the best 
fits were obtained without considering the complex 
M(HL):+ as a major species. The solid circles in 
Fig. 2 were determined from eq. (32a). The devi- 
ation from the dotted line [eq. (33)] shows clearly 
that f(r,, Tzm, Aw,)/f*(r,, T2,,,, Ao,) = 1 is not a 
good assumption for neff < 5. In fact, f(r,, T2,,,, 
@J/f *CT,, Tzm, Aom) was found to vary non- 
linearly from 1 at very acidic pH to about 5 at pH 
8, (Solution C, data not included). 

Figure 3 shows the distribution of all Co2+-con- 
taining species in Solution A, as a function of pH, 
constructed with the stability constants of Table 1. 
The existence of CoHPro, was postulated on the 
fact that the zwitterionic form of proline is pre- 

5. o- 

5. o-- . 
. 

4. o-- . 

:: 
z” 

3. o-- 

2. o-- 
i.;i\ 

. 

. 
1. 0.. 

. 
2 4 5 B 10 12 14 

PH 

Fig. 2. Dependence of the effective coordination number 
of water upon pH, for Solution A. The solid circles rep- 
resent the experimental data calculated from eq. (32a), 
while the dotted line is the theoretical prediction of eq. 

(33). 

Fig. 3. Dependence of the relative concentration of all 
Co*+-containing species upon pH, for Solution A. All 
curves were constructed with the stability constants of 
Table 1. 1 is the free Co’+, 2, 3, 4, and 5 are the pro- 
tonated complexes CoHPro*+, Co(HPro):+, CoHProz 
and CoHPro,, respectively, whereas 6, 7 and 8 are the 
bidentate complexes CoPro+, CoPro, and CoPro;, 

respectively. 

dominant in the pH range 3-10, thus eq. (IV) should 
be considered. The best fit for l/T,, could be 
obtained with log k; = 0.11, but there is an uncer- 
tainty of f 0.15 associated with the above value, 
due to the small paramagnetic broadening in the 
pH range where CoHPro, reaches its maximum 
concentration. The distribution of CoHPro, fol- 
lows that of CoPro2, except in the high pH range 
where the concentration of the zwitterion of proline 
diminishes and reaction (IV) is negligible. 

Second-order processes were neglected, but the 
shorter lifetimes calculated from the 14N NMR data 
for CoPro; at basic pH indicate that second-order 
exchange does play a role when the concentration 
of the free ligand is larger than 0.5 M. The low 
concentration of proline in Solution A, though, jus- 
tifies neglecting of second-order effects, included in : 

l/r, = k,+k,[Pro-] 

with k2 defined by : 

(34) 

k2 
CoPro, + (Pro-)* I CoPro(*,_ l,Pro + Pro-. 

(35) 

The reaction of the type shown in eq. (35) has 
been considered in several ‘H NMR studies of 
amino acids and metal ions. 5,28*29 

The relatively small paramagnetic broadening in 
the basic pH range, where CoPro; is the pre- 
dominant species, indicates the formation of strong 
coordination bonds between proline and Co 2 + , with 
a slow rate of chemical exchange on the NMR time 
scale. From the temperature dependence of T,, the 
enthalpy and entropy of activation for the first- 
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order process (V) were calculated along with the 
lifetime of CoPro; and its hyperfme coupling 
constant, A/h, are presented in Table 2. 

Figure 4 contains several “0 spectra of Solution 
B at various pH values. In addition to free proline, 
a second signal can be seen at around 700 ppm from 
free proline. Considering the stoichiometry of the 
solution in the pH range 7-12 this signal was 
assigned to CoProz. The concentration of CoPro, 
determined from the relative areas of the signals 
(compared to the signal of water that was con- 
sidered as constant to a first approximation) reaches 
a maximum at pH 9.5, and then decreases slightly 
above that pH. The concentration of free proline, 
on the other hand, decreases dramatically above 
pH 9, reflecting the formation of CoPro; . Note that 
the total concentrations of proline and Co*+ in 
Solution B are 0.28 and 0.055 M, respectively, thus 
at basic pH where CoPro, and CoProT are the 
predominant complexes, more than half of the 
proline is bound to Co2+. Of course, the Swift and 
Connick equations are not expected to hold true in 
this case, because the condition of a predominant 
diamagnetic case is not met. The high concen- 

and D. FIAT 

tration of Co2+, though, was necessary in order 
to make detection of CoPro, possible. 

The minimum linewidth of CoPro, (1,700 Hz) 
occurs in the pH range 6-8 and it is taken to be the 
natural linewidth of CoPro, (no contributions from 
chemical exchange to it). This assumption is sub- 
stantiated by T, = 0.19 ms that was determined for 
CoPro2 at pH 9, which corresponds to about 1,700 
Hz. Above pH 8, the linewidth of CoPTo increases 
non-linearly with pH (from 1900 Hz at pH 9 to 
3700 Hz at pH 11.7). The long lifetime of CoPro, 
(2.5 x 10e2 s)’ rules out the importance of first- 
order exchange. Second-order exchange broad- 
ening of CoPro, must then be considered and that 
is given by : 

l/T, = k,[Pro-] (36) 

whereas the second-order broadening of free pro- 
line is given by : 

l/T2, = k2[CoPro,l[Pro_I/[Prol,,,,,. (37) 

Comparing eqs (36) and (37) it is obvious that 
the second-order broadening of CoPro, is greater 
than that of free proline by a factor of [Pro],,,,,/ 

2 
n pH 11 

I I I I I I I 
1050 900 750 600 450 300 150 0 PPm 

Fig. 4. “0 NMR spectra of a solution containing 0.28 M proline and 55 mM CoCl, (Solution B), 
At several pH values. The spectra were recorded at 24.4 MHz, 300 K, with a spectral width of 50 
KHz, pulse width of 10 ps., delay time of 10 ps, recycle delay of 70 ms and with 4k spectral points 

for signal acquisition. 
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[CoPro2]. For Solution A at pH 11.7, this factor is 
about 40, thus if second-order exchange broadens 
the free proline signal by 20 Hz, CoPro, would be 
broadened by 800 Hz, certainly non-negligible. 

The question that must be answered is whether 
the signal that was assigned to CoPro, is the 
weighted average of all “0 nuclei in CoPro, or is 
it due only to the non-coordinated carbonyl oxy- 
gens in that complex. The “narrow” linewidth of 
1,700 Hz suggests that the quadrupolar interaction 
be the principal mechanism of relaxation. In fact, 
if one uses eq. (33) with q = 0.45,30 e’qQ/h = 10.2 
MHz determined from the “0 quadrupolar split- 
tings of [ “O]urea dissolved in a lyotropic liquid 
crystal (M. 1. Burgar and D. Fiat, unpublished 
data), and r, = 7.6 x lo-” s calculated from the 
Moniz-Gutowski-BPP equation3’,32 (taking d = 1 
g/cm3) the quadrupolar relaxation rate is expected 
to be 7860 s-l, larger than the observed value of 
5340 s- ‘. This estimate shows that the quadrupolar 
relaxation alone can account for the observed relax- 
ation rate of CoPro2. It also shows that the cor- 
relation time calculated from the Moniz-Gutow- 
ski-BPP equation is longer than what one calculates 
from the quadrupolar relaxation rate, a finding that 
has been reported quite often.3’v33s34 

The contribution of the dipolar and hypertine 
mechanisms to the relaxation rate of CoPro2 can 
be determined from eqs (15) and (16), respectively, 
provided that the hyperfme coupling constant, cor- 
relation times and the distance between the “0 
nucleus and Co2+ are known. The hyperfine coup- 
ling constant was determined from the observed 
paramagnetic shift of CoPro, and was found to be 
- 6.3 x lo5 Hz. The correlation time for the aque- 
ous and methanol complexes of Co2+ was taken to 
be the electronic relaxation time, which at 298 K 
was found to be 7 x lo-l3 s. I8919 Using this value 
for the electronic relaxation time in the case of 
CoProz is not necessarily a good assumption (in 
view of the negative charge of the carboxylate group 
of each proline molecule) but it should serve as a 
guide since no better estimate could be found. The 
distance between the metal ion and the non-coor- 
dinated carbonyl oxygen was taken to be 4 A, in 
line with similar values measured for complexes of 
proline with Mn2+ and Cu2+ (3.99 and 4.04 A, 
respectively).4,3s With these values, eqs (15) and 
(16) give 4 and 27 s-l, respectively, for the dipolar 
and hyperfine contributions to the relaxation rate 
of CoPro,. 

The predominance of the quadrupolar mech- 
anism and the small hyperhne coupling constant of 
CoPro, support the hypothesis that the signal arises 
from the non-coordinated carbonyl oxygens in 
CoPro 2 (one from each proline molecule). The para- 

magnetic shift of CoPro2 was taken to be the differ- 
ence of the observed chemical shift of CoPro, from 
that of the carbonyl oxygen of methyl ester (970 
and 350 ppm, respectively), rather than from the 
signal of free proline, which is the weighted average 
signal of a double bonded and a single bonded 
carboxylic oxygen exchanging rapidly with respect 
to the NMR time scale. Thus the methyl ester car- 
bony1 oxygen seems to be a better-suited reference 
in the present case. 

Figure 5 shows the pH dependence of the para- 
magnetic chemical shift, Ao,, of proline in Solution 
A. The decline from pH 3 to 4 is probably due to 
experimental error (at this pH the broadest lines are 
observed, with an uncertainty of +2.0 ppm). A 
plateau is more likely to reflect the concentration 
profile of CoHPro2+ and Co(HPro):+ in this pH 
range, and the additional shift from pH 47 is 
apparently due to the formation of CoHPro: in 
this pH range. Thus, the paramagnetic chemical 
shift also reflects the distribution of the complexes 
as a function of pH. 

Figures 6 and 7 show the temperature depen- 
dence of T, of free proline in Solution C, at pH 3 
and 6, respectively. In this pH range, where the 
monodentate complexes CoHPro *+ and Co(HPro) :’ 
predominate, both the slow and the fast exchange 
regions are accessible in the temperature range 
of 274-370 K. Incidentally, room temperature falls 
in the intermediate exchange region, where 
maximum broadening occurs, and neither the slow 
nor the fast exchange approximation is valid for 
l/T,. At the point of intersection of the slow and 
fast exchange curves in Figs 6 and 7, A&J, = 1, 
and eq. (5) reduces to : 

Wzp = WWnl~m. (38) 

The above simplification serves as a useful con- 

14. 0 

Fig. 5. Dependence of the “0 paramagnetic chemical 
shift of proline upon pH, for Solution A, 300 K and a 

spectrometer frequency of 24.4 MHz. 
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2.6 2.8 3.0 3.2 3.4 3.6 

(103/Ttl(-' 

Fig. 6. Dependence of the I70 parama~etic transverse ~~axation time of proline upon inverse 
temperature at pH 3, for a solution containing 0.3 M proline and 22 mM CoC12 (Solution C). The 

data were recorded at 33.926 MHz. 

straint on the data analysis: the siow and fast 
exchange approximation lines intersect at a point 
at exactly half the ex~rimental value at that tem- 
perature. 

If an average p,,, is assumed, i.e. including 
CoHPro2+, Co(HPro)z+ and CoHPro:, an average 
value of A/h for these three complexes can be cal- 
culated.. ~nfo~unately, although the relative dis- 

a given temperature by a least-squares fitting of eq. 
(28) to the experimental paramagnetic relaxation 
data, the tem~rature dependence of the stability 
constants and the rate of chemical exchange are 
not known, thus the relative contribution of each 
complex to the overall relaxation rate, l/T,,, as a 
function of temperature, cannot be assessed. As 
a result, only an average value (or at best some 

tribution of these complexes can be determined at estimates) for all thermodynamic parameters, as 

2.6 2.8 3.6 3.2 3.4 3.6 

(ro%T) K-’ 

Fig. 7. Dependence of the ‘r0 par~a~neti~ transverse relaxation time of proline upon inverse 
temperature, in Solution C, at pH 6 and at a spectrometer frequency of 33.926 MHz. 
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Fig. 8. Dependence of the “0 paramagnetic transverse relaxation time of proline upon inverse 
temperature, at pH 11, for a solution containing 0.26 M proline and 0.01 M CoCl, (Solution D). 

Spectrometer frequency is 33.926 MHz. 

well as for the hyperfine coupling constant, A/h, can 
be determined. 

Figure 8 shows the temperature dependence of 
T, of proline for Solution D, at pH 11. Only the 
slow exchange region is accessible in the tem- 
perature range 275330 K. The deviation from lin- 
earity at the lower temperatures is probably due to 
a non-linear increase in the viscosity of the solution. 
From the slow exchange region, the lifetime of 
CoPro;, the enthalpy and entropy of activation of 
the first-order exchange of this complex are deter- 
mined and shown in Table 2. 

(2) 14N NMR results. Figure 9 shows the pH 
dependence of the 14N transverse paramagnetic 
relaxation rate, l/T,, of proline for Solution E and 
F, containing Co*+ and Cu’+, respectively. The 
complete lack of broadening below pH 8 is con- 
sistent with the I70 results, indicating that the first- 
order exchange in reaction (V) and second-order 
exchange [eq. (3511 are responsible for the observed 
broadening in the basic pH region. Thus, 14N NMR 
can be used as a complementary method to I70 
NMR, but alone it lacks the wealth of information 
provided by I70 NMR. The broadening of the pro- 
line signal above pH 9 follows the formation of 
CoPro;. Thus, the temperature dependence of Tzp 
at high pH, can provide the thermodynamic par- 
ameters associated with reaction (V), to a first 
approximation, i.e. neglecting second-order effects. 
Table 2 summarizes the results obtained from both 
I70 and 14N NMR experiments. 

3500, 

2047 

Fig. 9. Dependence of the 14N paramagnetic transverse 
relaxation rate of proline upon pH, for Solution E (1.5 
M proline and 0.02 M CoCl,) and Solution F (1.0 M 
proline and 1 .O mM CuCl*), at 300 K. The spectrometer 

frequency was 18.075 MHz. 

B. The Cu(II)-proline system 

(1) I70 NMR results. Figure 10 shows the pH 
dependence of the 170 paramagnetic transverse 
relaxation rate, l/T,,, of proline for Solution G, at 
300 K. The dotted line was constructed through eq. 
(28), with the stability constants of Table 3 and the 
NMR parameters of Table 4. 

Figure 11 shows the distribution of all Cu(II)- 
containing species in Solution G, as a function of 
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PH 

Fig. 10. Dependence of the “0 paramagnetic transverse Fig. 11. Dependence of the relative concentration of all 
relaxation rate of proline upon the measured pH of a Cu”-containing species upon pH, for Solution F. All 
solution containing 0.25 M proline and 0.3 mM CuCl, curves were constructed with the stability constants of 
(Solution G). The experimental points were recorded at Table 3. 1 is the free Cu*+ ,2,3 and 4 are the protonated 
24.4 MHz, and 300 K, and the dotted line is the least- complexes CuHPro * + , CuHPro: and CuHPro 3, respec- 
squares fit of the experimental points to eq. (28), with the tively, and 5, 6 and 7 are the bidentate complexes 

constants of Tables 3 and 4. CuPro +, CuPro 2 and CuPro ; , respectively. 

Table 3. Log of stability constants of the major Cu(II)-proline complexes in 
aqueous solution” 

Complex 

CuHPro * + 
CuHPro : 
CuHPro 3 
CuPro + 
CuPro 2 
CuPro ; 

Constant This work Ref. 2 Ref. 36 Ref. 37 

k’, 0.85 0.98 0.27 f 
k; 1.39 1.10+0.19 
k; -0.05 
K, 8.70 8.69 8.76 8.72 
;: 16.34 16.03 16.31 16.35 

16.54 

‘The stability constants of this work were determined at 300 K, while those 
of Ref. 2 were recorded at 310 K. The remaining constants are reported at 298 
K. 

Table 4. Thermodynamic and NMR parameters of the Cu(IIk 
proline complexes in aqueous solution’ 

Complex 
f (r,, Tz,) 

(s- ‘) 
Afft W 

(Kcal/mol) (e.u.) 

CuHPro * + 2.68 x lo6 
CuHPro : 2.17 x lo6 
CuHPro 3 2.5 x lo4 
CuPro + 3.0b 
CuPro 2 b 

CuPro ; 1::~ 10’ 1.2x 10-6c 5.8’ - 14.0’ 

‘All parameters are calculated at 300 K. 
b Taken from Ref. 9. 
‘From 14N NMR. 
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pH, constructed with the stability constants of for CuHPro2, CuProz and CuPro; to obtain a good 
Table 3. For comparison, the stability constants fit, but the resulting best fit had a smaller correlation 
reported by other investigators are also given in coefficient than the best fit obtained including 
Table 3. The overall good agreement confirms the CuHPro,. Thus CuHPro3 was included in the fit- 
validity of the method used in this work. ting. 

The neff data of water could not be used in this 
case, due to the small paramagnetic broadening of 
the water signal, for the concentration of CuCl, 
used in this work. Considering the experimental 
uncertainty of + 5 Hz associated with narrow lines, 
and the total paramagnetic broadening of 20 Hz, 
the uncertainty in neff was + 0.25 x 6 or f 1.5, totally 
unacceptable. 

The values of f(r,, T,,, Aom) associated with 
each Cu(II)-Proline complex are one to three orders 
of magnitude larger than those of the corresponding 
Co(IIkProline complexes. The relevant mechanism 
of transfer of the paramagnetic effects of Cu(I1) to 
the bulk is the “T2,,,” mechanism, given by eq. (7). 
Thus, either the rate of chemical exchange in cases 
of slow exchange, or the transverse relaxation rate 
of the complexes in cases of fast exchange, are one 
to three orders of magnitude larger than those of 
the corresponding Co(II)-proline complexes. This 
is also the case with the aqueous complexes of the 
aforementioned metal ions. ’ 3 The Jahn-Teller 
interactions that characterize the coordination of 
Cu2+ cause the formation of elongated octahedral 
complexes, with unequal equatorial and axial coor- 
dination, whereas the complexes of Co(I1) are dis- 
tinguished by regular octahedral symmetry, with all 
six coordination sites equivalent. Thus, the long 
electronic relaxation times of Cu’+, coupled with 
possible interconversion of the axial and equatorial 
coordination sites, may be the principal reasons for 
the apparent short NMR relaxation times and/or 
lifetimes of its complexes. 

(2) 14N NMR results. The pH dependence of 
the 14N paramagnetic transverse relaxation rate of 
proline, l/T,, for Solution F, is depicted in Fig. 9. 
As in the case of the Co(II)-Proline system, there 
is no broadening in the acidic and neutral pH, but 
only in the basic pH, following the formation of 
CuPro;. Thus, no information could be provided 
in the acidic and neutral pH, limiting, therefore, 
14N NMR as a self-sufficient method in ion binding 
studies with amino acids. 

Figure 12 depicts the temperature dependence of 
the ’ 4N paramagnetic transverse relaxation time of 
proline at pH 11, for Solution H. The ther- 
modynamic parameters derived from the tem- 
perature dependence of r, of CuPro; are given in 
Table 4. Slow exchange characterizes the Cu(II)- 
Proline system for the entire temperature range of 
275-360 K. At the lower end of the temperature 
range, the non-linear increase in the viscosity of 
the solution causes additional broadening, and that 
explains the deviation from linearity. 

C. The Mn(II)-proline system 

The relaxation results in the basic pH region are 
completely different from those in the Cu(II)-Gly- 
tine and Cu(II)-Alanine systems, in which cases the 
broadening in the basic pH was larger than that in 
the acidic pH. 27 This result must be due to the cyclic 
structure of proline and the fact that it is a more 
basic amino acid (p& of proline is an order of 
magnitude larger than that of glycine and alanine). 
Consequently, CuPro; is more tightly bound than 
CuGly; or CuAla;, and as a result it has a longer 
lifetime. The overall result is less broadening of the 
free proline signal in the basic pH. 

(1) “0 NiWR results. Figure 13 shows the pH 
dependence of the “0 paramagnetic transverse 
relaxation rate of proline, for Solution I. The dotted 
line is the least-squares best fit of the experimental 
results to eq. (28). The stability constants and NMR 
parameters are shown in Table 5. The small devi- 
ation from the theoretical line around pH 3 is 
caused by the inevitable contamination of the solu- 
tion with copper impurities, that despite all pre- 
cautions persist in the titrating base. As it was seen 
in the previous section, copper causes the largest 
broadening around pH 3. While one can reduce the 
amount of impurities in the solution by extreme 
caution, some trace of the copper impurity will 
always persist for all practical applications. 

The stability constant that was determined for 
CuHPro, suffers from the same uncertainty as that 
of CoHPro,, for the reasons discussed previously, 
but its overall effect on the stability constants of the 
other species in the pH range that it exists was 
minimal. Thus, omitting CuHPro, from the fitting 
would require slightly different stability constants 

The most striking difference from the Co(II)- 
proline and Cu(IIkproline systems lies in the fact 
that one species predominates in the pH range O-8, 
namely MnHPro . 2+ The spherical symmetry in the 
electronic charge density of Mn2+, resulting in small 
stability constants of its complexes, is the reason 
that MnHPro*+ is the predominant species in the 
pH range O-8. 

The distribution of the Mn(II)-proline complexes 
as a function of pH, for the same Solution H, is 
given in Fig. 14. The same types of complexes that 
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Fig. 12. Dependence of the 14N paramagnetic transverse relaxation time of proiine upon inverse 
tem~rature, for a solution containing I .5 M profine and 2.0 mM CuCl, ~So~ution H), at pH 11. The 

spectrometer frequency was 18.075 MHz. 

were discussed in previous sections also exist in the Mn(II)-containing species in the pH range O-8, 
Mn(IIkproline system, except that their maximum namely Mn(H,O)i+ and MnHPro*+ (5H,O), and 
con~n~ation is shifted to much higher pH. The assuming f(r,, T,,, A~~)Jf *(r,, Tznr, AU,) = 1, 
stability constants reported by Childs and Perrin2 then the stability constant of MnHPro2+ can be 
were used almost unchanged, as can be seen from calculated easily from Q, since the concentrations 
Table 5, and this confirms the validity of the overall of both free Mn2+ and MnHPro*+ are deduced 
method used in this work. from neff : 

Figure 15 shows the pH dependence of neff of 
water for Solution I. Since there are only two [MnHPro*‘]/[Mn(H~O)~] = (6-n,&‘(n,~--5) 

(39) 

i4 

Fig. 13. Dependence of the I70 paramagnetic transverse 
relaxation rate of proline upon the measured pH of a 
solution containing 0.08 M profine and 0.34 mM MnClz 
(Solution I), at 300 K. The experimenta points were 
recorded at 24.4 MHz and the dotted line is the least- 
squares fit of the experimental points to eq. (28), with the 

constants of Tables 5 and 6. 

Fig. 14. Dependence of the relative concentration of all 
Mn’+ containing species upon pH, for Solution I, at 
300 K. All curves were constructed with the stability 
constants of Table 5. 1 is the free Mn*+, 2, 3, and 4 are 
the protonated complexes MnHPro*+, MnHPro: and 
MnHProj, respectively, whereas 56 and 7 are the biden- 
tate complexes MnPro+, MnPro* and MnPro;, respec- 

tively. 
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Table 5. Log stability constants of the major Mn(II)-proline complexes 
and NMR parameters in aqueous solution” 

Complex 
f (cm Tan) 

(s- ‘) Constant This work Ref. 2 

MnHPro*+ 
MnHPro z 
MnHPro 3 
MnPro + 
MnPro 2 
MnPro ; 

6.03 x 10’ k; 1.15 1.50+0.12 
1.82 x 10’ k; 1.53 1.74kO.21 
1.10 x 103 k; 0.17f0.13 

K, 2.84 2.84 3.346 

;: 
5.53 5.53 5.5 

1.78 x lo4 6.74 6.74 

“The parameters calculated in this work are reported at 300 K, whereas 
those of Ref. 2 are reported at 310 K. 

b Taken from Ref. 38. 
‘Taken from Ref. 7. 

and 

k’, = [HPro+]-‘(6-neff)/(neff-5). (40) 

Needless to say that one need not see the signal 
of proline to derive the stability constant for 
MnHPro’+, for only the signal of water in the 
absence and presence of proline at constant Mn2+ 
concentration is required. Thus, non-enriched pro- 
line is sufhcient for such a task. The excellent agree- 
ment between the theoretical and experimental 
values of neff in Fig. 15 justifies the assumption that 
when only one water molecule is replaced by an 
amino acid in an aqueous complex of a metal ion, 
f(r,, Th, Ao,) for the remaining water molecules 
is not changed drastically with respect to that in 
M(H,O)$+. 

The temperature dependence of the paramagnetic 
transverse relaxation time of proline at pH 11, 

Fig. 15. Dependence of the effective coordination number 
of water upon pH, for Solution H. The experimental 
points were calculated from the ratio of the paramagnetic 
transverse relaxation rate of water in the presence and 
absence of proline, respectively, and the dotted line is the 

prediction of eq. (33). 

where MnPro; predominates, showed that con- 
ditions of fast exchange prevail in the temperature 
range 275330 K. In this range, l/T, = pmlT2,,,, 
thus the transverse relaxation time of MnPro; can 
be calculated. At 33°C T2,,, was found to be 6.18 
,us, from which a correlation time of 1.4 x lo-” s 
was calculated, taking a value of 1.97 x 1 O- ’ cm 
derived by Henry et aL4 from ’ 'C NMR data. 
Henry et al. also report a value of 1.28 x lo- lo s for 
the rotational correlation time of MnPro;, at the 
same temperature, which is in good agreement with 
our value. At 60°C though, they report a value of 
4.6 x 10-l ’ s, while at the same temperature we 
calculated a value of 8.4 x lo- ’ ’ s for the rotational 
correlation time of MnPro;, almost two times 
longer. No clear explanation exists other than poss- 
ible experimental error, either theirs or ours. 

CONCLUSIONS 

This work showed that the combination of “0 
and 14N NMR can be a powerful probe in ion 
binding studies of amino acids and information not 
afforded easily by any other method can be 
extracted from such studies. Thus, stability 
constants, hypertlne coupling constants and the cor- 
responding thermodynamic parameters char- 
acterizing the dynamical behavior of the metal ion 
complexes can be determined from the “0 and 14N 
NMR studies. 

With regard to the complexes of proline, in par- 
ticular, the stability constants of CoHPro2+, 
Co(HPro)z+, CoHPro: CoHPro, and CoPro; 
were determined for the first time, in this work. 
Furthermore, the direct observation of CoPro, and 
CoProT allowed the accurate determination of the 
hyperflne coupling constant, A/h, of these 
complexes, as well as the characterization of the 
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mechanism of interaction between the unpaired 17. R. E. Connick and D. Fiat, J. Chem. Phys. 1966,44, 
electrons of Co’+ and the “0 nucleus. 4103. 
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Abstract-The I70 and 14N paramagnetic relaxation rates and chemical shifts of glycine as 
well as of water, in aqueous solutions of Co(II), Cu(II), and Mn(I1) were measured as a 
function of pH, temperature and metal ion concentration ; the relaxation results were fitted 
to a theoretical equation linking the Swift-Connick equation to the stability constants of 
all major complexes in equilibrium. As a result, the stability constants of all major complexes 
were determined, and from the temperature-dependent measurements the thermodynamic 
parameters for some of these complexes were also calculated. In addition to the bidentate 
complexes ML+, ML2 and ML;, monodentate complexes of the type MHL’+ and 

M(HL):+, mixed complexes of the type MHL: and MHL3 were also considered. In the 
case of the Cu(II)-glycine system at pH > 12 two additional species were considered, 
namely ML,(OH)- and ML,(OH):-, suggested by the drastic reduction of the para- 
magnetic broadening in that pH range. 

Glycine is the smallest and structurally simplest of 
all amino acids and its complexes with transition 
metal ions in aqueous solution have been the subject 
of a number of investigations. ‘-5 Use of ’ 7O NMR 
however has been conspicuously absent, especially 
if one considers that the carboxylic oxygen is a 
potential binding site and should therefore be a 
sensitive probe to assess the paramagnetic effects. 
Similarly, the amino nitrogen is also a potential 
binding site, thus a combination of I70 and i4N 
NMR should be a good probe to use for ion binding 
studies. The above considerations, led us to the 
undertaking of this work. 

Of the three metal ions in this work, Cu(I1) has 
certainly attracted most of the attention, not only 
in NMR but in ESR studies as well.6*7 Mn(I1) com- 
plexes of glycine have also received attention, but 
Co(I1) complexes of glycine have not been studied 
as thoroughly. For example, no information could 
be found in the literature for CoHG’+, Co(HG):+, 
CoHG:, and CoHG3. The stability constants for 
these species were determined in this work. 

*Present address: Department of Chemistry, Uni- 
versity of Illinois at Chicago, P.O. Box 4348, Chicago, 
IL 60680, U.S.A. 

t Author to whom correspondence should be addressed. 

EXPERIMENTAL 

For the 170 NMR measurements, glycine 
enriched to 30% I70 at each carboxyl site by 
methods described previously,8v9 was used after 
being passed through a chelex column twice, for 
further purification. For 14N NMR, commercially 
available glycine was used as bought from the 
manufacturer. 

The NMR measurements were obtained on a 
Bruker CXP-180 high-power spectrometer, at 24.4 
and 13.0 MHz for ’ 7O and i4N NMR, respectively, 
and a home-made NSF-250 spectrometer at the 
Regional NMR Center of the University of Illinois 
in Champaign-Urbana, at 33.926 and 18.075 MHz 
respectively. Whenever appropriate many measure- 
ments were performed on both spectrometers, to 
determine possible field effects, as well as to ascer- 
tain reproducibility of results. Most measurements 
were repeated at least twice. 

Typical spectroscopic parameters were a spectral 
width of 20 kHz, pulse width for a 90” pulse of lops, 
pulse delay of 25 ps, recycle delay of 110 msec and 
4k spectral points for signal acquisition. 

Experimental errors in both I70 and 14N NMR 
shifts are within f0.5 ppm for narrow lines (20- 
300 Hz), and no more than f2.0 ppm for broader 
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lines. The accuracy of the measured linewidths is 
within + 5%. 

The pH of the solutions was adjusted by the 
addition of NaOH or HCI and measured on a Corn- 
ing Model 125 pH meter, equipped with a combined 
electrode. The pH of the solution was measured 
before and after spectral acquisition, and, if differ- 
ent, the average value was recorded, provided that 
the variation was small. 

The purity of the enriched glycine was checked 
with an amino acid analyzer. The amino acid 
analyzer was used at least twice for each sample. 
The accuracy of the calculated concentration of 
glycine is within + lo%, to allow for all measuring 
errors. 

The ’ 7O chemical shifts are reported (unless 
otherwise stated) with respect to external water, 
at the same temperature. The dependence of the 
chemical shift of water upon inverse temperature 
was found to be linear in a wide temperature range, 
thus the chemical shift at any temperature could be 
extrapolated from the linear plot. ’ 4N chemical shifts 
were measured with respect to external NH4N03. 

THEORETICAL 

(A) Chemical exchange 

The effect of chemical exchange between a pre- 
dominant diamagnetic site (the bulk) and a much 
less concentrated paramagnetic site (the coor- 
dination sphere of the metal ions) on the relaxation 
rate and chemical shift of the bulk has been deter- 
mined by Swift and Connick, lo along the lines of 
the McConnell ’ equations. A detailed description 
of the SwiftConnick equations and their con- 
nection to the stability constants of all complexes 
in solution was given in a previous paper,‘* thus 
only a brief summary of the equations used in this 
work will follow here. 

The paramagnetic relaxation rate, l/T,,, and the 
paramagnetic chemical shift, AU,, were found by 
Swift and Connick to be : 

1,T2p = i 1 T”f + (zjT2j)- ’ +Amj 
j,b~, (Zj ‘+ T~‘)*+AuI~ (1) 

and 

AU, = -,$$q (q’+T2;*+Aw,? c2) 

where Z, is the lifetime of the nucleus in the pre- 
dominant diamagnetic site, referred to as the bulk 
henceforth, rj is the lifetime of the nucleus in each 
of the paramagnetic sites, T2j is the transverse relax- 
ation time of the nucleus in the paramagnetic site, 

and D. FIAT 

and Aoj is the frequency different, in rads/s, 
between the bulk and each of the paramagnetic 
sites. 

The temperature dependence of rj is given by the 
Eyring equation : ’ 3 

zj = (h/kT) exp (AHtIRT- ASTIR) (3) 

where AH? and AS? are the enthalpy and entropy 
of activation for the first-order reaction of exchange 
between the diamagnetic and paramagnetic sites. 

The temperature dependence of Am and its 
relationship to the hyperfine coupling constant, 
A/h, is given by the equation of Bloembergen :I4 

(Aolo) = - W+ l)&,lyn)/3kT (4) 

where S is the spin of the paramagnetic ion, ye and 
yn are the magnetogyric ratios of the free electron 
and the nucleus under consideration, respectively, 
and the other constants have their usual meaning. 

(B) Complex equilibria 

For aqueous solutions of amino acids or peptides, 
containing small quantities of paramagnetic ions, 
such that [L] >> [M] (ligand and metal ion con- 
centrations, respectively), the complex equilibria in 
solution can be described by the general equation : ’ 5 

pM2+ + qH+ + rLy- - J!% ~pHqL$*P+q--Y’) (5) 

where &, is the overall stability constant for each 
metal ion complex : 

8,r = [MpH,Ldl([M~[~4[LI?. (6) 

From the mass balance equation for [&fJ,,, and 

L&d we get : 

and 

[Ll = [LImaI 1 +~Boq1W14 
> 

* 63) 
4 

The validity of the above approximation was 
tested by Beattie et al. ’ by an iterative solution 
of the complete mass balance equations using the 
method of Ingri and Sillen.16 Combining the com- 
plex equilibria equations with the Swift-Connick 
equation we get : 
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Equation (9) links the paramagnetic relaxation 
rate, l/T,,,, of the free ligand, to the stability con- 
stants of all possible complexes and their NMR 
parameters. Thus, it is possible to determine the 
stability constants of the complexes through a mul- 
ti-parameter fit of the experimental relaxation data 
to eqn (9). The correlation coefficients of the final 
fitted lines were found to be in the range of 0.97- 
0.99. 

(C) The solvent signal 

In addition to the data of glycine, a second set of 
data indirectly gives information about the degree 
of formation of the various complexes, namely the 
paramagnetic relaxation rate of Hz0 : 

1 T2j2+(ziTzj)-’ +Ao$ 
1’T2p =Pmc (r,?+T$‘)*+A$ 

= P,J-(L, T2m Awn,) (10) 

where p,,, is the ratio of the bound water molecules 
divided by the number of molecules in the bulk 
water : 

pm = neffPfltotaJW5 - neffDfltod. (11) 

Since [M] << 55.5, pm is approximated by : 

Pm = neffWltod55.5. (12) 

In a pure aqueous solution of the metal ions 
in this work, neff is 6, assuming a hexa-coordinated 
structure.“~‘7~19 In the presence of the amino acid, 
though, some of the water molecules in the metal 
ion complexes get replaced by the amino acid, 
reducing, thus, the number of sites coordinated to 
water. neff can be calculated from the ratio of l/T,, 
of water in the presence and absence of the amino 
acid, respectively : 

neR = [WT2p)*/WT2pW 

U-bn, T2m A~nJlf*hm T2m hn)l (13) 

where the asterisk denotes the presence of the 
amino acid in the solution. The above equation is 
useful iff(rm, T2,,,, A~,,)lf *(r,, T2,,,, AU,,,) is known 
or assumptions about its magnitude can be made. 
Assuming it to be 1, eqn (13) reduces to : 

neff = WT~,)*/U/T2,). (134 

Another way of calculating neff is by taking the 
weighted average of the number of water molecules 
in each complex, i.e. 

n efi = (lI[~l,,,,)c~(6+q--~)[~H,~,I. (14) 
9 r 

Equation (14) is of course the correct equation 
to use, provided that the stability constants of the 

complexes are known, but equation (13a) has 
some limited usefulness under conditions which 
will be discussed in a subsequent section. 

(D) Second-order exchange 

In addition to first-order exchange, the linewidth 
of free glycine may be broadened by second-order 
chemical exchange with some of the complexes. 
Such a process can be described by the following 
equation : 

ML,+*L-&ML&,,L+L-. (15) 

The lifetime of the ligand in ML, can be deter- 
mined from : 

z, = (k,+k,[L-])-’ (16) 

where kl is the first-order rate constant and k, is the 
second-order rate constant involving the species 
ML,. 

It is obvious that second-order exchange leads 
to concentration-dependent lifetimes, thus one can 
reach fast exchange not only by raising the tempera- 
ture, as is done with first-order exchange, but also 
by increasing the pH. The effects of second-order 
exchange broadening are described by the following 
equation : 

(VT,,)** = ~,WL1[L-1/[&,1 (17) 

where the double asterisk indicates second-order 
exchange broadening. Equation (17) must be added 
to eqn (9) whenever second-order exchange pro- 
cesses are considered. 

RESULTS AND DISCUSSION 

(A) The Co(II)-glycine system 

(1) “0 NMR. The pH dependence of the para- 
magnetic transverse relaxation rate, l/T,, of gly- 
tine at 300 H, for Solution A, is depicted in Fig. 1. 
The dotted line is the least-squares best fit of eqn 
(9) to the experimental results, with the stability 
constants of Table 1, and the NMR parameters of 
Table 2. The following equations define the stability 
constants of the major complexes of glycine con- 
sidered in this work, using the notation of Childs 
and Perrin,* except in (II), (IX) and i,X) : 

M*++HG+# k’ MHG*+ 

k: 
M2++2HG++ M(HG):+ 

MG++HG+ k; -_MHG; 

(I) 

(II) 

(III) 
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Table 1. Log of stability constants of the major Co(II)-glycine complexes 
in aqueous solution 

Complex Constant This work Ref. 23 Ref. 29 Ref. 30 

CoHG’+ k’, 0.76 
Co(HG);+ k’; 1.02 
CoHG; k; 1.04 
CoHG, k; - 0.45 
COG+ 2 4.96 4.51 5.23 5.5 
COG, 9.18 8.16 9.25 9.0 
COG; 83 10.43 10.43 11.3 

PH 

Fig. 1. Dependence of the “0 paramagnetic transverse 
relaxation rate of glycine upon the measured pH of a 
solution containing 0.31 M glycine and 5.0 mM CoCl, 
(Solution A). The experimental points were recorded at 
24.4 MHz, 300 K, and the dotted line is the least-squares 
best fit of the experimental points to eqn (9), with the 

constants of Tables 1 and 2. 

MG,+HG+ &MHGl (IV 

MG,+G-&MGj (V) 

& 
M2+ +G- ) MG+ WI) 

M2+ +2G- AMG~ (VII) 

/% 
M2++3G-T---)MG; (VIII) 

MG2+OH- %MG2(OH)- (IX) 

MG2+20H- 2 MG,(OH);- (X) 

where M stands for Co’+, Cu2+ or Mn’+. Equa- 
tions (IX) and (X) were used only in the Cu(IIt 
glycine system. 

The low ncff for water in the acidic pH, Fig. 2, 
suggested that the existence of Co(HG):+ be taken 

Table 2. Thermodynamic and NMR parameters of the Co(II)-glycine complexes in 
aqueous solution” 

Complex 
f(~, AwJ 

(s-l) 
A/h 

(MHz) 
Afff ASt 

(Kcal/mole) (e.u.> 

CoHG*+ 8.95 x lo4 5.0 x 10-6 - 1.2f0.2 7.3 -9.6 
Co(HG):+ 1.02 x lo5 
CoHG; 3.37 x lo4 1.0x 10-S -0.7f0.2 7.5 -9.1 
CoHG, 3.83 x 10’ 2.6 x lo- 3 
COG+ lO.Ob 
COG, 39.0b -0.72kO.l 
COG; 7.1 x 103 1.4x 10-4 7.8 - 13.2” 

9.5 x lo- 5c 

D All parameters are calculated at 300 K. 
b Ref. 23. 
c From 14N NMR measurements. 
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i 

Fig. 2. Dependence of the effective coordination number 
of water upon pH, for Solution A. The solid circles rep- 
resent the experimental data calculated from eqn (13a), 
while the dotted line is the theoretical prediction of eqn 

(14). 

into account, otherwise an unreasonably large stab- 
ility constant for CoHG’+ would have to be 
assumed in order to fit the acidic pH data, but then 
the relaxation results at neutral pH were over- 
estimated. Similar conclusions were drawn from the 
Co(IIkproline, and to a lesser degree the Co(II)- 
alanine systems. 2o 

The agreement between theoretical and exper- 
imental values of neff requires that f’(z,, T,,, Am,,,)/ 
f*(z,, T2,,,, AU,,,) of water as a function of pH 
remain unchanged, and of course the correct 
stability constants of the complexes. The first con- 
dition can be met approximately in the pH range 
O-4, in which f(r,, Tti, A~,,Jlf*(r,,,, Tz,,,, AQ,J 
was found to be 1 f0.15, whereas values as high 
as 5 were found at pH 8 for a solution containing 
proline2’ and Co2+. The second condition is ex- 
pected to be met throughout the pH range, within 
the accuracy of the present method. 

Figure 3 shows the distribution of all Co2+-con- 
taining species as a function of pH, constructed 
with the stability constants of Table 1. The existence 
of CoHG, was postulated on the fact that the zwit- 
terionic form of glycine is predominant in the pH 
range 3-8, thus reaction (IV) should be taken into 
account. The best fit for 1/T2p was obtained with 
k; = 0.3, but there is an uncertainty of +0.25 
associated with the above value, due to the small 
paramagnetic broadening in the pH range 7-9 
where this species reaches its maximum con- 
centration. 

The distribution of CoHG3 follows that of COG,, 
as can be seen in Fig. 3, except in the high pH range 
where the concentration of the zwitterionic form 
of glycine diminishes and reaction (IV) is negligible. 

Fig. 3. Dependence of the relative concentration of all 
Co’+-containing species upon pH, for Solution A. All 
curves were constructured with the stability constants of 
Table 1. (1) Is the free Co’+ ; (2), (3), (4) and (5) are the 
protonated complexes CoHG*+, Co(HG)z+, CoHG: 
and CoHG,, respectively; whereas (6) (7) and (8) are 
the bidentate complexes COG+, COG, and COG;, 

respectively. 

The relatively small paramagnetic broadening in 
the basic pH range, where COG; is the predominant 
species, is indicative of the slow rate of chemical 
exchange. Hammes and Steinfeld4 report a value of 
3.8 x 1 O3 s- ’ for the rate constant of COG;, whereas 
we found 7.1 x lo3 s- ’ with 170 NMR and an even 
higher value with 14N NMR. Pearson and Lanier’ 
report a first-order rate constant of 5.7 x lo3 s- ‘, 
and a second-order constant of 4.8 x lo3 M-’ s-’ 
from ‘H NMR studies. With these constants at 
pH 11, a total rate constant (l/z,,’ = k, +k,[L-1) of 
7.14~10~s’for[L]=0.3Mthatwasusedforour 
I70 NMR measurements, and 10.5 x lo3 s-’ for 
[L] = 1.0 M that was used for the 14N NMR 
measurements. Certainly, both the I70 and 14N 
NMR results are in excellent agreement with the 
results of Pearson and Lanier. Thus, since the con- 
centrations used in the 170 NMR experiments are 
not particularly large, in the range of 0.1-0.3 M, 
the assertion that second-order mechanisms do not 
contribute appreciably to the observed broadening 
is basically valid. With the second-order constant 
of Pearson and Lanier, the second-order con- 
tribution to the observed broadening would range 
from 8 to 20%, for concentrations of glycine rang- 
ing from 0.1 to 0.3 M, at pH 11. The lifetimes for 
COG; reported in Table 2 are then the combined 
effects of both first- and second-order exchange 
processes, especially those derived from the 14N 
measurements. 

Figure 4 shows the pH dependence of the para- 
magnetic chemical shift of glycine for Solution A, 
at 300 K. The first peak in the pH range 34 reflects 
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PH 

Fig. 4. Dependence of the “0 paramagnetic chemical 
shift of glycine upon pH, for Solution A, 300 K and a 

spectrometer frequency of 24.4 MHz. 

the maximum concentration of CoHG*+ and 
Co(HG):+, whereas the additional shifts in the pH 
range 4-6 are due to CoHG:, as can be seen from 
Fig. 3. The small paramagnetic shifts at basic pH 
are due to the slow exchange with COG;. Thus, the 
paramagnetic chemical shift does reflect the dis- 
tribution of the complexes as a function of pH, in 
harmony with the relaxation results. 

Figure 5 shows the temperature dependence of 
T2p of free glycine at pH 3, for Solution B. At this 
pH, the monodentate complex CoHG*+ pre- 
dominates, and Co(HG)z+ makes a small con- 
tribution (less than 15% of the total broadening of 
the free glycine at 300 K is due to Co(HG):+). As 
can be seen in Fig. 5, both the slow as well as the fast 
exchange regions are accessible in the temperature 
range of 274335 K. Incidentally, room tem- 
perature falls in the intermediate exchange rate, 
where maximum broadening occurs, and neither 
the slow nor the fast exchange approximation is 
valid for l/T,,. At the point of intersection of the 
slow and fast exchange approximation lines in Figs 
5 and 6, Ao,,,r, = 1, and eqn (5) reduces to :** 

V-2, = W21~ml~m. (18) 

The above constraint was used to draw the slow 
and fast exchange approximation lines, for the point 
of intersection must be half the experimental value 
at that same temperature. 

The hyperfine coupling constant of CoHG*+, cal- 
culated from the intersection of the slow and fast 
exchange limits in Fig. 5 is approximately the same 
as that obtained for CoHPro*+ and CoHAla*+ 
(+1.2f0.2 MHz).‘*,*’ The enthalpy and entropy 

Fig. 5. Dependence of the “0 paramagnetic transverse relaxation time of glycine upon inverse 
temperature at pH 3, for a solution containing 0.115 M glycine and 5.0 mM CoCl, (Solution B). The 

data were recorded at 24.4 MHz. 
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.2 

10=/f K-’ 

Fig. 6. Dependence of the “0 paramagnetic transverse relaxation time of glycine upon inverse 
temperature, in a solution containing 0.19 glycine and 10.0 mM CoCI, (Solution C), at pH 6.1 and 

a spectrometer frequency of 33.926 MHz. 

of activation for the first-order dissociation of 
CoHG2+ were also calculated from the slow exch- 
ange region of Fig. 5 and are also included in Table 
2. The values, though, were calculated from the 
total paramagnetic relaxation time (to which 
Co(HG):+ makes a contribution), thus f25% 
uncertainty is to be expected with those values. 

Figure 6 depicts the dependence of T, of glycine 
upon inverse temperature, for Solution C, at pH 6. 
At this pH, CoHG: is the predominant complex 
and it causes the observed broadening. This com- 
plex is similar to CoG2 with respect to the number 
of negatively charged carboxylic oxygens per Co 2+, 
but one glycine molecule is bound only through the 
oxygen site. The hyperfine coupling constant, A/h, 
for CoHG: is in the order of 0.7 MHz, a value 
similar to that of COG, that could be determined 
directly from the chemical shift of that complex, 
and its lifetime was found to be about lo- 5 s. The 
high-temperature bend from linearity in Fig. 6 may 
be due to an increased contribution from COG+ 
and CoG2, which was neglected at low temperatures 
because of their long lifetimes at those tem- 
peratures.23 

Although much effort was made to detect directly 
COG,, as it was done easily for the corresponding 

complex in the Co(IIkproline system,” we were 
successful only once, at pH 10. The signal was 
detected at the same frequency that CoPro, was 
detected, but it was much broader (around 6,000 
Hz, as opposed to about 2,000 Hz recorded for 
CoPro,), making detection difficult. The lack of 
reproducibility of results, then, makes the single 
observation suspect, and the possibility of an arti- 
fact cannot be excluded entirely, although the usual 
tests for determining whether a signal is “real” or 
not were performed and proven to be positive. 

(2) 14N NMR results. The pH dependence of the 
’ 4N transverse paramagnetic relaxation rate, 1 /T,,, 
of glycine for Solution D is depicted in Fig. 7. 
Broadening occurs only above pH 7, indicating that 
the first- and second-order exchange processes with 
COG; are responsible for the observed broadening. 
Thus, 14N NMR can be used as a complementary 
method to 170 NMR, for the information that it 
offers is limited in the basic pH only, where the 
amino nitrogen binds directly to the metal ion. 
From the temperature dependence of T2,, at pH 11 
(Fig. 8), the thermodynamic parameters describing 
COG; were determined. Those results are shown in 
Table 2. Note the shorter lifetime for COG; cal- 
culated from 14N NMR, compared to that deter- 
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Fig. 7. Dependence of the 14N paramagnetic transverse 
relaxation rate of glycine upon pH, for Solutions D (1 .O 
M glycine and 0.01 M CoCl,), E (1.0 M glycine and 1.0 
mM &Cl,), and F (1.0 M glycine and 1.0 mM MnCl& 
at 300 K. The spectrometer frequency was 18.075 MHz. 

mined from I70 NMR, as a result of a greater 
contribution from second-order exchange to the 
total rate constant, arising from the higher con- 
centration of glycine used in the 14N NMR 
measurements. 

PH 

Fig. 9. Dependence of the “0 paramagnetic transverse 
relaxation rate of glycine upon the measured pH of a 
solution containing 0.29 M glycine and 0.2 mM CuClz 
(Solution G). The experimental points were recorded at 
24.4 MHz, 300 K, and the dotted line is the least-squares 
best fit of the experimental points to eqn (9), with the 

constants of Tables 3 and 4. 

(B) The Cu(II~&ine system 

(1) I70 NMR results. Figure 9 shows the pH 
dependence, at room temperature, of the ’ 7O para- 
magnetic transverse relaxation rate, l/T,,,, of gly- 

I I I I I I 

2.6 2.8 3.0 3.2 3.4 3.6 

(103/T) K-' 

Fig. 8. Dependence of the 14N paramagnetic transverse relaxation time of glycine in Solution D upon 
inverse temperature, at pH 11. The spectrometer frequency was 18.075 MHz. 
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Table 3. Log of stability constants of the major Cu(II)-glycine 
complexes in aqueous solution 

Complex Constant This work Ref. 1 Ref. 2 

CuHG*+ 
CuHG: 
CuHG, 
CtlG+ 
CuG, 
CuG; 
CuG,(OH)- 
CuG,(OH);- 

k’, 1.22 0.92 1.53f0.2 
k; 0.94 0.58 1.34f0.2 
k; -0.56 
8”: 15.2 8.02 15.2 8.3 14.784 8.056 

83 15.43 15.43 
K OH 1.46 
K 2OH 1.56 

tine for Solution G. The dotted line is a least- 
squares best fit of eqn (9) to the experimental relax- 
ation results, with the stability constants of Table 3 
and the NMR parameters of Table 4. Cu(HG)z+ 
was not considered as a major species, and there 
was no compelling evidence to the contrary. The 
paramagnetic relaxation rate of water could not be 
used in the case of Cu’+ because it was too small 
for the concentrations used in this work. Typically, 
the maximum broadening of the water signal in the 
presence of Cu*+ was about 20 Hz. Given the f 5 
Hz uncertainty in the linewidth of water, the uncer- 
tainty in IZ,~ was + (5/20) x 6 = + 1 S, totally unac- 
ceptable. 

The Cu(IIkglycine system has been the subject 
of several authors, with particular emphasis on ‘H 
NMR, ESR as well as potentiometric 
studies. 1,2,6,7,24*25 In this work we have extended our 
studies to the entire pH range O-14, for the decrease 
of the broadening above pH 11.5 indicated the for- 
mation of complexes involving OH-. The best fit 
was obtained by considering two additional com- 
plexes in the basic pH, namely CuG,(OH)- and 
CuG,(OH):-, with the stability constants defined 
in eqns (IX) and (X), respectively. 

Table 3 contains some values from the literature, 
for comparison, particularly those from Beattie et 
al. ’ and Childs and Perrin. 2 There are several inter- 
esting comparisons that can be made to the studies 
of Beattie ef al. First, the minimum broadening that 
they observed in their ‘H paramagnetic relaxation 
rate was around pH 4, and the broadening above 
pH 4 was assigned to second-order processes with 
CuG2, and first-order processes with CuG;. Our 
’ 7O paramagnetic relaxation data show a minimum 
broadening in the pH range 6-8, in which CuG2 
is the predominant species. The “0 paramagnetic 
relaxation in the acidic pH follows closely the con- 
centration profiles of CuHG’+ and CuHG+ and 
their first-order dissociation. The results at basic 
pH were fitted by considering the first-order dis- 
sociation of CuG; and second-order exchange 
broadening with CuG2. A second-order rate con- 
stant of 1.5 x lo7 M- ’ s- ’ (taken from Beattie et 
al.‘) was used, whereas a value of 2.27 x lo6 s- ’ was 
used for f(z,, T2,,J of CuG; . Note that the stability 
constants for CuG2 and CuG; are identical to those 
determined by Beattie et al. (Table 2). 

Pearson and Lanier’ have reported a second- 
order rate constant of 8.2 x lo6 M- ’ s-’ for CuG,, 

Table 4. Thermodynamic and NMR parameters of the Cu(II)-glycine 
complexes in aqueous solution” 

Complex 
f (cm Tan) 

(s-l) 
AHt 

(Kcal/mole) 
W 
(e.u.) 

CuHG’+ 3.40 x 106 
CuHG: 1.85 x lo6 
CuHG, 2.71 x 10’ 1.1 x 10-6 ,7.5 - 12.3 
CuG+ 23’ 
CuG2 120b 
CUG; 2.27 x lo6 

“All parameters are calculated at 300 K. 
bTaken from Ref. 26. 
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whereas Nagypal et al. ” determined a value of 
7.7 x lo7 M- ’ s- ‘. Using the value of Nagypal et 
al. and assuming that the broadening at pH 11 
is due entirely to the second-order exchange with 
CuG2, a broadening of 14,870 s- ’ is predicted, 
while the experimental value is 6,270 s- ‘. Clearly, 
the second-order rate constant of Nagypal et al. is 
overestimated by a factor of more than two. The 
value reported by Beattie et al. seems to be in better 
agreement without 170 NMR results, 

In the pH range 6-8, though, neither first- nor 
second-order exchange with CuG, could justify the 
relaxation results. If the existence of CuHG3 were 
not taken into account, the observed broadening 
would have to be assigned to CuG2, and an 
unreasonably short lifetime for this complex would 
be calculated from the relaxation results (in the 
order of lo-’ s). This value is two to three orders 
of magnitude shorter than values reported for com- 
plexes of this type,26 thus first-order exchange with 
CuG2 has to be excluded as a major source of 
broadening. On the other hand, if second-order 
exchange with CuG2 was considered as the major 
source of broadening, then a value of 20 s- ’ is 
calculated at pH 7.3 with kz = 1.5 x lo7 M- ’ SK’ 
(Beattie et al. ‘), whereas the experimental value is 
about 160 s- ‘. Thus if one calculates the second- 
order rate constant from the relaxation results at 
neutral pH ignoring the existence of CuHG3, a 
value of 1.2 x 10’ M- ’ s- ’ is calculated, which is in 
total disagreement with the relaxation results at 
basic pH. Clearly, CuG, alone cannot justify the 

PH 

Fig. 10. Dependence of the relative concentration of all 
Cu’+-containing species upon pH, for Solution G. All 
curves were constructed with the stability constants of 
Table 3. (1) Is the free Cu'+ ; (2), (3) and (4) are the 
protonated complexes CuHG’+, CuHG: and CuHG,, 
respectively; (5), (6) and (7) are the bidentate complexes 
CuG+, CuG2 and CuG;, respectively; (8) and (9) refer 
to the complexes CuG,(OH)- and CuG,(OH):-, 

respectively. 

relaxation results at neutral pH, thus the existence 
of CuHG3 seems to be fairly well-established. Inci- 
dentally, the existence of CuHG, was suggested by 
Beattie et al., ’ in view of their ‘H relaxation results 
at neutral pH, and some spectrophotometric evi- 
dence. 

The dependence of Tzp of glycine upon inverse 
temperature, in Solution H at pH 7.3, is depicted in 
Fig. 11. The deviation from linearity at the lower 
end of the temperature range is probably due to 
non-linear viscosity effects. Since the major source 
of broadening at this pH was shown to be CuHG3, 
and enthalpy and entropy of activation for the first- 
order dissociation of this complex were found to be 
7.5 Kcal/mole and - 12.3 e.u., respectively, and its 
lifetime at 300 K was found to be ca. lo- 6 s. 

The second maximum around pH 11, Fig. 9, 
reflects the concentration profile of CuG;, Fig. 10. 
The decrease of the concentration of CuG; above 
pH 11 is due to the formation of CuG,(OH)-, 
initially, and CuG,(OH):- at even higher pH. The 
stability constant for CuG; used was K3 = 1.7, as 
determined by Beattie et al. James and Williamsz7 
have reported K3 = 2.95, but most authors have 
failed to determine KS, including Childs and 
Perrin,* with whom we are in fairly good agreement 
for most of the stability constants. 

A pH dependence of l/T,, at 323 K (not shown) 
produced reduced broadening in the pH range O-7 
(with respect to the results at 300 K), whereas above 
pH 7, the broadening was more pronounced. These 
results indicate that conditions of fast exchange pre- 
vail in the acidic pH range where the monodentate 
complexes predominate, whereas in the basic pH 
where the first-order dissociation of CuG: and the 
second-order exchange with CuG2 are responsible 
for the observed broadening, conditions of slow 
exchange prevail. (Both first- and second-order rate 
constants increase with increasing temperature). 

(2) 14N NMR results. The pH dependence of 
the * 4N paramagnetic transverse relaxation rate of 
glycine, for Solution E, are depicted in Fig. 7. The 
small broadening in the pH range 5-7 is indicative 
of second-order exchange with CuG2, for the first- 
order dissociation of CuHG3 cannot be a major 
source of broadening to the 14N nucleus. The steep 
increase above pH 7 is the combined result of the 
first-order dissociation of CuG; and the increasing 
contribution of the second-order exchange with 
CuG,. Very broad lines at high pH prevented us 
from extending the measurements to higher pH. 
Thus, the 14N relaxation results provide an 
additional source of information about the com- 
plexes, but the lack of information in the acidic pH 
limits 14N NMR as a self-sufficient method in the 
entire pH range. 
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Fig. 11. Dependence of the “0 paramagnetic relaxation time of glycine upon inverse temperature, 
in a solution containing 0.19 M glycine and 1.0 mM CuCl, (Solution H), at pH 7.3. The spectrometer 

frequency was 33.926 MHz. 

(C) The Mn(II)-glycine system 

(1) I70 NA4R results. Figure 12 shows the pH 
dependence of the ’ 7O paramagnetic transverse 
relaxation rate of glycine, for Solution I, at 300 K. 
The dotted line is the least-squares best fit of eqn 
(9) to the experimental results and the resulting 
stability constants and NMR parameters are shown 
in Table 5. 

The most striking difference from the Co(H) 
glycine and Cu(II)-glycine systems lies in the fact 
that one species predominates in the pH range O-7, 
namely MnHG*+. This is due to the small stability 
constants of the bidentate complexes, which is 
characteristic of Mn*+. 

The distribution of the Mn(II)--glycine complexes 
as a function of pH, for the same Solution I, is given 
in Fig. 13. The same types of complexes that were 

Table 5. Log of stability constants of the major Mn(II)-glycine 
complexes and NMR parameters in aqueous solution” 

Complex 
f (Ann TzJ 

(s- ‘) Constant This work Ref. 2 

MnHG’+ 1.43 x 106 k’i 0.80 0.64*0.49 
MnHGl 6.85 x 105 k; 0.92 0.80 f 0.42 
MnHG3 1.14x 106 k; 0.08 
MnG+ 2 2.71 2.71 
MnG, 4.76 4.755 
MnG; 4.50 x 10s 83 5.57 5.52 

“All parameters of this work are reported at 300 K, whereas 
those of Ref. 2 are reported at 310 K. 
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aooo 

PH 

Fig. 12. Dependence of the “0 paramagnetic transverse 
relaxation rate of glycine upon the measured pH of a 
solution containing 0.20 M glycine and 0.6 mM MnCl, 
(Solution I), at 300 K. The experimental points were 
recorded at 24.4 MHz and the dotted line is the least- 
squares fit of the experimental points to eqn (9) with the 

constants of Table 5. 

discussed in previous sections also exist in the 
Mn(II)-glycine system, only at much higher pH. 
The stability constants for the bidentate species in 
the basic pH were found to be almost identical to 
those reported by Childs and Perrin,* as can be seen 
from Table 5, and this once more confirms the 
validity of the overall method used in this work. A 
fairly good agreement also exists with regard to the 
values reported by those authors about MnHG*+ 
and MnHG: . 

Figure 14 shows the pH dependence of IZ,~ of 
water for Solution I. Since there are only two Mn*+- 
containing species in the pH range O-7, namely 

PH 

Fig. 13. Dependence of the relative concentration of all 
Mn’+ containing species upon pH, for Solution I, at 
300 K. All curves were constructed with the stability 
constants of Table 5. (1) Is the free Mn’+, (2), (3) and 
(4) are the protonated complexes MnHG*+, MnHGZ 
and MnHG,, respectively, whereas (5), (6) and (7) are 
the bidentate complexes MnG+, MnG, and MnG;, 

respectively. 

Fig. 14. Dependence of the effective coordination number 
of water upon pH, for Solution I. The experimental 
points were calculated from the ratio of the paramagnetic 
transverse relaxation rate of water in the presence and 
absence of glycine, respectively, and the dotted line is the 

theoretical prediction of eqn (14). 

Mn(H *O) i+ and MnHG *+ * 5H20, and assumming 
that f(r,,,, T&/f*(r,, T2m) is approximately 1, then 
the stability constant of MnHG*+ can be calculated 
easily from neB, since the concentrations of both free 
Mn*+ and MnHG*+ are deduced from n .22 

eff. 

[MnHG*+]/[Mn(H,O)i+] = (6-n,,)/(n,,- 5) 

(19) 

and 

k’, = [HG+]- ‘(6-n,,)/(n,,- 5). (20) 

The dependence of T2p of glycine upon inverse 
temperature, at pH 6.6, where MnHG*+ is the pre- 
dominant complex, showed that conditions of slow 
exchange prevail at 300 K. The enthalpy and 
entropy of activation for the first-order exchange of 
glycine were found to be 5 Kcal/mole and - 17 e.u., 
respectively, and the lifetime of MnHG’+ at 300 K 
was found to be 4 x lo- 6 s. At higher temperatures 
(ca. 330 K), conditions of intermediate exchange 
prevail, at which point l/T,, = (~/~)P,JT~~. T2, can 
be then calculated from the experimental value of 
Tzp. Taking a value of lOma s for the electronic 
relaxation time of Mn*+ (a value of 2.18 x lop8 s 
was assumed by Henry et al.** for MnPro:) we can 
get an estimate of the hyperfine coupling constant, 
A/h, assuming the Fermi contact mechanism to be 
predominant. With the above assumptions, a value 
of -0.5 MHz was found for A/h. 

Precipitation above pH 11, where MnG; pre- 
dominates, precluded us from conducting tem- 
perature dependent studies at that pH, to derive the 
thermodynamic parameters for that complex. Even 
when a lower concentration of Mn*+ was used in 
an attempt to prevent precipitation, it still occurred 
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at elevated temperatures, after only one hour, thus 
the results were discarded. Considering the scarcity 
of enriched materials no further experimentation 

was attempted. 

CONCLUSIONS 

The stability constants of all major complexes of 

glycine in aqueous solutions of Co*+, Cu*+, and 
Mn*+ were determined in this work by utilizing 
the paramagnetic relaxation rate of glycine as a 
function of pH. The thermodynamic parameters of 
some complexes were also determined. The exist- 

ence of the species MHG3 was taken into account, 
and estimates of its stability constant are given. 
Similarly, the stability constants of CuG,(OH)- 
and CuG,(OH):- were determined for the first time 

in this work, along with stability constants for the 
monodentate complexes of Co*+. Overall, the “0 
paramagnetic relaxation of amino acids has been 
shown to be a fairly reliable method for determining 
stability constants and certainly the method of cho- 
ice for determining the dynamical involvement of 
oxygen in complexes of paramagnetic ions. 
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Abstract-Reactions between diphenyl(vinyl)phosphine and the compounds [Few&- 
CC6H4Me-4)(CO)&‘-C5Me5)] and [FeMO~-CC,H,Me-4)(Co),(?S-c,H,)1 result in a coup- 
ling of the vinyl and p-tolylmethylidyne groups at the dimetal centres to produce the 
PPh2 - CH * CH2 * C(C,#&k-4) fragment, which bridges the metal-metal bonds. This was 
confirmed by an X-ray diffraction study on [FeW{p-PPh, - CH - CH2 - C(C6H4Me- 

41(CO)5(tlS-GMe5)l. 

The availability of the compounds [Few@CC6H4 
Me-4)(CO),(v5-C,Me,)] (1)2 and [FeMo(p-CC6H4 
Me-4)(CO),($-C5H5)] (2)’ has allowed extensive 
studies to be made on the reactivity of an alkylidyne 
ligand when bridging two dissimilar metal centres. 
For example, both species react under mild con- 
ditions with oxygen, sulphur, alkynes or diazo- 
methane. Coupling of these reagents with the alky- 
lidyne groups occurs and new C-Q C-S and 
C-C bonds are formed.ld The molybdenum com- 
plex (2),5 and its tungsten analogue pew@-CC&L, 
Me-4)(CO)&$-C5H5)],6 also readily react with ter- 
tiary phosphines with displacement of a CO group 
at the iron centre. These studies have led us to investi- 
gate reactions of (1) and (2) with P(CH:CH3 
Phz and the results are reported herein. It was 
anticipated that the phosphine would initially co- 
ordinate at the iron atom, with the vinyl group 
subsequently playing a non-spectator role, the 
nature of which could not be readily predicted. 

RESULTS AND DISCUSSION 

Treatment of the iron-tungsten compound (1) 
with P(CH : CH2)Ph2 in CH2C12 at ambient tempera- 
tures afforded a yellow-orange crystalline complex 
[FeW{p-PPh, * CH - CH2 - C(C6H4Me-4))(CO)5 
(q5-C5Me5)] (3). A similar reaction occurred in 

*Author to whom correspondence should be addressed. 

thf (tetrahydrofuran) between P(CH : CH2)Ph2 
and the iron-molybdenum compound (2), yield- 
ing a product (4) which on the basis of spectro- 
scopic data was evidently structurally similar 
to (3). However, from the ‘H and 13C-{‘H} NMR 
results it was not possible to establish the structures 
of these compounds, and hence an X-ray diffraction 
study was carried out on (3) for which suitable 
single crystals were available. 

Important structural parameters obtained from 
the X-ray diffraction study are listed in Table 1 and 
the structure is shown in Fig. 1. It will be seen that 
the Fe-W bond is spanned by a PPh2 * CH * 
CH2. C(C6H,Me-4) fragment in such a manner 
that the phosphorus atom ligates the iron atom. 
The p-C(&H,Me-4) group is g bonded to both 
metal centres and the CH group is 0 bonded to the 
tungsten atom. The latter, as expected, carries the 
$-C5Me5 ligand and two carbonyl groups, and the 
iron atom is coordinated by three essentially 
orthogonal CO groups. 

It is interesting to compare the interatomic dis- 
tances in (3) with those found in some other recently 
reported iron-tungsten compounds. The Fe-W 
separation is 2.828(l) A and is thus long compared 
with those in [Few{/.&C(C,H,Me-4)C(O)o} 
(CO)5($-C5Me5)] [2.605(l) A],’ [Few@-CC6H4 
Me-4)(CO)S{HB(pz)3}] [(HB(pz), = hydrotris(pyra- 
zol-1-yl)borate}, 2.612(2)&6 [N&][FeW(p-CC, 
H3Me2-2,6)(C0)5(q5-C2BgHgMe2)1 [2.600(l) A], 
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C6H,Me4 

b-+C,H,) (OC),Mo 
/\ 

FeKO), 

(1) (2) 

t6H,Me-4 

(3) 

-P 
2 

PC,, y 

hp-C,H,)(OC),Mo- -Fe 03, 

\I/ C 
C,H,Me-4 

(4) 

[FeW{p - C(&H,Me - 4)C(O)C(Me)C(Me)}(CO), 
(q 5-CsMe5)] [2.722( 1) Al4 and [FeW(p-C(C6H4Me-4) 
C(Me)C(Me)}(CO),(q-c,H,)1 [2.720( 1) A].” 

The p-C(lO)-Fe [2.141(4) A] and ,u-C(lO)-W 
[2.188(4) A] distances may be compared with the 
respective p-C(CsH4Me-4)---Fe and p-C(C6H4Me- 

4)-W separations in [FeW{p-C(CsH4Me- 

4)C(O)C(Me)C(Me)}(CO),(?S_c,Me,>l [2.103(6), 
and 2.193(5) &,4 and [FeW{p-C(CsH4Me- 
4)C(Me)C(Me)}(CO),(q5-C,H,)] [2.047(6) and 
2.194(6) A].” The Fe-P bond [2.248(l) A] in (3) 
is of very similar length to that [2.184(9) A] 

Fig. 1. The molecular structure of the complex [FeW{p- 
PPh, - CH * CH, * C(C6H,Me-4)}(CO)S($-CSMeS)]. 

in the dimetal compound [Few@PPh,)(CO), 

(HB(Pz)&~ 
Having established the molecular structure of (3) 

by X-ray diffraction it became possible to interpret 
the NMR data for this species, and for (4) also. 
Since the latter displayed similar resonances it was 
evidently isostructural. The 13C-(1H} NMR spec- 
trum of (3) measured at room temperature in 
CD2C12-CH2C12 showed doublet signals for the two 
CO groups bonded to tungsten [6 230.1 and 225.3 
ppm, with J(PC) 12 and 14 Hz, respectively], and 
three broad resonances for the Fe(CO), fragment (6 
216.5,213.2 and 212.8 ppm). The latter observation 
suggested site-exchange of the three CO groups at 
the iron centre. At - 6O”C, however, in a 13C spec- 
trum measured in CD#&-CH2C12 the tricar- 
bonyliron group gave rise to three sharp doublet 
signals at 6 216.5, 213.2 and 212.5 ppm with J(PC) 
23, 41 and 30 Hz, respectively. For compound (4), 
the 13C-{‘H) NMR spectrum at ambient tem- 
peratures showed five distinct resonances for the 
CO ligands, each a doublet, at 6 236.5, 235.0 
(M-CO), 214.7, 212.4 and 210.8 ppm, with 
J(PC) 10, 15, 24,44 and 29 Hz, respectively. 

The 13C-{lH} NMR spectra of (3) and (4) show 
several peaks in the range ca 6 120-l 55 ppm due to 
the Ph and CsH4 moieties. However, doublet signals 
in each spectrum characteristic for the p-CC,H,Me- 
4 group are seen at 6 13 1.6 ppm with J(PC) 7 Hz. 
The resonance for the C(H)M (M = W or MO) 
group occurs as a doublet in the spectra of both 
compounds at ca 6 -8.2 ppm, with J(PC) 7 Hz. 
The assignment is confirmed by the appearance of 
‘83W satellite peaks [J(WC) 24 Hz] on this resonance 
in the spectrum of (3). In a fully-coupled 13C spec- 
trum of (4), measured in CDCl,, the signal for the 
C(H)Mo group (6 - 8.1 ppm) occurs as a doublet 
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of doublet of 

- CH2 fragment. 
For (3), these occur at 6 0.78 [d of d, CH, J(PH) 
14, J(HH) 41, 3.05 [d of d of d, CHI, J(PH) 50, 
J(HH) 15,4] and 4.50 [d of d, CH1, J(PH)17, J(HH) 
15 Hz], while for (4) the resonances are at 6 1.76 [d 
of d, CH, J(PH) 12, J(HH) 41, 3.57 [d of d of d, 
CH2, J(PH) 50, J(HH) 15,4] and 4.13 [d of d, CH2, 
J(HH) 15,4 Hz]. 

The yPPh, * CH 

(1) and (2), a process 
which would require release of CO from the latter 
species. Subsequent addition of the vinyl group 
to the C==M (MO or W) bond would produce the 
M * CH(PPhJ * CH2 - C(CsH,Me-4) ring system 
found in the products. Reaction of the vinyl group 
present in P(CH: CH2)Ph2 with the p-alkylidyne 
groups of (1) and (2) provides a further dem- 
onstration of the reactivity of these heteronuclear 
dimetal species. 

EXPERIMENTAL 

All experiments were carried out under nitrogen, 
using Schlenk tube techniques. Solvents were rigor- 
ously dried before use. NMR spectra were recor- 
ded with JNM FX 9OQ, FX 200 or GX 400 instru- 
ments and IR spectra were recorded with Nicolet 
MX 10 or MX 5 spectrophotometers. For NMR 
data all chemical shifts are in ppm and coupling 
constants are in Hz. Phosphorus-31 chemical shifts 
are positive to high frequency of 85% H3P04 (exter- 
nal). The compounds [Few@-CC,H,Me-4)(CO), 
(q5-C,Me,)] and [FeMo(p-CC6H4Me-4)(CO),&‘-C5 
H5)] were prepared by methods previously de- 
scribed.‘** Light petroleum refers to that fraction of 
b.p. 40-60°C. 

Synthesis of the complexes 

(i) Compound (1) (0.16 g, 0.26 mmol) in CH,Cl, 
(20 cm3) was treated with P(CH : CH2)Ph, (0.055 g, 
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0.052 cm3, 0.26 mmol) and the mixture was stirred 
at ambient temperatures for cu 4 h. The volume was 
reduced in vacua to ca 5 cm3 and the mixture was 
chromatographed at 10°C on a Florisil column 
(3 x 15 cm, 100-200 mesh). Elution with light pet- 
roleum-CH,Cl, (3:2) afforded a yellow eluate. 
Removal of solvent in vacua, followed by crystal- 
lization of the residue from CH,Cl,-light pet- 
roleum (1 : 5) at - 78°C gave yellow-orange needles 
of [FeW{p-PPh, - CH * CH2 * C(C,H,Me-4)}(CO), 
($-CSMe5)] (3) (0.18 g, 83%) [Found : C, 51.4 ; H, 
4.5%. Cj7Hj5FeOSPW requires C, 53.5; H, 4.3%]. 
v,,, (CO) at 2024s, 1956s, 1948s and 1877~ cm-’ 
(in CH,Cl,). NMR : ‘H (in CD,Cl,), 6 0.78 [d of d, 
1 H, CH *P, J(PH) 14, J(HH) 41, 1.81 (s, 15 h, 
C5Me5), 2.24 (s, 3 H, Me-4), 3.05 [d of d of d, 1 H, 
CH2, J(PH) 50, J(HH) 15 and 4],4.50 [d of d, 1 H, 
CH,, J(PH) 17, J(HH) 151, 6.97 (m, 4 H, C6H4), 
and 7.29-7.71 (m, 10 H, Ph); 13C-(‘H) (in 
CD2Clz-CHzC12), 6 230.1 [d, WCO; J(PC) 121, 
225.3 [d, WCO, J(PC) 14],216.5,213.2,212.8 [3 x br 
s, Fe(CO)J, 154.2-121.8 (Cd&, Ph), 131.6 [d, CC&I, 
Me-4, J(PC) 71, 100.5 (C,Me,), 21.6 [d, CH2, J(PC) 
14],21.1 (Me-4), 9.5 (C,Me,) and -8.2 [d, PaCH, 
J(PC) 7, J(WC) 241; 13C (at -6O”Q 6 230.5 [d, 
WCO, J(PC) 121, 224.9 [d, WCO, J(PC) 141, 216.5 
[d, FeCO, J(PC) 231, 213.2 [d, Fe(CO), J(PC) 411, 
212.5 [d, FeCO, J(PC) 301, 131.6 [d, CC,H,Me-4, 
J(PC) 71 and -8.2 [d of d, CH - P, J(PC) 7, J(HC) 
1591. In the 13C NMR at - 60°C the CH2 resonance 
at 51.6 is obscured by a strong solvent peak. 3’P- 
{‘H} (in CD,CI,), 6 41.4. 

(ii) Compound (2) (0.20 g, 0.41 mmol) in thf (50 
cm’) was treated with P(CH : CH2)Ph2 (0.095 g, 0.45 
mmol) at room temperature and the mixture was 
stirred for 3 h. Solvent was removed in vacua and 
the brown residue was dissolved in CH2C12 (2 cm’) 
and light petroleum (8 cm3), and the solution chro- 
matographed on an alumina column (3 x 30 cm, 
Brockman Activity II). Elution with CHzCIT 
light petroleum (1: 4) afforded a yellow eluate. 
Removal of solvent in vucuo gave yellow micro- 
crystals of [FeMo{yPPh, - CH * CH1 * C(C$H,Me- 
4)}(CO),($-C,H,)] (4) (0.22 g, 77%) [Found: C, 
57.0 ; H, 4.2%. C32H25FeMo05P requires C, 57.2 ; 
H, 3.8%]. v,_ (CO) at 2029s, 1996w, 1964vs, 1945w 
and 1898w(br) cm-’ (in CH,Cl,). NMR: ‘H (in 
CD&), 6 1.76 [d of d, 1 H, CH - P, J(PH) 12, 
J(HH) 41, 2.27 (s, 3 H, Me-4), 3.57 [d of d of d, 

*Atomic positional and thermal parameters, bond 
lengths and angles, and structure factor values have been 
deposited as supplementary material with the Editor. 
Atomic Coordinates have also been submitted to the 
Cambridge Crystallographic Data Centre. 

1 H, CH2, J(PH) 50, J(HH) 15 and 41, 4.13 [d of 
d, 1 H, CH,, J(PH) 14, J(HH) 151, 5.02 (s, 5 H, 
CSHS), 7.03 [m, 4 H, C,H,], and 7.2c7.70 (m, 
10 H, Ph) ; 13C-{‘H) (in CD2C12&H2C12), 6 236.5 
[d, MoCO, J(PC) lo], 235.0 [d, MoCO, J(PC) 151, 
214.7 [d, FeCO, J(PC) 241, 212.4 [d, FeCO, J(PC) 
441, 210.8 [d, FeCO, J(PC) 291, 157.1 [C’(C,HJ], 
141.0-124.0 (CsH4 and Ph), 131.6 [d, C&H,Me-4, 
J(PC) 71, 92.1 (C,H,), 21.1 (Me-4) and - 8.2 [d, 
CH - P, J(PC) 71; 13C (CDC13), 6 54.6 [t of d, CH2, 
J(HC) 129,J(PC) 141 and -8.11 [dofdofd,CH*P, 
J(PC) 7, J(HC) 150, 71; 31P-{‘H}, 6 43.2 ppm. 

X-ray crystallographic data 

Red crystals of (3) were grown from CHQ- 
light petroleum. Diffraction data were collected on 
a Nicolet P3 diffractometer at 298 K using a crystal 
of dimensions ca 0.50 x 0.40 x 0.35 mm. Of the 6511 
intensities measured (Wyckoff o-scans, 28 < 50”), 
5389 had F 2 5a(F) and only these were used in the 
solution and refinement of the structure. Intensity 
data were corrected for Lorentz, polarization, and 
X-ray absorption effects. The latter by a procedure 
based upon azimuthal scan data.” 

Crystal data for (3). C37H35FeOSPW, M = 830.4, 
triclinic, a = 8.583(3), b = 10.529(4), c = 19.989(8) 
A, a = 88.43(3), B = 84.58(3), y = 67.66(3)“, 
U= 1663(l) A3, Z=2, D,= 1.66 g cmm3, 
F(OO0) = 824, space group PI, &MO-K,) = 40.5 
cm-‘, MO-K, X-radiation (1 = 0.71069 A, graphite 
monochromator). 

The structure was solved, and all non-hydrogen 
atoms were located, by conventional heavy-atom 
and difference Fourier methods. Hydrogen atoms 
were included in calculated positions with fixed iso- 
tropic thermal parameters (aryl, CH2 and CH), or 
common refined isotropic thermal parameters 
(methyl). All remaining atoms were given aniso- 
tropic thermal parameters. Refinement by blocked- 
cascade least-squares converged at R = 0.024 
(R, = 0.026) with a weighting scheme of the form 

-’ = [a2(F)+0.0005~F~*].* The final electron- 
dWensity difference synthesis showed no peaks > 0.7 
e Ae3. Scattering factors were from ref. 11. All 
calculations were carried out on a Data General 
“Eclipse” computer with the SHELXTL system of 
programs.” 
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Abstract-The dinuclear complex [Re,Cl,(CO),SkCH,CMe,CH,S’e] has been prepared and 
characterized in the solid state by X-ray crystallography. Proton NMR spectroscopy has 
shown the structure to be stereochemically rigid in solution. 

Syntheses and structures of complexes of general 
formula [Re,X,(CO),L], (X = Cl, Br, I, L = R& 
R,Se,) where the open chain ligands bridge two 
rhenium atoms are now well characterized. I-3 In 
the case of the complexes of dialkyl disulphides and 
diselenides, the chalcogen atoms have been reported 
to undergo pyramidal inversions. 3 The aims of the 
present work are to examine whether analogous 
complexes can be formed with cyclic dichalcogen 
ligands and to study any stereochemical non- 
rigidity in solution. 

EXPERIMENTAL 

The cyclic diselenide SeCH2CMe2CH2Se4 and 
the dirhenium complex [Re2Cl 2(CO) ,(THF) 2] ’ were 
prepared by literature methods. The diselenide in 
excess (0.205 mmol) in chloroform (5 cm’) was 
added to a stirred solution of [Re,C1,(CO)6(THF)2] 
(0.155 mmol) in chloroform. After stirring under 
nitrogen (4 h) the solvent was removed under vac- 
uum from the pale brown solution. Dissolution 
of the residue in dichloromethane (10 cm’) and 
filtration gave a yellow solution to which was 
added heptane (4 cm3). Slow cooling to -20°C 
yielded yellow/brown crystals of [RezC1z(CO)6 
(SiCH,CMe,CH$e)] (0.088 mmol 57%) (Found : 
C, 15.9; H, 1.3. Calc: C, 15.7; H, 1.2%). (vco 2060, 
2038, 1958, 1937 and 1905 cm- ‘). The mass spec- 

* Authors to whom correspondence should be addressed. 

trum gave a complex pattern for [Ml+ which cor- 
responded exactly to the computer simulated iso- 
tope pattern, with maximum intensity [Ml+ at 840. 

X-ray crystallography. X-ray diffraction mea- 
surements were made on a small crystal, of di- 
mensions approx. 0.16 x 0.12 x 0.06 mm3, sealed 
inside a thin-walled glass capillary. Orientation 
matrix and cell dimensions were determined accu- 
rately and intensity data recorded at room tem- 
perature with graphite monochromatised MO-K, 
radiation (1 = 0.71069 A) using a CAD4 diffrac- 
tometer and previously detailed procedures. 6 

Crystal data 

Cl ,H l,C120sRe,Se,, M = 839.427, space group 
P2,/n, a = 9.9996(16) A, b = 18.0336(31) A, 
c = 10.8639(12)&/3 = 111.673(10)“, U = 1820.568 
A3, Z = 4, D, = 3.06 g cm-3, ~(Mo-KJ = 169.3 
cm- I. Of the 2461 data measured in the range 
1.5 < 8 < 22.0”, 2232 were unique and 1716 
observed [Z > 2.50(Z)]. The structure was solved via 
interpretation of a Patterson Function followed by 
standard heavy atom phasing procedures. The 
intensity data were corrected for absorption (ABSC 
in SHELX76). 7 Non-hydrogen atoms were refined 
anisotropically ; hydrogens were inserted in ideal- 
ized positions and assigned group Uis, values. The 
final R, R, values were 0.0396 and 0.0340 for 
230 parameters, with a weighting scheme w = 
l/[a2(I;?+O.O007r;,‘]. 
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Tables of atomic coordinates and displacement 
factor coefficients, and lists of FJF, values have 
been deposited as supplementary data with the 
Editor, from whom copies can be obtained on 
request. Atomic coordinates have also been 
deposited with the Cambridge Crystallographic 
Data Centre. 

DISCUSSION 

There are many parallels between the structural 
moieties PtXMe3 and ReX(C0)3. The metal centres 

are isoelectronic, and with similar ligands iso- 
structural products usually result. We have reported 
the acyclic diselenide [(PtXMe&(RSeSeR)]’ and 
Calderazzo and his co-workers’s2 have reported 
the corresponding [{ ReX(C0) 3} ,(RSeSeR)] com- 
plexes. The structures of both types of complex 
show there to be invariably a lruns relationship 
between the two ligand organic groups, and there 
is a synchronous or correlated pyramidal atomic 
inversion process about the coordinated selenium 
atoms. 3,g Notably the activation parameters for 
these processes are considerably higher for the 
rhenium comlexes. 3 

Table 1. Bond lengths (A) and angles (deg) 

Bond lengths 

Se( I)---Re( 1) 
C1(2)-Re( 1) 
C(12)-Re(1) 
Se(2)-Re(2) 
C1(2)-Re(2) 
C(22)-Re(2) 
Se(2)--Se( 1) 
C(5)-Se(2) 
0(12)--c(l2) 
0(2l)--c(21) 
0(23)-C(23) 
C(3)-C(2) 
C(5>--c(2) 

Bond angles 

Cl(l)-Re(lFSe(1) 
C1(2)--Re( l)--Cl( 1) 
C(ll)-Re(l)-Cl(l) 
C(12)--Re(l)--Se(l) 
C(12)-Re(l)--C1(2) 
C(13)-Re(l)-Cl(l) 
C(12)-Re(l)--C(ll) 
C(l3~Re(l)--C(12) 
C1(2)-Re(2pSe(2) 
C(21)--Re(2)--Se(2) 
C(21)-Re(2jC1(2) 
C(22)--Re(2)--Cl( 1) 
C(23)--Re(2bSe(2) 
C(23)-Re(2)---C1(2) 
C(23)---Re(2)--C(21) 
Se(Z)-Se( 1)-Re( 1) 
C(l)-Se(l)-Se(2) 
C(5)-Se(2)--Re(2) 
Re(2)-Cl( l)--Re( 1) 
O(ll)-C(ll~Re(l) 
0(13)-C(13)--Re(1) 
0(22t_c(22)-Re(2) 
C(2)-C(l)-Se(l) 
C(4>--~(2)--c(l) 
C(5)--c(2-(1) 
C(5)--c(2)--c(4) 

2.601(5) 
2.509(7) 
1.878(22) 
2.61 l(5) 
2.509(7) 
1.913(24) 
2.395(5) 
1.982(22) 
1.169(20) 
1.204(23) 
1.204(23) 
1.556(25) 
1.555(29) 

87.4(2) 
80.6(2) 

176.6(6) 
90.7(7) 

173.7(5) 
93.8(7) 
88.8(9) 
91.1(9) 
86.6(2) 
91.0(6) 
98.8(7) 
92.4(6) 

176.0(5) 
89.6(6) 
88.3(8) 

105.5(2) 
91.2(7) 

103.6(7) 
97.1(2) 

177.0(17) 
178.2(18) 
175.7(16) 
110.6(14) 
112.3(17) 
109.7(18) 
111.7(17) 

Cl( l)-Re( 1) 2.503(8) 
C(ll)--Re(1) 1.820(22) 
C(13)-Re(1) 1.879(22) 
Cl( l)--Re(2) 2.498(7) 
C(21)-Re(2) 1.875(24) 
C(23)-Re(2) 1.883(25) 
C(l)-Se(l) 1.999(21) 
O(ll)-C(ll) 1.182(21) 
0(13)--c(l3) 1.196(22) 
0(22FC(22) 1.159(22) 
C(2)-C(l) 1.504(28) 
C(4+~(2) 1.503(25) 

Cl(2)-Re( l)-Se( 1) 
C(ll)--Re(l)---Se(l) 
C(l l)-Re(l)-C1(2) 
C(12)--Re(ljCl(1) 
C(l3)---Re(l)-Se(l) 
C(13)-Re(l)-C1(2) 
C(13 )---Re(ljC(11) 
Cl( l)-Re(2FSe(2) 
C1(2)-Re(2wl( 1) 
C(2 l)-Re(2)-Cl( 1) 
C(22)-Re(2bSe(2) 
C(22)-Re(2)-C1(2) 
C(23)-Re(2)-Cl( 1) 
C(22)-Re(2F(21) 
C(23)-Re(2)-C(22) 
C(lkSe(l jRe(1) 
Se( l)-Se(2)-Re(2) 
C(S)--Se(2FSe( 1) 
Re(2)-C1(2FRe( 1) 
0(12)-C(12~Re(l) 
0(21)-C(21kRe(2) 
0(23)-C(23)--Re(2) 
C(3)--~(2)--c(l) 
C(4)--c(2)--c(3) 
C(5)-C(2)--c(3) 
C(2)-C(5)-Se(2) 

86.2(2) 
90.3(7) 
96.7(7) 
93.8(6) 

177.7(5) 
92.1(7) 
88.4(9) 
87.5(2) 
80.7(2) 

178.5(5) 
92.2(6) 

173.1(5) 
93.1(6) 
88.0(9) 
91.7(8) 

103.3(7) 
104.6(2) 
91.9(7) 
96.6(2) 

178.1(16) 
176.2(16) 
175.5(16) 
106.9(17) 
109.0(19) 
106.9(16) 
110.3(14) 
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We have been unable to detect, to date, any sel- 
enium pyramidal inversion for this species in solu- 
tion. This is not unexpected as any such process 
will necessarily involve both Se atoms inverting 
synchronously. From previous experience with 
dinuclear Pt(IV) complexes lo this is a relatively high 
energy process, and not surprisingly in the present 
complex is apparently too slow to produce any 
exchange broadening of the ligand methylene and 
methyl signals in the high temperature range acces- 
sible for our NMR studies. 

Fig. 1. 

The formation of a diselenide complex of 
Pt(IV) with a cis relationship between the two 
carbon atoms attached to the seleniums of the 
ligand was achieved with the cyclic diselenide 
SeCH,CMe,CH,Se, and this was found to under- 
go a synchronous inversion of the selenium atom 
pairs with an energy about 20 kJ mol- ’ higher 
than the usual single site inversion energies. lo 

The displacement of THF from [Re2C12(CO)6 
(THF),] by 4,4-dimethyl-1,2-diselenacyclopen- 

;zH;~Me,;Hg; yield of [ReKlz(CO)6 

This structure is the first example of a bis 
ReX(CO), moiety bridged by a cyclic dichalcogen 
ligand. The X-ray crystal structure is shown in Fig. 
1, and important bond lengths and angles are given 
in Table 1. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
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Abstract-A new solid coordination compound of the type 1 : 1 of TPAsO to gold(II1) was 
prepared firstly by means of the extraction method, but only the coordination compound 
of the type 2: 1 was obtained by the method of direct synthesis. It was found in polar 
solvents that the 1: 1 type coordination compound could transform to that of the 2 : 1 
type slowly. By the data of thermoanalyses, a mechanism was suggested for thermal 
decomposition of the above two coordination compounds. 

Potts’ synthesized a solid coordination compound of 
the type 2 : 1 of TPAsO to gold(II1) more than ten 
years ago, but he failed to prepare the 1: 1 type. 
When researching the extraction behavior of 
gold(II1) with TPAsO, we obtained the new com- 
pound of the 1 : 1 type successfully, and the com- 
parison with that of the 2: 1 type was made. It 
was discovered that the composition of the solid 
coordination compound of the 1: 1 type was the 
same as that of the extracted species of gold(II1) 
with TPAsO. 

EXPERIMENTAL 

UV spectra were obtained using a UV-2 1 OA type 
doublebeam UV and visible spectrophotometer. IR 
spectra were recorded on a Perkin-Elmer 683 spec- 
trophotometer. ‘H NMR spectra were recorded on 
a JEOL FX-90Q spectrometer at 90 Hz. Elemental 
analyses of carbon and hydrogen were measured 
with a Perkin-Elmer EA-240C type analyser and 
gold analyses were carried out by gravimetric 
methods. The TG/DTA data were recorded on a 
DT-30 simultaneous thermal analyser, the rate of 
heating was 10°C per min. Molar conductance were 
measured with a DDS- 11A type conductance meter. 

TPAsO was prepared as reported by Shriner,’ 
after recrystallizing using 1,2-dichloroethane and 
petroleum ether, drying in vacuum, the product 

* Author to whom correspondence should be addressed. 

obtained was white crystals, m.p. = 189°C. Tetra- 
chloroaurate (A.R.) was purchased from the second 
factory of chemicals in Peking. Other reagents used 
were of chemical or analytical grade. 

Preparation of coordination compounds 

Direct synthetic method. 2.43 mm01 
HAuCl, - 4H20 (dissolved in 10 cm3 1 .O M HCl) 
was added to 2.43 mmol, 4.86 mmol and 7.29 mmol 
TPAsO solutions (dissolved in 10 cm3 ethanol for 
each), respectively and yellow products precipitated 
immediately. After filtering, washing several times 
with ethanol, pale yellow crystal were obtained for 
each (Compd I). 

Extraction method. 2.43 mmol HAuC14-4H20 
(dissolved in 10 cm3 1 .O M HCl) were added to 2.43 
mmol TPAsO (in 10 cm3 1,Zdichloroethane). On 
shaking for a few minutes, the organic phase was 
separated and solid product was obtained after 
evaporating the solvent. The solid product was 
recrystallized by 1 ,Zdichloroethane and petroleum 
ether, a deep yellow crystal was obtained after dry- 
ing in air (Compd II). 

RESULTS AND DISCUSSION 

The elemental analyses and some physical prop- 
erties of the coordination compounds, which were 
prepared by the direct synthetic method and the 
extraction method, are shown in Table 1. From 
Table 1, it can be seen that the composition of the 
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Table 1. Analytical and physical data 

Solid compds 

[H(TPAsO)JAuCl, (I) 

[H(TPAsO)]AuCl, (II) 

Synthetic method M.p. Elemental analyses 
TPAsO : Au Method Colour (“C) C% H% Au% 

1:l Direct Pale 174-5 43.5 3.2 
syn. yellow (43.9)” (3.2) 

2:l ibid. ibid. ibid. 
(:I, (:::, 20.0 

3:l ibid. ibid. ibid. 44.1 3.2 (19.6) 
(43.9) (3.2) 

1:l Extrn Deep 149.5-50 32.9 2.4 29.5 
yellow (32.6) (2.4) (29.7) 

“Figures in parentheses are calculated ones. 

coordination compound obtained by the extraction 
method was the same as that of the extracted species 
of gold(II1) and TPAsO. 3 However, the attempt to 
synthesize the 1 : 1 type solid coordination com- 
pound by the direct synthetic method did not 
succeed. The experiments showed that only the 2 : 1 
type product was obtained when any ratios of 
TPAsO to gold(II1) were used, this might be why 
Potts could not synthesize the 1 : 1 type coor- 
dination compound. 

IR spectra showed the stretching frequency of 
free As=0 bond was at 881 cm- ‘, but after coor- 
dination, this absorption peak shifted to 770 cm- ’ 
(Compd I) and 745 cm- ’ (Compd II), respectively, 
and in coordination compound (I), the vibrating 
peaks of hydrogen bonds appeared at 1030 cm- ’ 
and 1280 cm-‘; but in compound (II), a charac- 
teristic peak appeared at 2940 cm-‘, this might be 
ascribed to the absorption peak of the hydroxy 
group (O-H) formed by the bonding of A& 
and H+. Apparently, that is why the stretching fre- 
quency of As=0 in compound (I) was lower than 
that in compound (II) due to the O-H covalent 
bond formed in coordination compound (II). 

When dissolving coordination compounds in 
CDC13 and TMS as internal references, we dis- 
covered the hydrogen proton resonance peak in 
compound (II) was at 6.12 ppm, but the relative 
resonance peak of compound (I) was at 7.40 ppm, 
this indicated the electron density of the hydrogen 
proton in compound (II) was higher than that of 
compound (I). Apparently, this was because of the 
formation of an O-H covalent bond between 
As=0 bond and Hf in compound (II). However, 
only a hydrogen bond was formed between H+ and 
two TPAsO molecules, so the proton resonance 
peak shifted to lower field in compound (II). This 
result was consistent with the conclusion obtained 
from IR spectra. 

The lop4 M solutions of compounds were made 

Table 2. UV spectra of coordination compounds 
L,,, (nm), E (cm- ’ mol- ’ 1) 

Solvents 
CH,Cl, C,H,OH H,O 

Compds EX 10-3 

:) 

3.05(324)” 4.62(322) 
4.08(323) 2.75(321) 

HAuCl 4 5.60(313) 

“Figures in parentheses were maximum absorption 
peaks. 

using dichloromethane and ethanol as solvents and 
UV absorption spectra of them were recorded 
(results shown in Table 2). The absorption curves 
of the two coordination compounds were almost 
the same as that of tetrachloroaurate in water, sug- 
gesting the AuCl; anionic complex existed in 

them. 4 
The solid coordination compounds dissolved in 

many polar organic solvents, e.g. ethanol, tri- 
chloromethane, dichloromethane and 1 ,Zdich- 
loroethane etc. but did not dissolve in non-polar 
solvents such as benzene and toluene. The molar 
conductance values of the two compounds in etha- 
nol and dichloromethane are presented in Table 3. 

Table 3. The molar conductance of coordination com- 
pounds, A, (W ’ cm* M I), 25°C 

Solvents 
Compds. C,H,OH CH,Cl, 

(I) 34.0 50 

(II) 39.5 40 
KNO, 37.0 (1 

’ KNO 3 can not dissolve in CH $1,. 
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Table 4. TG/DTA analyses of coordination compounds 

Compds 

(I) 

(II) 

Percentage of loss of weight 
First loss Second loss Total loss 
of weight of weight of weight 

72.40 6.47 78.87 
(73.50) (6.45) (79.93) 
61.30 9.15 70.45 

(60.66) (9.59) (70.25) 

At 400°C the second loss of weight started and 
ended at ca. 5OO”C, from then no loss of weight 
occurred. The final products of thermal decompo- 
sition were a yellow powder of gold. By the above 
experiments, it was suggested that procedures of 
thermal decompositions of the two compounds 
could be written as follows : 

[H(TPAsO)n]AuCl,T 

a Figures in parentheses are calculated ones. 

From Table 3, it can be seen that the two com- 
pounds are 1 : 1 electrolytes. 

It must be noted that when the above solutions 
of compound (II) were left for several days, it was 
discovered that the molar conductance of it appar- 
ently increased. If the solvents were evaporated and 
the product was recrystallized by ethanol and pet- 
roleum ether, a pale yellow crystal was obtained. 
Elemental analyses of it showed the product was 
coordination compound (I). It appears that com- 
pound (II) could transform gradually in polar 
organic solvents as follows : 

2[H(TPAsO)][AuCl,] inethanolor ) 
dichloromethane 

where n = 1 or 2. 
By the above procedures of thermal decompo- 

sitions of coordination compounds, theoretical per- 
centage loss of weight for each stage coincided very 
well with the values measured by experiments 
(shown in Table 4). 

From the results of the above experiments, the 
structures of the two compounds may be suggested 
as follows : 

Compd I 

[TPAsO . . . H + . . . OAsPT]AuCl, . 

Compd II 

[TPAsO +-H]AuCl; . 

[H(TPAsO)d[AuCl,] + HAuCl,. Acknowledgements-The project was supported by the 

Thermogravimetric and differential thermal National Natural Science Foundation of China. 

analyses showed coordination compounds had 
endothermic peaks at 175°C (Compd I) and 152°C 
(Compd II), respectively, but no loss of weight 
occurred in the thermogravimetric curves. It was 
believed that the positions of endothermic peaks 

:* 
3: 

were relative to their melting points. The 
TG/DTA curves of them were almost the same, the 4. 

first loss of weight was finished between 20&3OO”C. 
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Abstract-The compounds [MI,(CO),(NCMe)2] (M = MO or W) react with one equivalent 
of thiourea (tu) in MeOH or N,N,N’,N’-tetramethylthiourea (tmtu) in CH2C12 at room 
temperature to initially afford the monoacetonitrile compounds [MI,(CO),(NCMe)L] 
(L = tu or tmtu) which rapidly transform to the isolated iodide bridged dimers, [M(p- 
I)I(CO),L], with loss of acetonitrile. Reaction of [WI,(CO)3(NCMe)2] with two equivalents 
of tu or tmtu gave the expected mononuclear seven-coordinate compounds [wI,(CO),L,]. 
However, reaction of [Mo12(CO)3(NCMe)2] with two equivalents of tu or tmtu rapidly 
affords the iodide-bridged dimers [Mo(~-I)I(CO)~L;I~ with loss of carbon monoxide from 
~oI,(CO),LJ The low temperature (-70°C) 13C NMR spectrum of [MO@-I)I(CO), 
{SC(NMe,),},], suggests the complex is based on two capped octahedra with a carbonyl 
ligand capping each octahedral face. 

Although there are a wide variety of examples of 
complexes of molybdenum(I1) and tungsten(I1) 
containing anionic sulphur ligands such as dithio- 
carbamates and xanthates : in particular the com- 
pounds [M(CO),(S,CNR,),] (M = MO or W; n = 2 
or 3 ; R = Me, Et and ‘Pr)’ hitherto very few seven- 
coordinate halocarbonyl complexes containing 
neutral sulphur donor ligands have been reported. 
Wilkinson and Mannerskantz2 reported the reac- 
tion of the zerovalent complexes [M(CO),(dth)] 
(M = MO or W; dth = 2,5-dithiahexane) with X2 
(X = Br or I) under controlled conditions to give 
the seven-coordinate complexes [MX,(CO),(dth)]. 
Also Tsang, Meek and Wojcicki 3 reported the prep- 
aration of some seven-coordinate complexes with 
neutral sulphur donor ligands attached to molyb- 
denum(I1) and tungsten(I1) such as diphenyl(o- 
methylthiophenyl)phosphine and phenylbis(o- 
methylthiophenyl)phosphine. 

Although the zerovalent six-coordinate com- 
plexes [Mo(CO)~{SC(NH~)~}J,~ W(W3 

@im)(WNH2)2~1s and very recently [Cr(CO), 

*Author to whom correspondence should be addressed. 

{SC(NR,),}] (R = H, Me, p-to1 or ‘Bu)~ have been 
previously reported, hitherto there are no examples 
of seven-coordinate complexes of molybdenum(I1) 
or tungsten(I1) containing thiourea as an attached 
ligand. In this paper we describe the preparation 
and properties of some new mononuclear and dinu- 
clear seven-coordinate complexes of molyb- 
denum(I1) and tungsten(I1) containing SC(NHJ2 
or SC(NMe2)2 as attached ligands. 

EXPERIMENTAL 

The synthesis and purification of the complexes 
described were carried out under an atmosphere of 
dry nitrogen. The compounds [M12(CO)3(NCMe)2] 
(M = MO or W) were prepared by the published 
method,7 and [M(CO),], acetonitrile, 12, SC(NH2)2 
and SC(NMe2)2 were purchased from commercial 
sources. 

The low temperature (- 70°C) ’ 3C NMR spec- 
trum of (7) was recorded on a Bruker WH-400 MHz 
NMR spectrometer at the University of Warwick 
(the spectrum was calibrated against tetra- 
methylsilane). Infrared spectra were recorded on a 
Perkin-Elmer 197 infrared spectrophotometer. 
Elemental analyses for carbon, hydrogen and nitro- 
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gen were carried out by Mr E. Lewis of the Depart- 
ment of Chemistry, UCNW, on a Carlo Erba 
Elemental Analyser MOD 1106 (using helium car- 
rier gas). Molecular weight determinations were 
carried out using Rast’s method’ using camphor as 
the solvent. Magnetic susceptibilities were deter- 
mined using a Johnson-Mathey magnetic sus- 
ceptibility balance. 

(3) [Mo(p-I)I(CO) 3(SWMeJd 2 

To [Mo12(CO),(NCMe)2] (0.195 g, 0.378 mmol) 
dissolved in CH2C12 (15 cm’) with continuous stir- 
ring under a stream of dry nitrogen was added 
SC(NMe& (0.05 g, 0.378 mmol). After stirring the 
solution for two minutes, filtration and removal 
of the solvent in zxzcu~ gave brown crystals of 
[Mo($)I(CO),{SC(NMe,),)l, (yield = 0.17 g, 
80%), which were recrystallized from CH2C12. 
Molecular weight for C16H24N414M0206S2: Calc. 
1132; found 1062. 

Similar reactions of [MI,(CO),(NCMe)d with 
L = SC(NH2)2 in CH30H and SC(NMe& in 
CHzC1, gave the new compounds [M(p-I)I(CO) 3L] 2 
(l), (2) and (4). Molecular weight for (4): 
C16H24N414W206S2: Calc. 1308; found 1172. 

(6) Wb(‘W,{~C(NW,)d 

To wI,(CO)3(NCMe)2] (0.23 g, 0.381 mmol) dis- 
solved in MeOH (15 cm3) with continuous stirring 
under a stream of dry nitrogen was added 
SC(NH2)2 (0.058 g, 0.762 mmol). After stirring the 
solution for 4 min, filtration and removal of the 
solvent in vacua gave green crystals of [wI,(CO), 
(SC(NH2)2}2] yield = 0.16 g, 62%), which were 
recrystallized from MeOH. 

In a similar reaction, wI,(CO),(NCMe),] 
with SC(NMe,), in CH2C12 gave the new com- 
pound [WI,(C0)3(SC(NMe,)2}21 (8). 

(7) [Mo(p-I)I(CO),(SC(NMe&}& 

To [MoI,(CO),(NCMe),] (0.195 g, 0.378 mmol) 
dissolved in CH,Cl, (15 cm3) with continuous stir- 
ring under a stream of dry nitrogen was added 
SC(NMe2)2 (0.1 g, 0.756 mmol). After stirring the 
solution for 6 min, filtration and removal of the 
solvent in uucuo gave brown crystals of [Mob- 
I)I(C0)2{SC(NMe2)2}2]2 (yield = 0.18 g, 71%), 
which were recrystallized from CH2C12. Molecular 
weight for C24H48N814M0204S4 : Cak. 1340, 
found 1154. 

In a similar reaction, [Mo12(CO)3(NCMe)2] 
with SC(NH2)2 in MeOH gave the new compound 

[Mo(~-I>I(CO),(SC(NH,),),1, (5). 

RESULTS AND DISCUSSION 

The addition of one equivalent of SC(NH,),(tu) 
or SC(NMe,),(tmtu) to [MI,(CO),(NCMe)2] 
(M = MO or W) at room temperature after rapid 
filtration and removal of the solvent in mcuo gave 
good yields of the iodide-bridged compounds [M(p- 
I)I(CO),L], (L = tu or tmtu). Reaction of two equi- 
valents of tu or tmtu with wI,(CO)3(NCMe)2] 
afforded good yields of the mononuclear seven- 
coordinate compounds pI,(CO),L,]. Whereas 
reaction of [Mo12(CO)3(NCMe)2] with two equi- 
valents of tu or tmtu after rapid filtration and 
removal of solvent in mcuo gave good yields of the 
iodide-bridged dimers [MO@-I)I(CO),L,] 2 with loss 
of carbon monoxide. All the complexes (l)-(S) are 
very air-sensitive in solution and rapidly decompose 
in the solid state in air. The compounds are also 
thermally unstable (particularly the iodide-bridged 
dimers), although they can be stored for several 
hours in the solid state under nitrogen at 0°C. The 
thiourea complexes are much less soluble than their 
tetramethylthiourea counterparts. The complexes 
are not very soluble in chlorinated solvents such as 
CHC13 or CH2C12 but are much more soluble in 
MeOH. All the complexes have been characterized 
by elemental analysis (C, H and N) (Table l), IR 
spectroscopy (Table 2) and for the tetra- 
methylthiourea complexes molecular weight studies 
using Rast’s method8 indicated that the complexes 
(3), (4) and (7) were dimeric (see Experimental). The 
magnetic susceptibilities of compounds (l)(8) were 
determined and the results showed all the complexes 
to be diamagnetic. 

Reaction of the complexes [M12(CO)3(NCMe)2] 
(M = MO or W)’ with one equivalent of L (L = 
tu or tmtu) must initially afford the monoacetoni- 
trile complexes [MI,(CO),(NCMe)L] via displace- 
ment of acetonitrile probably by a dissociative 
mechanism since seven-coordinate complexes are 
highly crowded. This type of complex 
[MI,(CO),(NCMe)L] has been isolated from the 
reaction of [MI,(CO),(NCMe)2] with one equi- 
valent of L (L = PPh3, AsPh, or SbPh3)9 which are 
good n-acceptor ligands and hence stabilize these 
seven-coordinate monomers by lowering the elec- 
tron density on the metal and hence increasing the 
strength of the M-N bond. Whereas tu and tmtu 
are better o-donors and poorer a-acceptors than 
PPh3, AsPh, or SbPh3 and hence the electron den- 
sity at the metal is greater which weakens the M-N 
bond. Acetonitrile is mainly a o-donor ligand and 
rapid loss of acetonitrile occurs via attack of the 
iodide lone pair to give the iodide bridged complexes 

[M(cL-I)I(CO) &I 2. 

Reaction of p12(CO)3(NCMe)2] with two equi- 
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Table 1. Physical and analytical data” for the complexes 
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Complex 
Analysis (%) 

. Colour Yield (%) C H N 

(1) [MoWMW ,WcNH 3 ,>I z 

(2) [w~-I)I(co),~sc(NH*)*~1* 
(3) [MoOl-I)I(CO),(sCCNMe3,)1, 
(4) [Wgl-I)I(CO)3(sC(NMe,),)l, 
(5) [MoW)WO) @C(NHJ z> 212 
(6) [WI&%WWW,hl 
(7) WWMCO) &WNMe2) 4 21 z 

(8) lW2WhW(NMe2)21~ 

Black 
Green 
Brown 
Green 
Black 
Green 
Brown 
Brown 

68 7.5(9.4) l.l(O.8) 5.3(5.5) 
77 8.1(8.0) l.O(O.7) 5.0(4.7) 
80 16.9(17.0) 2.3(2.1) 5.3(5.0) 
66 15.4(14.7) 1.9(1.9) 4.0(4.3) 
86 8.9(8.6) 1.8(1.5) 10.0(10.0) 
62 8.8(8.9) lA(1.2) 8.4(8.3) 
71 21.3(21.5) 3.7(3.6) 8.3(8.4) 
77 19.8(19.9) 3.3(3.1) 7.3(7.1) 

a Calculated values in parentheses. 

valents of tu or tmtu gives the expected mono- 
nuclear compounds [wI,(CO),LJ with facile dis- 
placement of two acetonitrile ligands. The 
molybdenumcomplex [MoI,(CO),(NCM~)~] reacts 
with two equivalents of L and initially gives 
[MoI,(CO) 3L2] which rapidly dimerizes with loss of 
carbon monoxide to give the iodide-bridged dimers 
[Mob-I)I(CO),L,],. This tendency for mol- 
ybdenum complexes of the type [MoX~(CO)~L~] 
(L = phosphorus donor ligands) to dimerize with 
loss of carbon monoxide more readily than their 
tungsten analogues has been previously observed. ‘O 
Molecular weight and magnetic susceptibility 
measurements on (7) confirm the dimeric nature of 
this complex (see Experimental). 

Most of the previously reported X-ray crystal 
structures of d4-seven-coordinate complexes have 
capped octahedral geometry. ’ ’ It is very likely that 
the [wI,(CO),Ld complexes will have a similar 
geometry since their infrared carbonyl pattern 
closely resembles the seven-coordinate complexes 
which have been shown to have capped octahedral 
geometry from X-ray crystallography. ” Colton 
and Kevecordes l2 have shown how low tem- 
perature (- 70°C) ’ 3C NMR spectroscopy can be 

used to find out if there is a carbonyl ligand in the 
capping position in capped octahedral compounds. 
Unfortunately the low temperature (-70°C) 13C 
NMR spectra of [wI,(CO),LJ did not reveal any 
carbonyl resonances due to instability and low solu- 
bility in CD30D at low temperature. However, the 
low temperature (-70°C) 13C NMR spectrum 
of [Mo&-I)I(CO),{SC(NMe2)2}2]2 (recorded in 
CD ,OD) shows carbonyl resonances at 
6 = 207.7(s) and 239.6(s) ppm. The low field res- 
onance at 6 = 239.6 ppm is highly likely to be due 
to a carbonyl ligand in the unique capping position. 
Hence the structure of (7) probably has the two 
molybdenum atoms in capped octahedral environ- 
ments with a carbonyl ligand capping a woI,(CO) 
{SC(NMe,),}J octahedron. It is interesting to note 
that Cotton and co-workers’3 recently reported the 
X-ray crystal structure of lJV(p-Br)Br(CO),] 2 which 
shows the two tungsten atoms to be in capped octa- 
hedral environments with a carbonyl ligand capping 
a wBr,(CO),] octahedron, i.e. similar to our 
suggested structure of (7). We have tried without 
success to grow crystals of (l)-(8) for X-ray 
crystallography. 

The complexes [MX,(CO),Ld (M = MO or W; 

Table 2. IR data” for the complexes 

Complex v(CO)/cnl - ’ 

(1) 
(2) 
(3) 
(4) 
(5) 

:? 
(8) 

2065(m), 2010(s) and 1935(s) 
2070(m), 2010(s), 1932(s) and 1880(m) 
2075(s), 2025(s) and 1944(m) 
2070(s), 2010(s), 1934(s) And 1878(m) 
2030(s), 1929(s) and 1869(s) 
2015(m), 1921(s) and 1870(s) 
2065(s), 2015(s) and 1939(s) 
2060(s), 2000(s) and 1920(s) 

v(CS)/cm- ’ 

1650(s) 
1630(s) 
1575(s) 
1578(s) 
1630(s) 

16ws) 
1570(s) 
1570(s) 

a Spectra recorded in CHCll. (m), medium ; (s), strong. 



P. K. BAKER and S. G. FRASER 

X = Cl or Br ; L = PPh3 or AsPh,) have recently 
been found to be catalysts for the ring-opening poly- 
merization of norbomene and norbomadiene, I4 
and in view of this work we are currently inves- 
tigating the catalytic activity of the [wI,(CO),L,] 
compounds. 
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Abstract-The tetrathiomolybdate ion [MoS,]‘- reacts in DMF solution with Roussin 
esters Fe,(SR),(NO), (R = Me, Et, n-Pr, i-Pr, 12-Bu, t-Bu, n-C5H1 ,) to yield the paramagnetic 
iron nitrosyls [Fe(NO),(SR)2]- (l), [Fe(NO)2(S2MoS2)]- (2) and [Fe(NO)(S2MoS2)212- (3). 
The new complexes (2) and (3) have been characterized by EPR spectroscopy and the 
assignment to them of constitutions based respectively upon tetrahedral and square pyr- 
amidal iron is supported by EHMO calculations. Fe2(SPh)2(N0)4 with [Mo!&]~- yields 
only [Fe(N0)2(SPh)2]-, and preformed (3) reacts with PhS- to give firstly EPR-silent 
species, and then [Fe(N0)2(SPh)d-. The mononitrosyl(3) can also be formed by reaction 
of [Mo!&]~- with [Fe4S3(NO)7]-, Fe,S,(NO),, or Fe212(N0)4. 

We have recently shown’ that the diamagnetic 
Roussin esters Fe,(SR),(NO), (R = Me, Et, i-Pr, t- 
Bu, PhCH2) are readily converted, by means of 
RS- to the paramagnetic mononuclear complexes 
[Fe(NO),(SR),]- : the formal oxidation state of 
iron remains as Fe( - I). The characterization’ of 
[Fe(N0)2(SR)2]- by EPR spectroscopy has allowed 
definitive identification of a family of iron-nitrosyl 
complexes widely’ observed in animal tissues fol- 
lowing administration of certain chemical car- 
cinogens. The primary products of similar reactions 
of RS- with the tetra-nuclear nitrosyl cluster 
[Fe4S3(NO)7]-, in which all the nitrosyl ligands are 
present3 as NO+ and in which the basal Fe(N0)2 
groups formally contain Fe( -1) and the api- 
cal Fe(N0) group contains Fe(I),4 are’ 
[Fe(NO)2(SR)2]- (from the basal irons) and 
[Fe(NO)(SR)3]- (from the apical iron). Again the 
initial reaction with RS- proceeds without change 
of oxidation state at iron. 

However in the presence of the non-chelating 
RS- ligands [Fe(N0)12+ groups are’ fairly rapidly 
converted to [Fe(N0)2]f, while in the presence of 
chelating ligands such as [Me,NCS2]- the reverse 
transformation of [Fe(NO)d+ fragments into 

* Author to whom correspondence should be addressed. 

DWJO)12 + readily occurs : thus [Me2NCSd- 
reacts ’ with both Fe2(SMe)2(N0)4 and 
[Fe,S,(NO),]- to yield the well-known para- 
magnetic complex Fe(NO)(S2CNMe2),, and in this 
case no paramagnetic dinitrosyl intermediate could 
be detected. The interconversion of [Fe(NO),]+ and 
[Fe(NO)]‘+ fragments in mono-nuclear iron-sul- 
phur nitrosyl complexes appears’ to be common 
and dependent primarily on the nature of the sul- 
phur ligands present. 

In the present paper we present the results of an 
EPR study of the reactions of the chelating ligand 
tetrathiomolybdate [MoS412- with a range of Rous- 
sin esters Fe2(SR)2(N0)4, with the tetra-nuclear 
species [Fe4S3(NO)7]_ and Fe,S,(NO),, and with 

Fe,I,(NO)+ 

RESULTS 

Reactions of Fe,(SR),(NO),, R = alkyl 

The reactions of Fe,(SR),(NO), for R = Me, Et, 
n-Pr, i-Pr, n-Bu, t-Bu and n-C5H1 1 with tetra- 
thiomolybdate all follow a common pattern. 

Addition of [MoS,]‘- to Fe,(SR),(NO),, for 
R = allcyl as above, in DMF solution such that the 
overall molar ratio MO : Fe was 1: 1 yielded in every 
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case an EPR spectrum showing the presence of 
three paramagnetic iron-nitrosyl complexes, (I)- 
(3): complexes (1) and (2) were dinitrosyl species 
and (3) was a monitrosyl. 

The EPR parameters for (1) permitted its identi- 
fication in each case as a member of the known’ 
series [Fe(NO),(SR),]-. The dinitrosyl complex (2) 
was characterized by g = 2.027 and _4(14N) = 2.0 
G, while the mononitrosyl(3) was characterized by 
g = 2.024 and A(14N) = 15.0 G. When the molar 
ratio MO : Fe was increased from 1: 1 to 5 : 1, the 
spectra of complexes (1) and (2) disappeared while 
the spectrum of (3) was enhanced. 

The EPR parameters, g and A( ’ 4N), for (2) were 
independent of the identity of R in the initial ester 
Fe,(SR)z(N0)4 and hence (2) contains no RS 
group : on the other hand these parameters are very 
similar to those observed’ for [Fe(NO),(SR),]- and 
suggest that (2) also contains a tetrahedral 
S,Fe(NO), fragment. We therefore assign the con- 
stitution [Fe(NO),(S2MoSJ- to complex (2) : 

(2) 

L 2 

This assignment is supported by molecular orbital 
calculations, discussed below. 

The formation of complexes (1) and (2) is there- 
fore entirely straightforward, eqs (1) and (2) : 

Fe2(SR)z(N0)4+2[MoS4]2- 

+ 2RS-+2[Fe(NO),(S,MoSJ- (1) 

(I) 

Fe,(SR),(NO),+2RS- + [Fe(NO),(SR)J 

(2) (2) 

Nucleophilic displacement of RS from 
Fe,(SR),(NO), by [MoS,]*- yields the complex (2), 
while the known’ reaction of Fe2(SR)2(N0)4 with 
excess RS- yields (1). 

In the presence of a large excess of the chelating 
ligand [MoS,]‘- both (1) and (2) are converted to 
(3). The EPR parameters of (3) are again inde- 
pendent of the identity of R in the initial 
Fe2(SR)2(N0)4 and closely resemble those of 
Fe(NO)(S2CNMeJ2: in particular both (3) and 
Fe(NO)(S,CNMe,), have large A(14N) values, 
15.0 and 13.6 G respectively in DMF solution. 
Molecular orbital calculations (discussed below) 
suggest that these large A( 14N) values are charac- 
teristic of square pyramidal Fe(NO)S, species, 
having a CZv (approximate C,,) symmetry. 
Hence we assign to complex (3) the constitution 

[Fe(NO)(S,MoS&j- : the analogous square 
pyramidal thiotungstate complexes [Fe 
(NO)(S,WS&]‘- and [Co(NO)(S,WS,)~‘- have 
recently been described. ’ 

S\Mo,,..~s.....~~....~s.....Mo,S (3) 

s/ \s( \,/ 1s 
l- -l 

The formation of (3) from (1) and (2) is entirely 
analogous to the formation of Fe(NO)(S &NMe,) Z 
from Fe2(SR)2(NO)4 or [Fe4S3(NO),]- : 
[Fe(NO)d+ fragments are converted into 
[Fe(NO)]‘+. The main difference between [MoS,]‘- 
and [Me,NCSd- in this content is that no dir&rosy1 
species analogous to (2) were detected’ in reactions 
involving [Me2NCSJ. 

The relative abundances of complexes (2) and 
(3) were temperature dependent ; when the MO : Fe 
ratio was 1: 1 and in the temperature range 220- 
300 K, the relative abundance of (3) rose steadily. 
However at 280 K, complex (3) although initially 
more abundant than (2), had a shorter life-time: 
when the EPR spectrum of such a mixture was 
monitored continuously at 280 K, the spectrum of 
(3) disappeared within ca. 30 min, while that of (2) 
disappeared only after ca. 2 h. When species (2) and 
(3) had both disappeared, presumably as a result of 
irreversible conversion to EPR-silent species, there 
remained only the weak EPR spectra of two 
mononitrosyl complexes (4), having g = 2.042, 
A(14N) = 3.3 G, and (5) having g = 2.041, 
A(14N) = 3.4 G. Of these (5) is the more robust 
and was the sole paramagnetic species detectable in 
mixtures of Fe,(SR),(NO), and [MoS,]*- after 3 h 
at 280 K. 

The relative abundance of the dinitrosyl com- 
plexes of (1) and (2) was somewhat dependent upon 
the identity of R, when the MO : Fe ratio was 1: 1. 
For R = i-Pr, the dominant dinitrosyl was (2) while 
for R = t-Bu the dominant dinitrosyl was (1): for 
other alkyl groups (1) and (2) were present in rather 
similar abundance, although accurate measurement 
of the molar ratio was not possible because of spec- 
tral overlaps. 

Reactions of Fe,(SR),(NO),, R = aryl 

When [MoS,]‘- was added to a DMF solution 
of Fe2(SPh),(NO),, to give a molar ratio MO: Fe 
of 1: 1, the weak spectrum of the solvo-complex’ 
was rapidly replaced by the spectrum of a dinitrosyl 
complex, together with a trace only of complex (3). 
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The dinitrosyl had g = 2.027, A(14N) = 2.5 G and 
was identical with an authentic sample of [Fe(NO)2 
(SPh)d-, prepared in the usual way’ from Fez 
(SPh) ,(NO)4 and PhS . The assignment was checked 
using the reactions of Fe,(SPhZ)(“NO), with PhS 
and [MoSJ’-, both separately and together. The 
spectrum was independent of temperature in the 
range 22&320 K. Increase of the ratio MO : Fe first 
to 5 : 1 and then to 10 : 1 caused no increase in the 
abundance of (3) but weak features due to com- 
plexes (4) and (5) appeared. The behaviour of Fe, 
(SC &I 4CH 3-p) #‘IO) 4 with [MoS 4]2- was identical : 
the major product was [Fe(NO)2(SCgH4CH3-p)2]-, 
g = 2.027, ,4(14N) = 2.5 G, with only a trace of 
complex (3). No (2) was detected in either reaction. 

K, [Fe(NO)(SH),]- was the most abundant and 
[Fe(NO),(SH)$ the least. At 300 K and above 
[Fe(NO),(SH)J was scarcely detectable, although 
it reverted to high abundance when the temperature 
was lowered to 220 K. Thus the net effect of increas- 
ing temperature appears to be to shift the equi- 
librium of eq. (3) to the right : 

The very low abundances of complexes (2) and (3) 
in the reactions of Fe,@-aryl)(NO), with [MoS412- 
may possibly be the result of their reaction with 
ArS to form EPR-silent products. This idea was 
tested as follows: a solution was prepared, from 
Fe2(SBu’)2(N0)4 and [MoS~]~--, containing 
[Fe(NO),(SBu’),]- and [Fe(NO)(S2MoS2)2]2- in 
roughly equal abundance, and this solution was 
then titrated in the EPR spectrometer against a 
DMF solution of PhS. Initial aliquots of PhS 
caused the disappearance firstly of [Fe(NO), 
(SBu’)d- and then of [Fe(NO)(S2MoS2),32-, 
followed upon further addition of PhS, by the 
appearance of [Fe(N0)2(SPh)2]-. The two com- 
plexes initially present apparently reacted with 
PhS to yield EPR silent species, while further 
addition of PhS yielded the EPR active complex 

[Fe(NO) ,(SPh) 21-. 

[WV 2W-U 21 - e ~WNWW 31- (3) 

so providing another example of the very ready 
interconversion of [Fe(NO)J+ and [Fe(NO)]‘+ 
fragments. It should be emphasized that with 
the MO : Fe molar ratio at 1 : 1, the temperature 
variation of the EPR spectrum of the 
[Fe,S,(NO),]-/[MoS412- system was entirely 
reversible. 

Whereas when R = alkyl, [MoS,]‘- competes 
effectively with RS for Fe coordination sites, when 
R = aryl, RS is the more effective ligand. Hence 
when R = alkyl, complexes (2) and (3) are generally 
dominant, but when R = aryl, complex (1) is domi- 
nant. 

However when the MO : Fe ratio was increased 
to 5 : 1 the effects observed on change of tem- 
perature are non-reversible. At 220 K, the EPR 
spectrum showed the same three species 
[Fe(NO)(S2MoS2)J2- (3), [Fe(N0)2(SH)& and 
[Fe(NO)(SH),]- as before, together with very weak 
indications of species (4) and (5). The spectral vari- 
ation upon raising the temperature was such that 
at 320 K only (3), (4) and (5) were detectable. On 
reducing the temperature to 320 K only (3) was 
detectable and throughout a further temperature 
cycle 220 + 260 + 220 K, (3) was the sole complex 
detectable by EPR spectroscopy. Thus, as with 
Fe,(SR),(NO), as starting iron complex, so with 
[Fe4S3(NO),]-, when high MO: Fe ratios were 
employed the equilibria in solution shift so that 
[Fe(NO)(S2MoS2)d2- is the dominant para- 
magnetic species present. As usual, ’ 
[Fe(NO)2(SH)2]- is formed by attack of HS- (from 
hydrolysis of [MoS412-) at the basal iron atoms in 
[Fe4S3(NO),]- and [Fe(NO)(SH),]- by attack at 
the apical iron: in both cases substitution occurs 
without change of the oxidation state at iron. 

Reactions of[Fe,S,(NO),]- Reactions ofFe,S,(NO), 

Addition of [MoS412- to a DMF solution of 
Na[Fe,S,(NO),]H,O to give a 1: 1 MO : Fe ratio, 
yielded a very complex spectrum containing 
[Fe(NO)(S2MoS2)2]2- and the known”6 complexes 

[Fe(NO) 2(SW21- and [Fe(NO)(SH)& : 
[Fe(NO)(SH),]- has6 g = 2.020 and A(14N) = 5.0 
G. The relative abundances of these three com- 
plexes were temperature dependent, varying widely 
as the temperature was raised from 220 to 320 K, 
but the changes were fully reversible when the tem- 
perature was lowered again to 220 K. At 220 K 
[Fe(NO),(SH),]- was most abundant and 
[Fe(NO)(SH),]- least: at 240 K, all three species 
were of similar abundance, but from 260 to 320 

In contrast to the reactions of Fe,(SR),(NO), 
or [Fe4S,(NO)7]- with [MoS412-, the reaction of 
Fe,S,(NO), with [MoS412- yielded EPR spectra 
which were essentially independent of the MO : Fe 
ratio between 1 : 1 and 5 : 1. 

Immediately after addition of [MoS412- to a 
DMF solution of Fe,S,(NO),, a complex EPR 
spectrum appeared. Three species were present : (3), 
[Fe(NO) 2(SH)d - and a new mononitrosyl complex 
(6) characterized by g = 2.023, A(14N) = 13.5 G, 
characteristic of a complex having a SOMO cr 
orbital along the Fe-N-G vector (see Discussion 
section, below). At 220 K the relative abundances 
were: [Fe(NO)2(SH)2]- > (3) II: (6): as the tem- 
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perature was raised the relative abundance of 
[Fe(No),(SH)2]- diminished the fastest so that 
at 280K the relative abundances were 
(3) > (6) > [Fe(NO),(SH)J, and at 300 K only (3) 
was detectable, accompanied by traces of (4) and 
(5). When the temperature was then cycled, thus: 
300 + 230 + 300 + 230 K, complex (6) was the 
only species detectable. After heating to 350 K how- 
ever and retooling to 220 K, only [Fe(NO) 2(SH) *] 2- 
remained, all other complexes presumably having 
undergone irreversible thermal decomposition 
above 300 K. 

spectrum showing primarily (3), but with (2) 
and [Fe(NO),(SH)J- in lesser abundance. As the 
temperature was raised to 280 K, the relative 
abundance of (3) increased, although at 300 K the 
whole spectrum was very weak. On cooling from 
300 to 220 K, only [Fe(N0)2(SH)2]- remained. 
As in the solution derived from Fe,S,(NO),, 
[Fe(NO)2(SH)2]- is the complex most robust at 
300 K. 

The EPR parameters of new complexes are col- 
lected in Table 1 and the reaction products are 
summarized in Table 2. 

Reaction ofFe212(N0)4 DISCUSSION 

Finally, we have studied the reaction of [MoS,12- 
with Fe,I,(NO),, which, as we have shown’ pre- 
viously, reacts readily with sulphur-donor ligands 
via the intermediacy of mono-nuclear paramagnetic 
complexes. 

A solution of Fe,I,(NO), in DMF gives’ a strong 
EPR spectrum showing the presence of [Fe(NO)J+, 
Fe(NO),I and [Fe(NO)21,3-, the first two of which 
are presumably solvated by DMF to give four-coor- 
dination. Upon addition of [MoS.,]‘- such that the 
molar ratio of MO : Fe was 1 : 1, the original EPR 
spectrum was immediately replaced, at 220 K, by a 

The di-nuclear complex (2), [Fe(NO), 
(S2MoS2)]-, is similar in stoichiometry to, but 
differs in redox level from, the diamagnetic di- 
anion [Fe(NO)2(S2MoS2)]2- isolated’ from the 
reaction [Fe(S2MoS2)2]2- with NO gas, and char- 
acterized’ by X-ray crystallography. 

Table 1. EPR parameters of new complexes 

The &i-nuclear complex (3) [Fe(NO) 
(S2MoS2)d2-, represents a further example of a 
trimetallic system containing “lineaYg MoS2Fe 
units. Complexes of this previously reported include 
the Mo-Fe-Fe type,” as in [(S2MoS2)FeS2 
Fe(SAr),13- and the Fe-MO-Fe type,’ ’ as in 
[C12FeS2MoS2FeC1J2- : the present complex (3) 
contains a MO-Fe-MO system, [(S2MoS,)Fe 
(NO)(S,MOS,)]~-, analogous to the W-Fe-W 
system’ [Fe(NO)(S2WS2)2]2-. 

Complex 
A( 14N) 

9 G-’ 

FeO‘rWSzMoS2)1- (2) 2.027 2.0 

[Fe(NO)(S2MoS2)J2- (3) 2.024 15.0 

iFeW ,(SPh) 21- 2.027 2.5 

[Fe(N%(SC6H4CH,-p)X 2.027 2.5 

(4) 2.042 3.3 

(5) 2.041 3.4 

[FeW9CW41Z- (6) 2.023 13.5 

[Fe(NO)(SH) T 2.020 5.0 

The large difference in A( ’ 4N) values between (3) 
and Fe(NO)(S2CNMe2)2 on the one hand (A N 13- 
15 G), and (2) and [Fe(NO),(SR)J- on the other 
(A N 2-4 G)’ can be traced to the different forms 
of the SOMO in these complexes, as determined 
using EHMO calculations. In each of Fe(N0) 
(S2CNMeJ2 and [Fe(NO)(S,MoS,)d’-, con- 
taining square pyramidal Fe(NO)S4 groups, the 
SOMO is of 0 type and it lies along the linear 
Fe-NO bond, Fig. 1. In contrast, in 
[Fe(NO),(SR),]-, of Czv symmetry, the SOMO is 

Table 2. Formation of paramagnetic iron nitrosyls from [MoS,]*- and di- or tetra-iron nitrosyls” 

(1) (2) (3) [Fe(NO)(SH) 4 

Fe,(S-alkyl),(NO), + + + - - - 

Fe2(SPh),(N0)4 + - b - - - 

Na[Fe,S ,(NO) ,] * H *O - - + + + - 

Fe4S,(NO), - - + + - +’ 

Fe 9 2(NO) 4 - + + + - - 

“All systems except Fe,I,(NO), yielded also species (4) and (5) (see text). 
b Trace only. 
‘Tentative assignment only. 
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Fig. 1. The SOMO in the square pyramidal com- 
plexes [Fe(NO)(SH),]*-, Fe(NO)(S2CNMez), and 

[Fe(NO)(S,MoS&j-. 

of b2 symmetry and is of approximately rr type with 
respect to the Fe-N bonds, Fig. 2. The poorer 
overlap in the SOMO of [Fe(NO),(SR);J- prevents 
spin density from reaching the nitrogens and this is 
the origin of the much reduced A value. 

This simple connection between the A( 14N) value 
and the form of the SOMO allows a more detailed 
consideration of the assignment of two families of 
paramagnetic mono-nitrosyl iron complexs 
observed in earlier work. ‘A Reaction of i-PrSH with 
FezIz(N0)4 in THF/Et3N yields,6 in addition to 
[Fe(NO),(SP&-, a paramagnetic mono-nitrosyl 
characterized by g = 2.040 and A(14N) = 13.5 G, 
but showing no hyperfme coupling to hydrogen in 
SR groups : similar species were obtained’ from the 
reactions of Fe,S,(NO), with SH- or with t-Bus_. 
The 13.5 G species were tentatively assigned’v6 a 
constitution of type [Fe(NO)(SR),]“- where x > 1. 
From the foregoing discussion it is clear that these 
species, of whatever composition, must have a 
SOMO which is of a cr type along with Fe-N 
direction. 

The second family of mono-nitrosyl complexes 
observed,’ of type [Fe(NO)(SR),]-, were obtained 
along with [Fe(NO),(SR),]- by reaction of RS- 

Fig. 2. The SOMO in complexes of types 
[Fe(NO),(SR)2]- and [Fe(NO),&MoS,)]-. 

with [Fe,S,(NO),]-. If this reaction occurs without 
any change of oxidation state at iron, then 
[Fe(NO),(SR)d- arises from the basal [Fe(NO)J+ 
groups in [Fe4S3(NO)7]- and [Fe(NO)(SR)J- from 
the apical [Fe(NO)]* group. The magnitude of 
,4(14N) in the complexes [Fe(NO)(SR),]-, ranging’ 
between 3.9 and 5.0 G, strongly indicates a con- 
stitution having a SOMO which is of rr type with 
respect to the Fe-N vector (in iron di-nitrosyl com- 
plexes having a n-type SOMO, the observed range 
of A( 14N) is 2.0-6.0 G). 

EHMO calculations on mononitrosyl complexes 
of the following constitutions : tetrahedral 
[Fe(NO)(SR),]-, tetrahedral [Fe(NO)(SR),]3- and 
square-pyramidal [Fe(NO)(SR),]‘- show that 
while in [Fe(NO)(SR),]- the SOMO is of rc type in 
the Fe-N bond, it is of (r type in the other two 
complexes. The calculations thus support the 
assignment’ of the constitution [Fe(NO)(SR),]- to 
the low A(14N) mononitrosyls, but cannot dis- 
tinguish between [Fe(NO)(SR)3]3- (as suggested 
earlier’) and [Fe(NO)(SR),]‘- for the g = 2.040 
complexes. The slow conversion, ’ in the presence 
of excess RS-, of [Fe(NO)(SR),]- to the g = 2.040 
species is perhaps more consistent with a redox 
reaction, yielding [Fe(NO)(SR),13- and RSSR, than 
with a simple ligand addition to yield 
[Fe(NO)(SR),]*-. If the g = 2.040 complexes hav- 
ing A(’ 4N) of 13.5 are on this basis assigned the 
constitution [Fe(NO)(SR)3]3-, then complex (6), 
formed along with (3) and [Fe(NO)2(SH)2]- in the 
reaction of [MoS,]*- with Fe4S4(NO), and having 
g = 2.023 and A(14N) = 13.5 G, may be tentatively 
assigned as square-pyramidal [Fe(NO)(SH),]*-. 

Complexes (4) and (5) which are formed in low 
abundance in almost all the systems described in 
this work, are each on the basis of the foregoing 
discussion a mononitrosyl species having a SOMO 
which is of R type with respect to the Fe-N bond, 
but having a g value rather higher than all other 
complexes listed in Table I : these complexes remain 
at present unidentified, but the possibility that they 
are ologomeric cannot be excluded. Certainly 
neither can be assigned as NO, for which A(’ 4N) is 
10.6 G. ‘* 

CONCLUDING REMARKS 

We have found ready routes to the formation of 
the paramagnetic iron nitrosyls (2) and (3), 
containing Fe@-S),Mo fragments : these may 
prove to be useful synthetic intermediates for the 
construction of diamagnetic oligonuclear mixed 
iron-molybdenum nitrosyls, analogous to 
Fe4S3(NW- or Fe&W%. 
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solved in DMF (30 cm3) and Na[“N02] (0.50 g, 
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ambient temperature, under nitrogen, and the reac- 
tion was monitored by infrared spectroscopy. After 
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Abstract-The anion [Fe4S3(NO),]- undergoes slow exchange with labelled nitrite [“NO,]- 
to yield a product [Fe,S,( 14NO)(’ 5N0)6]- in which complete isotopic exchange has occurred 
at the basal Fe(N0)2 groups, but with no exchange at the apical Fe(N0) group. The neutral 
Fe,S,(NO), reacts rapidly with [15NOd- to give fully exchanged [Fe,S,( 15N0),]-, and it 
is proposed that the conversion proceeds by fragmentation, followed by complete isotopic 
exchange and rapid reassembly. The binuclear anion [Fe2S,(NO)4]2- also yields, with 
[15N0212- in CD2C12 solution, the fully exchanged [Fe4S,(15NO)7]-, and a mechanism 
involving successive fragmentation, exchange and reassembly steps is proposed ; however 
in aqueous solution, a clean exchange reaction occurs to give [Fe2S2( ‘5NO)4]2-. Neutral 
binuclear esters Fe,(SR),(NO), (R = Me, Et, or Ph) with [ 14N02]- yield the mononuclear 
paramagnetic [Fe(14NO)2(‘4N02)~-, and with [‘5N02]-, the analogous 
[Fe(‘5NO)2(‘5N02)2]-. 

We have recently observed, ’ using ’ 3C and ’ 5N 
NMR spectroscopy, that the nitrosyl ligand in the 
nitroprusside anion [Fe(CN) i4N012- undergoes 
rapid and complete isotopic exchange with excess 
of labelled nitrite, [‘5NOd-. Similar rapid and com- 
plete isotopic exchange was observed2g3 by EPR 
spectroscopy both for the neutral iron nitrosyl 
Fe(NO)(S2CNMe2)2 and for the two series of 
anionic complexes [Fe(NO),(SR),]- and 
[Fe(NO)(SR),]-, for R = H, Me, Et, i-Pr, t-Bu, and 
PhCH2, where the facile replacement of the ligand 
14N0 by “NO was of great value in making 
the assignment of the EPR spectra in the 
[Fe(NO),(SR)d- and [Fe(NO)(SR),]- series.2*3 In 
addition, infrared spectroscopy has been used4 to 
monitor the isotopic exchange reactions of cis- and 
trans-Fe(NO)(N02)(S2CNEt2), with both 15N0 
and [“NO21-. If general, such isotopic exchange 
reactions would, by removing the need for de ~OVO 
synthesis of isotopically labelled complexes, greatly 
facilitate the NMR and EPR spectroscopy of metal 
nitrosyl systems. 

We now report the results of a 15N NMR study 
of the nitrosyl exchange reactions between nitrite 

* Author to whom correspondence should be addressed. 

and Roussin salts and esters, and some related metal 
cluster nitrosyls. 

RESULTS AND DISCUSSION 

[Fe,S,(NOj,]- and [Fe,Se,(NO)& 

The ’ 5N NMR spectrum of the isotopically 
labelled Roussin anion [Fe,S 3( ’ 5NO) 7] - in CD 2C12 
solution consists’ of a singlet at 6 = +7.7, due to 
the apical nitrosyl ligand and an AX spectrum hav- 
ing dA + 76.1, ax + 36.0 and J = 4.3 Hz, due to 
the basal Fe(NO)2 groups in which the axial and 
equatorial nitrosyl ligands are different and dis- 
tinguishable : ’ we have never observed any ex- 
change processes involving the nitrosyl groups in 
[Fe4S3(15N0),]-, either within the basal Fe(NO), 
groups or between basal and apical nitrosyl ligands. 
When either Na[Fe4S3(14N0)7] was mixed 
with Na[“NO,] in D20 solution or 
(PNP)[Fe,S,( 14N0)7] [(PNP)+ = (Ph3PNPPh3)+] 
was mixed with (PNP)[“NOd in acetone-d, solu- 
tion such that the overall ratio 14N : “N was 1: 5, 
no exchange was apparent within 4 h of mixing the 
solutions. After 3 days in aqueous solution, or 20 
days in acetone solution, exchange of the basal 
nitrosyl ligands was complete, as judged by the 
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sharp AX spectrum due to basal Fe( ’ ‘NO) 2 groups : 
residual Fe(’ 4NO)(’ ‘NO) groups would provide 
singlets rather than doublets at 6 76 and 36. 
However, despite the complete exchange of the 
basal ligands, no exchange at all was detectable for 
the apical nitrosyl ligand. These observations show 
that the apical Fe(N0) group, containing formally6 
d’ Fe(I), undergoes exchange much more slowly 
than the basal Fe(NO), groups which contain for- 
mally d9 Fe( - I) : attempts to monitor the exchange 
reaction of the apical ligands over longer periods 
of time than 20 days were not conclusive, as the 
[Fe4S,(NO)7]- anion begins to decompose after 
long periods in solution, even under a dinitrogen 
atmosphere. These observations also confirm very 
elegantly the lack of exchange between basal and 
apical nitrosyl ligands. 

For the selenium analogue Na[Fe,Se,(NO),] of 
Roussin’s black salt, we employed sodium salts in 
aqueous solutions, as these conditions had given 
the fastest exchange with [Fe4S,(14N0)7]- : when 
saturated aqueous solutions of Na[Fe4Se3( 14NO)‘] 
and Na[’ 5N0 *] were mixed, no exchange at all was 
detectable after 1 h: the “N spectrum was moni- 
tored at intervals, but it was clear that the rate 
of decomposition of Na[Fe4Se3(NO)‘] comfortably 
exceeded the rate of any exchange, and at no time 
did this mixed solution exhibit the characteristic’ 
’ 'N spectrum of the selenium anion 
[Fe4Se3( 15N0),]-. 

Fe4S4(NO), 

The cubane-like cluster Fe,S,(’ 5N0)4 exhibits’ a 
single sharp resonance in its 15N NMR spectrum, 
at 6 12.8 in CD2C12 solution. When a solution of 
Fe4S4(14NO)4 in CD2C12 was mixed with a 
(PNP)[15N02] solution, the 15N NMR spectrum 
recorded immediately after mixing shows no 
labelled Fe,S,(NO), at all, but rather the three 
chemical shifts characteristic of [Fe,S,( *‘NO),]-. 
When the overall ratio of 14N : “N was 1: 1 the 
spectrum of the partially labelled [Fe4S3(NO)7]- 
comprised three singlets, but when the 14N. 15N 
ratio was 1: 10 the full spectrum of [Fe4S,(15N& 
was observed. As in our previous observations”’ 
on isotopic exchange using [‘5N02]-, the exchange 
is an equilibrium which is forced effectively to the 
15N side by addition of sufficient [ 15N02]-. 

The behaviour of Fe,S,(NO), with nitrite is thus 
markedly different from that of [Fe4S,(‘4NO)7]-. 
First there is a stoichiometric change from 
Fe4S4(N0)4 to [Fe4S3(NO)7]- ; secondly, the prod- 
uct has incorporated 15N0 ligands at all the sites, 
rather than at just the basal sites, as for preformed 
[Fe,S,( “NO)7]- ; finally, the overall exchange pro- 

cess is very much faster than in preformed 
[Fe4S3(NO)7]-. The stoichiometric change is equi- 
valent to that effected by reduction5*’ of 
Fe,S,(NO),, and we envisage the transformation 
of Fe,S,(NO), to [Fe4S3(NO)7]- as proceeding via 
electron transfer’ leading to cluster fragmentation 
followed by rapid spontaneous self assembly. If the 
initial cluster undergoes fragmentation into mono- 
iron complexes, as occurs with other 
nucleophiles, ‘s6 then the known’ rapid nitrosyl 
mobility in [Fe(NO)]‘+ and [Fe(NO)J+ fragments 
is sufficient to explain our observations on the reac- 
tion between Fe,S,(NO), and (PNP)[1SN02]. It is 
necessary for the exchange of 14N0 ligands with 
[15N02]- to occur before rather than after the self- 
assembly process to give [Fe4S3(NO)& in order to 
rationalize both the rate of the exchange process 
and the completeness of substitution in the final 
product [Fe,S 3( ’ ‘NO) ‘I-. 

The red Roussin anion [Fe2S2(NO)4]2- has been 
characterized* by X-ray methods as its (Me,N)+ 
salt, in which it has approximately Dzh symmetry. 
The nucleophilic reactivity of the sodium salt in 
THF solution has also been investigated.9 In pre- 
vious work, we observed ’ that analytically pure 
samples of (PNP)2[Fe2S2( 15N0),] were rapidly and 
cleanly converted, in CD&l2 solution, to 
[Fe4S3( “NO),] - as the only species detectable by 
15N NMR spectroscopy. We have now observed 
that analytically pure (Et4N)2[Fe2S2(‘4NO)4] cle- 
anly undergoes conversion, with (PNP)[“NO,] in 
CD2C12 to [Fe4Sd15NO)7]-, again.as the sole prod- 
uct detectable by “N NMR. Because of the com- 
plete isotopic substitution in [Fe,S,(NO),]-, includ- 
ing the apical nitrosyl ligand, the mechanism for 
conversion of [Fe2S2(NO)4]2- to [Fe4S3(NO)7]- 
probably again involves fragmentation followed by 
isotopic exchange and finally by spontaneous self- 
assembly to give the product [Fe,$(NO)$. 

However, despite the facile conversion of 
[FezS2(NO)4]2- to [Fe,S,(NO),]- in CD2C12, we 
have found that reaction of a 2% aqueous solution 
of Na2[Fe2S2(14NO)4] with Na”NO,, such that 
’ 4N : ’ ‘N is 1: 10 gives a single sharp resonance, in 
addition to excess “NO;, at 6 + 37.8, identical with 
that observed for preformed Na2[Fe2S2(‘5NO)4]. 
There was no sign of the characteristic spectrum of 
[Fe,S,(NO),]- nor, in contrast to the behaviour 
of neutral di-iron complexes Fe2(SR)2(N0)4 (see 
below), was there any evidence for the formation of 
appreciable concentrations of paramagnetic inter- 
mediates. 
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When either of the neutral Roussin esters 
Fe,(SEt),(NO), and Fe2(SPh)2(N0)4 was mixed 
with (PNP)[’ 5N0;1 in CD&l2 solution, the result- 
ing “N NMR spectrum exhibited only very broad 
unresolved absorptions, suggestive of the presence 
of persistent paramagnetic species. This was con- 
fumed by EPR spectroscopy. Reaction of Fez 
(SR),(‘4NO)4 (R = Me, Et or Ph) with (PNP) 
[ 14N0,] in CHzClz solution gave a strong EPR 
spectrum, characterized by g = 2.036, A(14N) = 
6.5 G (2N), 2.2 G (2N); the spectral assignment 
was confirmed by use of Fe2(SCH3)2(‘sN0)4 
and (PNP)[’ 5N02]. The simplest system which con- 
tains two equivalent nitrogen ligands of one type, 
and two others of a second type is [Fe(NO)* 
(NO,),]-, formed as in eq. (1) : 

+ 2RS-+2[Fe(N0)2(NOz)J-. (1) 

This is an example of a more general reaction of 
Roussin esters with nucleophilic anions, eq. (2) : 

Fe,(SR)z(N0)4+4X- 

+ 2RS + 2[Fe(NO)zXz]-. (2) 

This has been observed both for X = R’S,* and for 
a wide range of other nucleophiles. ” 

At low temperatures (220 K in DMF or 190 K 
in acetone) the EPR spectrum of [Fe(NO),(NOJJ 
showed two A values, as noted above. However 
upon raising the temperature by 20-30 K, the g 
value remained unchanged but the spectrum 
showed a symmetric pattern of nine lines with mean 
A value of 4.3 G. This indicated that all the nitrogen 
nuclei had become equivalent, with an A value 
which is the average of the two A values (6.5 G and 
2.2 G) observed at low temperature, and was thus 
consistent with a rapid scrambling of the NO and 
NO2 ligands, as indicated schematically in eq. (3). 

c 

observed by EPR spectroscopy. We have now 
observed using ’ 'N NMR spectroscopy, rapid ex- 
change between [“Nod- and Fe(‘4N0)(‘4N02) 
(S&NMe&. Reaction of (PNP)[“NO,] with cis- 
Fe(‘4NO)(‘4N02)(S2CNMe,), in CDzClz solution 
with an overall ratio ’ 4N0, : “NO, of 1: 5 gave two 
sharp singlets in the 15N spectrum at 6 +84.7 and 
- 27.1: we assign these respectively to ’ 5N02 and 
“NO ligands in cis-Fe(‘5NO)(‘5N02)(S2CNMe,),. 
Even after one day at normal temperature, when 
full equilibration of 15N between the NO and NOz 
ligands should be complete (the half-life for exch- 
ange between these ligand at 295 K in CHC13 solu- 
tion is less than 1 h4), no *J( “NFe15N) coupling 
between the “NO and “NO2 ligands could be 
resolved. Under the conditions of our experiments, 
trans-Fe( 14NO)( “N02)(SZCNMe,), was converted 
to the cis-isomer too rapidly for its exchange reac- 
tion with [‘5N02]- to be studied. 

The mononuclear salt (PNP)[Fe(CO) 3( “NO)], 
for which 6 is + 15.2 in 2% solution in CD&l* 
underwent complete exchange within 3 h with a ten- 
fold molar excess of (PNP)[ 14N02]. Whereas the 
exchange is fast’ for [Fe(CN),NO]*-, the cor- 
responding ruthenium analogue [Ru(CN) sN0]2- 
showed no rapid exchange. 

EXPERIMENTAL 

Literature methods were employed for the 
preparation of (PNP)[“NOJ” [(PNP)+ 3 
(Ph3PNPPhJ+], (PNP)[Fe(CO),NO],” Na2[Fe2S2 
(N0141, WFe4&(N0M,‘* (PWP%S~WVl,’ 3 
Na[Fe4Se3(NO),],‘3 Fe4S4(NO)4,‘V7 Fe2(SR)* 
(N0)4’*‘3 and Fe(NO)(N02)(S2CNMe2)2.4V’4 
Isotropically labelled materials where required 
were prepared by appropriate modifications ’ 
of these procedures, using Na[ 15N02] (99O/, en- 
riched, MSD Isotopes) as a source of 15N. (Et4N)* 
[Fe,S,(NO),], prepared’ by reaction of (Et,N)OH 

P 1 

(3) 

6 L 

Such an exchange process can account for the 
formation of [Fe(‘5NO)2(‘5N02)2]- from 
Fe2(SR)2(‘4N0)4 and [‘5N02]-. 

Mononuclear iron-nitrosyls 

We have noted previously* the rapid exchange 
between Fe(‘4NO)(S2CNMe2)2 and [‘5N02]-, 

b 1 

with Na[Fe,S,(NO),] had C, 34.1; H, 7.2; N, 
14.9% : (Et4N)2[Fe2S2(N0)4], C’6H40Fe2Ns04S2 
requires C, 34.5; H, 7.2; N, 15.1%; (Et4N)[Fe4S3 
(NO),], C8HZOFe4N807S3 requires C, 14.6; H, 3.1; 
N, 17.0%. 

All “N NMR spectra were recorded at 36.51 
MHz and 25°C relative to external CH3 * ‘NO, using 
the Bruker WH-360 spectrometer of the SERC 
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regional NMR service at the University of Edin- 
burgh : spectral parameters were as described pre- 
viously. ’ All spectra were recorded using 1% or 
2% w/w solutions in the appropriate solvent 
(DzO, (CD&CO, or CD&IJ. 

EPR spectra were recorded in 1 mm quartz capil- 
laries using a Bruker ER200D spectrometer, with 
di-t-butyl nitroxide as the standard for the measure- 
ment of line positions. 
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Abstract-Aluminium complexes of AMP, ADP and ATP have been studied at 25°C and 
an ionic strength of 0.15 mol dmp3, using glass electrode potentiometry. A novel formation 
function has been used as an aid to the interpretation of the data. For the A13+/ADP system 
the major species formed, under the experimental conditions, was ML, while for the 
A13+/ATP system the MLH species predominated. 

Aluminium is one of the most abundant elements 
in the earth’s crust and its uptake by plants is deter- 
mined by the pH of the soil, being high in acidic 
and low in alkaline soil.’ Aluminium in its pure 
metallic state is highly reactive but quickly becomes 
coated with a passive oxide layer. In aluminium 
cooking utensils this amphoteric layer is solubilized 
by various foodstuffs.’ Aluminium compounds are 
also additives in many common household 
products. Despite a high dietary intake of alu- 
minium it is of limited toxicity.3 The reasons for 
this are two fold (i) the insolubility of its metal 
hydroxides and (ii) its very high affinity for mem- 
brane phosphates. 

Notwithstanding the relatively low toxicity of 
aluminium, this metal-ion has been implicated in 
“dialysis dementia”,4 phosphate depletion 
syndrome,5 Alzheimers disease,6*7 decreased serum 
adenosine triphosphate levels’ and increased pro- 
thrombrin times.’ More recently aluminium(II1) 
has been found to inhibit cholinergic enzyme ace- 
tylcholinesterase” and influence the activity of a 
range of phosphatase enzymes.11~12~13 

In the light of the biomedical interest in alum- 
inium(II1) and in particular its interaction with bio- 
logical phosphates, we have studied, using glass 
electrode potentiometry, the A13+, AMP, ADP and 
ATP systems. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Solutions were prepared using distilled deionized 
and degassed water. All titrations were carried out 
under an atmosphere of nitrogen which had been 
successively washed in 15 g of 1,2,3-trihy- 
droxybenzene in 100 cm3 of 30% KOH, 50% 
KOH and 150 mm01 dme3 NaCl. The ionic strength 
was maintained at a chloride concentration of 150 
mm01 dme3 using NaCl. Aluminium stock solu- 
tions were prepared from AlC13 * 6H20 and stan- 
dardized by complexometric titration using 
EDTA14 and by a Gran plotI for hydrogen ion 
concentration. NaOH solutions (100 mm01 dmp3) 
were prepared weekly from standard ampoules, 
under nitrogen and standardized using potassium 
hydrogen phthalate. 

AMP, ADP and ATP (Sigma Chemical Co.) were 
used without purification. In order to avoid 
hydrolysis prior to potentiometric measurements, 
samples of the nucleotides were weighed out as the 
solid and added to the reaction vessel just prior to 
performing the titration. The titrations were per- 
formed in a double walled vessel, thermostated at 
25°C. Potentiometric measurements were made on 
a Radiometer PHM84 research pH meter equipped 
with a Metrohm glass electrode and a Ag/AgCl ref- 
erence electrode with a renewable liquid junction of 
150 mm01 drne3 NaCl. Because of the relatively 
slow kinetics of aluminium(III) complexation reac- 
tions, data were only collected once an emf drift of 
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x0.1 mV min-’ was established. The data were 
analysed using the computer program ESTA.16 

RESULTS AND DISCUSSION 

Adenosine-5’-monophosphate 

AMP shows two protonation constants, both of 
which are assigned to the phosphate group. The 
experimental values compare well with the litera- 
ture considering the different conditions under 
which they were obtained. Attempts to measure 
formation constants for the A13+-AMP system 
failed. Under the conditions used in this study no 
metal complexes were detected before the onset of 
precipitation. This was so even at a ligand to metal 
ratio of 7: 1. 

Adenosine-S-diphosphate 

ADP has three protonation sites, of which only 
two could be titrated above pH 2.0. Agreement with 

8 
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the literature is fair as far as p&, is concerned 
(3.81 and 3.9317) but poor with respect to p&i. The 
concentration of the ligand was kept low to avoid 
any ring stacking which might occur.‘8 The objec- 
tive function is low, with good statistical agreement 
between the calculated and experimental results. 

Figure l(a) shows the formation curves for the 
A13+/ADP system at different ligand to metal ratios. 
These are somewhat unusual and require some 
comment. The horizontal region of the curve from 
pA 4-7 is an indication of the presence of a ML 
species. Clearly this is present even at the start of 
the titration. Below pA = 4, the formation curves 
begin to fan out, indicating the formation of 
hydroxy species. 

Inspection of the deprotonation curves [Fig. l(b)] 
shows that from pH 2.5-5.0, the average number 
of protons on the complex is zero. Above pH = 5.0 
hydroxy species are formed with a final stoi- 
chiometry at pH 7 of MLOH. Both these con- 
clusions are consistent with the observations made 

b 

o 2!50 2!95 31.40 31.65 4'30 4l.75 5'20 5!65 61.10 6'.55 7'.00 

-LOG[H+l 

a 

:: 
d -, 

2.60 i.24 3!68 4l.12 4!56 5!00 5!44 i.68 6'.32 6'.16 71.20 

-LOG[Rl 

Fig. 1. (a) Experimental formation curves of Z? vs -log (free l&and) for the ahuninium(II1) ADP system 
at 25°C and 0.15 mol dm-’ (Na)[Cl]. The fuI1 line represents the theoretical curve obtained using the 
formation constants given in Table 1. (b) Experimental deprotonation curves of 0 vs PH. The full line 
represents the A function. ADP: AL’+ ratios : 0.0071: 0.0024, 0.0078 : 0.0038, 0.0081: 0.0042, 

0.0081 : 0.005. 
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from the formation function. The final set of con- 
stants refined from these data are presented in Table 
1. In this case, while the standard deviation in the 
beta values and also the objective function are very 
good, the statistical R factor is relatively high. The 
agreement between the theoretical and exper- 
imental formation function show this model to be 
a reasonable description of the data. 
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confidence in our results. The pK,‘s of the third and 
fourth protonation sites are below the range (i.e. 
pH 2.0) of the glass electrode and so could not be 
determined. 

The aluminium formation curves are presented 
in Fig. 2(a). These are not easily interpreted, but 
suggest the formation of MLH at pA = 7, followed 
by deprotonation to ML at pA = 3. The depro- 
tonation function [Fig. 2(b)] is more easily inter- 
preted. At the start of the titration (pH 2.0) 0 = 1 
and fi = 2, which implies a stoichiometry of MLH. 
As the pH is raised deprotonation occurs until at 
pH 5.0, e = ff = 1 and ML is the major species in 
solution. Notwithstanding the fact that the presence 
of only two main species is indicated by the for- 
mation function, numerous other species were 
tested for, using the BETA task of ESTA.16 No 
significant improvement in the model was achieved 
by the inclusion of any of these species and so the 
simplest model was chosen. The final results 
obtained are given in Table 1. 

Aaknosine-S-triphosphate 

This ligand has four protonation sites. Only two 
have been titrated in this study. The constants 
obtained after ESTA16 refinement of the data are 
presented in Table 1, together with relevant litera- 
ture values. Once again the agreement is not good. 
The most likely reason for this discrepancy is the 
different ionic medium used in the two studies. 
However, because the theoretical and experimental 
curves are superimposable and also because the 
statistical analysis of the data is so good, we have 

8 
d -, 

2.00 2!42 2!64 3126 31.66 4!10 4'.52 4!94 d.36 51.76 6'.20 

-LBGCH+ I 

,I1 
21.50 31.05 31.60 4'.16 4!70 d.25 d.60 61.35 61.90 7'.45 6!00 

-L[3GCAl 

Fig. 2. (a) Experimental formation curves of 2 vs -log (free ligand) for the ahnninium(II1) ATP system 
at 25°C and 0.15 mol dn-’ (Na)[Cl]. The fkll line represents the theoretical curve obtained using the 
formation constants given in Table 1. (b) Experimental deprotonation curves of 0 vs pH. The full line 

represents the ff function. For clarity only selected points have been plotted. 
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Table 1. Log B for the species A$& at 25°C and Z = 0.150 M NaCl. A = ligand, 
B = Al’+, H = H+, R = crystallographic R factor and U = ESTA objective function 

P 4 r 1% B Lit.” R u PH range 

AMP 
1 0 1 
1 0 2 

ADP 
1 0 1 
1 0 2 
1 1 0 
1 1 -1 

ATP 
1 0 1 
1 0 2 
1 1 1 

6&l(2) 6.21 0.002 2.5 2.0 7.8 
9.77(3) 10.02 

6.08(6) 6.40 0.007 30.0 2.0 6.8 
9.89(7) 10.36 

10.03(2) 0.012 18.9 2.5 7.0 
4.18(4) 

6.24(4) 6.53 0.009 10.9 2.0 6.0 
9.94(6) 10.59 

12.47(3) 

Standard deviations in log /l are given in parentheses 

Of the three ligands examined in this study, AMP 
was found to form very weak complexes with alum- 
inium(II1). Similar results have been found for other 
metal ions,17 where the AMP complexes are con- 
siderably less stable than the corresponding ADP 
and ATP complexes. In this case the AMP complex 
is so weak that hydrolysis of the aluminium occurs 
before complexation. 

The structure of the A13+/ATP complex has been 
studied by NMR” and the metal found to coor- 
dinate to the /? and y phosphates. The effect of Mgzf 
on the 31P nmr spectrum of ATP is not as simple but 
coordination to CI and /? phosphates is postulated.” 
These observations are consistent with our obser- 
vation that the A13+/ADP complex is more stable 
than the corresponding ATP complex, while the 
Mg’+/ATP complex is more stable (log K = 4.22) 
than the Mg’+/ADP complex- (log k = 3.17).‘l 
In conclusion the A13+, ADP and ATP complexes 
are fairly stable and hence it is very possible that 
aluminium exerts its pathological potential via 
coordination to one of these high energy phosphates. 
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Abstract-Extraction of the trivalent actinides Am, Cm and Cf and lanthanides Eu, Tb, 
Tm and Lu has been studied with 1-phenyl-3-methyl-4-trifluoroacetyl pyrazolone- 
S(HPMTFP) in chloroform and benzene. The formation of a self-adduct species 
M(PMTFP)3 * HPMTFP has been observed with Am, Cm and Eu but only the chelate 
species M(PMTFP)3 with Cf, Tb, Tm and Lu. The reasons for the formation of a self- 
adduct species with lighter actinides and lanthanides and not with the heavier ones of the 
pyrazolones have been discussed. 

The extraction of trivalent actinides and lan- 
thanides with /?-diketones alone as well as their 
mixtures with neutral donors has been a subject of 
great interest. I-3 A new class of extractants 
namely 1-phenyl-3-methyl-4-acyl (or aroyl) pyra- 
zolone-5 has found varied applications in the 
extraction and separation of trivalent metal ions 
from acidic solutions due to the lower pKa values 
of the pyrazolones as compared to those of other 
/?-diketones. k-9 Freiser et ~1.~ studied the extraction 
of lanthanides by pyrazolones having decanoyl or 
substituted benzoyl (in the 4-position) groups. In a 
recent study7 they have used halogen substituted 4- 
acyl-pyrazolones for the uptake of the lanthanides. 
Among the halogen substituted pyrazolones, 
1-phenyl-3-methyl-4-trifluoroacetyl pyrazolone-5 
(HPMTFP) is of particular interest since it has a 
reasonably low pK, value (2.73) and extracts the 
trivalent metal ions from acidic solutions in a much 
better way as compared to I-phenyl-3-methyl- 
4-benzoyl pyrazolone-5 (HPMBP) (pKa 4.01). In 
earlier studies we have examined the extraction be- 
haviour of trivalent actinides and lanthanides 
with HPMBP and 1-phenyl-3-methyl-4-(3 : 5- 
dinitrobenzoyl) pyrazolone-5 (HDMPP). *-‘O The 
present study deals with the extraction of trivalent 

*Author to whom correspondence should be addressed. 

Am, Cm, Cf, Eu, Tb, Tm and Lu with HPMTFP 
in chloroform and benzene. 

EXPERIMENTAL 

The tracer solutions of 241Am, 244Cm, Cf (mainly 
2Wf), ‘52*‘54E~, 160Tb, 17’Trn and 177Lu were 
prepared and assayed as described earlier. “3’ ’ 
HPMTFP in the keto from (m.p. 144°C) was pre- 
pared in this laboratory by the procedure described 
by Jensen. ’ 3 Chloroform, benzene and the other 
chemicals used were of A.R. grade. The experi- 
mental details of HPMTFP and pH variations were 
as given in Ref. 9 with an exception that the solutions 
had to be shaken vigorously (0.5 h) on a wrist shaker 
and then slow rotation (2 h) as against 1 h slow 
rotation for the attainment of equilibrium. 

RESULTS AND DISCUSSION 

In earlier solvent extraction studies with HPMBP 
and HDMPP5,*-” it was observed that equilibrium 
is attained in 1 h by slow rotation in a thermostated 
bath, but in the present study with HPMTFP it was 
not attained even after 2 h. However, equilibrium 
was attained when the tubes were vigorously shaken 
for 0.5 h on a wrist shaker and then by slow rotation 
for 2 h. Freiser et al. 7 while using HPMTFP for the 
extraction of trivalent lanthanides found it necess- 
ary to use vigorous shaking for 1 h in order to attain 
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Table 1. Absorption spectra of HPMTFP as a function 
of time in chloroform and benzene 

0.8 

Chloroform Benzene c 
t 

Time Main Main 0.4 

elapsed peak (nm) O.D. peak (mn) O.D. 
0.0 

0.00 h N 406 No peak N 406 No peak 1 

detected detected - 0.4 
t 

4.00 h 406 0.211 406 0.208 P 

23.00 h 411 0.346 413 0.329 0 -0.8 
2 

28.00 h 412 0.383 414 0.383 
4 days 412 0.409 413 0.398 -1.2 

i 

5 days 411 0.411 413 0.364 t 

7 days 411 0.411 413 0.351 
-1.6 1 

t 
-2.0 1 

c f 

equilibrium, whereas with 8-hydroxyquinoline 
only 0.5 h was sufficient for the same.14 It is 
probable that in the HPMTFP systems (similar 
to the thenoyltrilIuoroacetone (HTTA) systems ’ ‘) 
the ketoenol equilibrium is attained rather slowly. 
A vigorous and longer shaking probably helps to 
attain the equilibrium in a comparatively shorter 
time. The results of absorption spectral studies of 
HPMTFP dissolved in chloroform and benzene 
(0.02 M) using a Beckman DU-7 spectrophoto- 
meter are given in Table 1. Absence of any peak 
at 406 nm in the beginning and its subsequent ap- 
pearance and gradual increase in intensity may 
be taken as an indication of the slow attainment of 
the keto-enol equilibrium and is probably one of 
the reasons for the longer and more vigorous shak- 
ing required to reach an equilibrium in this system. 

-2.4’ ’ ’ ’ ’ ’ ’ I , , , 
-2.2 -2.0 -1.8 -1.6 ” 

I , ( 
-2.0 -1.8 -1.6 

LOG [HPMTFP] 

Fig. 1. Variation of log D of trivalent actinides and lan- 
thanides as a function of HPMTFP concentration. Aque- 
ous phase: pH 2.70 (0.01 M chloroacetate buffer con- 
taining 0.1 M NaClO,) in all systems except the lower 
curve for Lu having pH 2.03 (HCI). Org. phase: O.Ol- 

0.02 M, HPMTFP in chloroform or benzene. 

metal ions. The extraction equilibria may, there- 
fore, be represented either by the adduct formation 
mechanism : 

M 3 + + 4HPMTFP W erg 

= M(PMTFP) 3 . HPMTFP,,, + 3H,f, ( 1) 

where M = Am, Cm or Eu, or by a simple chelate 

Figure 1 gives the plots of 1ogD (distribution 
coefficient) vs log[HPMTFP] in chloroform and 
benzene for different actinides and lanthanides at 
pH 2.70. In this range of HPMTFP concentration 
(0.01-0.02 M) straight lines with a slope of 4 are 
obtained for Am, Cm and Eu and only of 3 for Cf, 
Tb, Tm and Lu. The lower slope of 3 observed 
in such plots for heavier actinides and lanthanides 
(smaller ionic radii) could possibly have arisen due 
to the increased hydrolysis of these metal ions as 
was observed earlier in N-benzoyl-N-phenyl 
hydroxylamine-trivalent metal ion systems at pH 
4.5. ’ 6 The HPMTFP variation experiments carried 
out with Lu(II1) (smallest ionic radius) in the same 
concentration range of HPMTFP but at a lower pH 
of 2.03 (HCl) giving a straight line with a slope of 
3 only (Fig. 1 lower Lu curve) completely ruled out 
the possibility of hydrolysis at pH 2.70. Figure 2 
shows the plots of log D vs pH at a Bxed HPMTFP 
concentration (0.02 M) in both the diluents. The 
straight lines with a slope of 3 suggest an inverse 
third power dependence on the [H+] for all the 

CHLOROFORM BENZENE 

1.2 

SLOPE = 3 

-2.0 ? I I I I . I I I b I I 
2.2 2.4 2.6 2.0 “2.2 2.4 2.6 2.8 : 

PH 

Fig. 2. Variation of 1ogD trivalent actinides and lan- 
thanides as a function of pH. 
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Formation of “self-adduct” species in different CHLOROFORM 

-2.6 -2.4 -2.2 -2.0 

LOG[HPMTFP] 

Fig. 3. Variation of 1ogD of trivalent Am and Eu 
as a function of HPMTFP concentration. Aqueous 
phase : pH 3.0 chloroacetate buffer. Org. phase : 0.0034 

0.0085 M HPMTFP in chloroform. 

formation mechanism : 

M 3 + + =l 3HPMTFP erg = M(PMTFP&+ 3H,+, 

metal chelate extraction systems has been estab- 
lished by many workers. 14,17-22 In the chloroform 
solutions of HPMBP, HDMPP and HPMTFP, it 
has been observed that (a) with HPMBP, Am, Bk, 
Cf and Eu are extracted as self-adducts and Cm as 
a chelate, 9, 1 ’ (b) with HDMPP, all these metal ions 
are extracted as the chelate species’ and (c) with 
HPMTFP, Am, Cm and Eu are extracted as self- 
adducts and Cf, Tm and Lu as chelate species. From 
the above observations it may be concluded that 
the formation of a self-adduct species depends 
mainly on the basicity of the neutral pyrazolone 
molecule. As seen from the pK,, values (Table 2), 
the basicity of HDMPP is minimum and it does not 
form a self-adduct at all. The next in the basicity 
order being HPMTFP, it forms self-adducts with 
lighter trivalent actinides and lanthanides whereas 
with HPMBP (highest basicity) the self-adducts are 
formed with elements up to Cf (Cm being an excep- 
tion due to the “tetrad effect”). 

where M = Cf, Tm or Lu. 
In the cases of Am(II1) and Eu(II1) where the 

formation of a self-adduct species has been ob- 
served, it was decided to carry out the extraction 
studies at lower HPMTFP concentrations. Figure 
3 shows the plots of 1ogD vs log[HPMTFP] for 
Am(II1) and Eu(III) at such HPMTFP con- 
centrations (0.003440085 M). The straight lines 
with a slope of 3 suggest the formation of the chelate 
species M(PMTFP)j at lower HPMTFP con- 
centrations. Freiser ef aL7 have also obtained a 
slope of 3 in similar plots for Eu(II1) extraction by 
HPMTFP in chloroform at similar low con- 
centrations. As seen from the above experiments it 
is clear that simple chelates are formed at lower 
reagent concentrations while the self-adducts 
M(PMTFP)3 - HPMTFP are obtained at higher 
concentrations. 

(2) 
The formation of a self-adduct species with Am, 

Cm and Eu and only the chelate species with the 
rest of metal ions studied in the HPMTFP-chloro- 
form (or benzene) systems could be explained as 
due to the formation of stronger complexes of the 
metal ions of higher 2 (smaller ionic radii) with 
PMTFP- anions in the aqueous phase. This leaves 
a smaller residual charge (6+) on their metal chelate 
species which is insufficient to attract a less basic 
HPMTFP molecule. Under similar conditions 
HPMBP forms a self-adduct species because of its 
higher basicity. 

Table 3 gives the equilibrium constant (K) values 
of the two phase reactions of the trivalent actinides 
and lanthanides with HPMTFP in chloroform and 
benzene. In case of Am, Cm and Eu (all forming a 
self-adduct) the 1ogK values follow the order 
Am c Cm < Eu and in the case of other metal 
ions, where a chelate species is formed the order is 
Am < Eu < Cf < Tm c Lu. These orders are just 

Table 2. Two phase equilibrium constant (K) values for Arn(II1) and Eu(II1) with fl-diketones in chloroform 

Reaction 
log K P& of 

Am Eu b-diketone Ref. 

Self- M 3 + + 4HPMTFP aq erg+ M(PMTFP)3 * HPMTFP,,,+ 3H,+, -2.30 -1.80 2.73 Present 
adduct work 

M 3 + as + 4HPMBP .,,GM(PMBP),.HPMBP,,,+3H,+, -3.67 - 3.37 4.01 10 

M 3 + + 3HDMPP = M(DMPP),,,,+ 3% erg -2.81 -2.01 2.00 
Chelate MC + 3HPMTFP,& M(PMTFP&+ 3H:, 

10 
-4.10 -3.54 2.73 Present 

work 
M 3 + 
M”3p, 

+ 3HBTFA = M(BTFA),,,, + 3I-I; -9.65 -8.55 6.15 10 

aq + 3H-I-IA erg erg= MU-W,,,,+ 3H,+, -8.72 -8.25 6.25 10 
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Table 3. TWO phase equilibrium constant (K) values for trivalent actinides 
and lanthanides-HPMTFP in chloroform and benzene 

Reaction 
log K 

Chloroform Benzene 

Am:: + 4HA,,, + AmA, - HA,,, + 3H& 
Cm:: + 4HA,,, + CmA, * HA,,, + 3H,+, 
Cf3++3HA erg = CfA3org + 3H,+, 
Eu>+4HA,,,=EuA,-HA,,,+3HB, 
Tb3+ +3HA arg = TbA3q+ 3H,f, 
T& + 3HA q=TmA,q+3H,+, 
Lu3++3HA arg = LuA,,r,+ 3H,+, 
A$:; + 3HA,,, + AmA,,,, + 3H,+, 
Et++ + 3HA,,, G= EuA,,,,+ 3H,i, 
Am&,,, + HA,,, + AmA 3 - HA,,, 
EuA30,, + HAorg = EuA, - H&r, 

-2.30 -1.44 
-1.94 -1.14 
-3.42 -2.76 
-1.80 -0.90 

-2.77 
-3.25 - 2.45 
-3.10 -2.28 
-4.10 - 
-3.54 
+1.80 - 
+ 1.74 

the reverse of the order of ionic radii of these metal 
ions. In the case of Am and Eu where the exper- 
imental data for both the chelate and self-adduct 
formation was available, the equilibrium constant 
for the organic phase reaction 

M(PMTFP& + HPMTFP,, 

= M(PMTFP)3 * HPMTFP,,, (3) 

has also been calculated. The log K values for Am 
(1.80) and Eu (1.74) are as expected much lower 
than the organic phase synergistic constants involv- 
ing neutral donors. 1*9*‘o 

Table 2 gives the two-phase equilibrium constant 
(K) values of Am(II1) and Eu(II1) with different a- 
diketones in chloroform along with the pK, values 
of the /?-diketones. It is evident that the log Kvalues 
for both these metal ions follow an increasing order 
(separately for the chelate and self-adduct species) 
with decrease in pK, value of the fl-diketones. It 
may be inferred that in the extraction of the trivalent 
Am and Eu with the above fl-diketones, the higher 
stability of the complexes of /?-diketones (in the 
aqueous phase) does not play an important role 
(higher pK,, gives higher metal chelate stability) 
while other factors like ionization and partition 
coefficient of /?-diketones and partition coefficient 
of the metal chelates are probably of special 
significance. 

Acknowledgement-The authors thank Dr P. R. Nata- 
rajan, Head, Radiochemistry Division, B.A.R.C., for his 
interest in this work. 

REFERENCES 

1. J. N. Mathur, Solv. Extr. Zon Exch. 1983, 1, 349. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 
14. 

15. 

16. 

17. 
18. 
19. 

20. 
21. 

22. 

G. Duyckaerts and J. F. Desreux, Znt. Solv. Extr. 

Co& p. 73. Toronto, CIM, Montreal (1977). 
T. V. Healy, Solvent Extraction Research, p. 257. 
Wiley, New York (1969). 
B. F. Myasoedov, M. K. Chmutova and I. A. 
Lebedov, Proc. Znt. Sob. Extr. Conf. 1971; J. Sot. 

Chem. Znd. 1971, 1, 815. 
J. N. Mathur and P. K. Khopkar, Solv. Extr. Zon 
Exch. 1983, 1, 597. 
Y. Sasaki and H. Freiser, Znorg. Chem. 1983, 22, 

2289. 
H. Chun-Hui and H. Freiser, Solv. Extr. Zon Exch. 

1986,4,41. 
J. N. Mathur and P. K. Khopkar, Sep. Sci. Technol. 

1982, 17, 985. 
J. N. Mathur and P. K. Khopkar, Polyhedron 1984, 

3, 1125. 
J. N. Mathur and P. K. Khopkar, Radiochem. 

Radioanal. Lett. 1983,57, 259. 
P. K. Khopkar and J. N. Mathur, J. Radioanal. 
Chem. 1980,60, 131. 
P. K. Khopkar and J. N. Mathur, J. Znorg. Nucl. 

Chem. 1977,39,2063. 
B. S. Jensen, Acta. Chem. Stand. 1959, 13, 1668. 
T. Hori, M. Kawashima and H. Freiser, Sep. Sci. 

Technol. 1980, 15, 861. 
E. L. King and W. H. Reas, J. Am. Chem. Sot. 1951, 

73, 1806. 
J. N. Mathur and P. K. Khopkar, Radiochim. Acta. 
1986, 39, 77. 
D. Dyrssen, Sven. Kern. Tiriskr. 1955, 67, 311. 
L. Newman and P. Klotz, Znorg. Chem. 1966,5,461. 

0. Navratil, Proc. Znt. Solv. Extr. Conf. Li2ge, 1980, 
3, 2585. Association des Ingenieurs Sortis de l’Uni- 
versitt de Liege (1980). 
S. Peterson, J. Znorg. Nucl. Chem. 1960, 14, 126. 
E. L. King, USAEC Report TZD-5290, paper 34, 
p. 269 (1958). 
G. A. Pribylova, M. K. Chmutova and B. F. Myasoe- 
dov, Radiokhimiya 1981, 23, 521. 



Polyhedron Vol. 6, No. 12, pp. 2103-21 IO, I987 
Printed in Great Britain 

0277-5387/87 S3.00+.043 
0 1987 Pergamon Journals Ltd 

X-RAY AND ELECTROCHEMICAL INVESTIGATION OF A 
SERIES OF COBALT COMPLEXES WITH TETRA- AND 

QUINQUEDENTATE SCHIFF BASE LIGANDS AND THEIR 
CATALYTIC PROPERTIES IN THE OXIDATION OF 

2JbDITERTBUTYLPHENOL BY MOLECULAR OXYGEN 

I. and A. GAUDEMER 

Laboratoire de Chimie de Coordination Bioorganique, UA 255, ICMO 91405, 
Orsay CCdex, France 

and 

A. CHIARONI andC. RICHE 

Laboratoire de Cristallochimie ICSN, CNRS 91190, Gif-sur-Yvette, France 

(Received 19 March 1987; accepted 24 June 1987) 

Abstract-Complexes of cobalt(I1) with Schiff-bases obtained by condensation of 5-formyl 
pyrimidine bases with di- or tri-amines have been synthesized and characterized by visible 
spectroscopy and magnetic susceptibilities. Their catalytic efficiency in the oxidation 
of 2,6_ditertbutylphenol by molecular oxygen was studied. The molecular structure of a 
cobalt(II1) complex was reported. 

Cobalt(I1) complexes have been the subject of 
numerous studies because of their similarities to 
natural dioxygen carriers’,’ and also of their ability 
to catalyze the insertion of oxygen into organic 
substrates. 3*4 Among them, cobalt phtalocyanines5 
and porphyrins, 6 Co SalN-Medpt, 7 Co acacen’ and 
cobaloxime derivatives’ all form dioxygen adducts 
and have been found to be efficient catalysts in the 
oxidation of hindered phenols. 

On the other hand, some antibiotics owe their 
biological activity to their complexing properties 
towards metal cations such as Fe2+ for bleomycin” 
and Cu2+ for streptonigrin. ’ ’ Though the detailed 
mechanisms of their action are not known, it 
appears well-established that the chelated metal is 
able to bind molecular oxygen, leading by reduction 
to an activated species which efficiently induces 
strand-scissions of DNA. 

We describe here the synthesis and char- 
acterization of cobalt(I1) complexes of a series of 
Schiff-base ligands derived from the pyrimidine 

* Author to whom correspondence should be addressed. 

bases, uracil and dimethyl barbituric acid. We pre- 
sent the results of an electrochemical study of these 
complexes in order to establish a relationship 
between their structure, their redox potential and 
their catalytic efficiency in the oxidation of 2,6- 
ditertbutyl phenol by molecular oxygen. We also 
report the crystal and molecular structure of a 
cobalt(II1) complex determined by single-crystal X- 
ray diffraction. 

EXPERIMENTAL 

Synthesis 

The synthesis of the Schiff bases derived from 5- 
formyl uracil and 5-formyl dimethyl- 1,3 barbituric 
acid was previously described. 12*13 Co Salen, Co 
Salpen and Co SalN-Medpt were prepared accord- 
ing to known procedures. l4 All complexes were pre- 
pared under argon. 

Co Urapen 

1 mmol of 5-formyluracil was partially dissolved 
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in 20 cm3 of degassed 95% ethanol. To this sus- 
pension was added 0.5 mmol of 1,3 diaminopropane 
and 0.5 mmol of cobalt acetate dissolved in 10 cm3 
of methanol. The mixture turned violet then pale 
pink. Heating was maintained for 4 h and the pink 
precipitate filtered off and dried under argon. 

Co Uradpt 

2 mmol of Uradpt were partially dissolved in 40 
cm3 of refluxing 95% ethanol. 1 mm01 of cobalt 
acetate in 15 cm3 of methanol was added to this 
suspension. After refluxing for 4 h then cooling, the 
grey-green precipitate was filtered off and dried 
under argon. 

Cobalt complexes with ligands derivedfrom dimethyl 
barbituric acid 

To 0.5 mmol of ligand in 25 cm3 of methanol was 
added 1 mmol of NaOH (pellets). After stirring at 
room temperature for 1 h, 1 .l equivalents of 
Co(OAc), dissolved in 10 cm3 of methanol were 
added to the suspension of the ligand and the mix- 
ture heated to reflux for 3 h. After cooling, the 
complex was recovered as a precipitate which was 
filtered off, washed with degassed methanol and 
dried under argon. 

Co(II1) DiMeBardpt OAc 

The same procedure described for the prep- 
aration of the Co(I1) complexes is followed using 
30 cm’ of methanol instead of 5 cm3. Ater leaving 
the solution in contact with air, at room tem- 
perature for a few days, brown crystals appeared. 

In the case of Co DiMeBardpt, only 5 cm3 of 
methanol was used due to the greater solubility of 
this complex. 

Electrochemistry 

Spectroscopic grade DMSO (Merck) was dried 
on 0.3 nm molecular sieves. The supporting elec- 
trolytes (Fluka), tetraethylammonium perchlorate 
(TEAP) and tetrabutylammonium hexafluo- 
rophosphate (TBH), were dried in a vacuum 
oven and used without purification. Argon bub- 
bling was used to remove oxygen from tested solu- 
tions. 

Cyclic voltammetry was performed using an EG 
and G Princeton applied research model 362 scan- 
ning potentiostat. 

In all electrochemical experiments, an aqueous 
saturated calomel electrode (S.C.E.) was used as 
reference electrode ; the reported potential values 

are accurate to f 0.02 V. The temperature was con- 
trolled at 20 f 0.5”C. 

The concentration of the different complexes 
was 0.6 mM in DMSO. 

X-ray crystal structure of Co DiMeBardpt OAc 

Crystals suitable for X-ray diffraction were 
obtained by evaporation of an ethanolic solution. 
A small crystal sealed in a Lindemann capillary 
with a drop of mother liquor was used for data 
collection and determination of the unit cell par- 
ameters. 

Crystal data : (C22H300sN,)Co, O.SEtOH. 
M.W. = 579.46+46.07, monoclinic system, space 
group P2/n, 2 = 4; a = 14.831(5), b = 9.955(3), 
c = 20.292(6) A, /? = 107.46(3)” ; V = 2857.92(9) 

A3, d, = 1.40, p(CuKa) = 49.92 cm-‘, 
F(OOO) = 1260. 

Data were collected on a Philips PW 1100 diffrac- 
tometer using graphite monochromatized CuKo! 
radiation (iZCuKa = 1.5418 A) and the 8-28 scan 
technique. Three standard reflections monitored 
every 2 h showed loss in intensity and a correction 
was made for crystal decomposition. A total of 7591 
reflections were collected of which 2361 independent 
ones with I > 3a(Z) were considered as observed 
and used for the structure calculations. The cobalt 
atom was located from the Patterson function, then 
Fourier syntheses gave all the other atoms of the 
molecule. The structure was refined by least-squares 
method, minimizing the function Cw(Fo - ]Fc])‘. An 
empirical correction for absorption was made’ ’ 
reducing the isotropic R factor from 0.134 to 0.107. 
At the end of the anisotropic refinement, difference 
Fourier maps showed some hydrogen atoms and 
the presence of an ethanol solvent molecule. The 
ethanol atoms displayed high thermal motion, and 
so the molecule was refined as a rigid group with 
arbitrary occupation factors of 0.5 and a group 
isotropic thermal factor. 

Hydrogen atoms were introduced at theoretical 
positions (dC-H = 1.08 A) with an isotropic tem- 
perature factor equivalent to that of the bonded 
atom. 

Final R values were 0.086 (R = C(Fo--Fc)/CFo) 
and 0.0942 [Rw = ~w’~2~Fo-_I~c~~/~w’~2Fo with a 
weighting scheme w- ’ = 02(Fo)+0.0186(Eb)*], 
max AP = 0.76, min AP = - 0.90 e k’ on the final 
difference Fourier map. 

All calculations were performed on a Mini-6 Bull 
computer using SHELX7616 with coefficients for 
analytical approximation to the scattering factor 
and anomalous corrections from International 
Tables. Final coordinates, thermal parameters and 
a list of observed and calculated structure factors 



X-ray and electrochemical investigation of a series of cobalt complexes 

have been deposited as supplementary material with 
the Crystallographic Data Centre in Cambridge. 

Magnetic measurements 

Magnetic susceptibility measurements at ambient 
temperature were performed on polycrystalline 
samples weighing about 5 mg, with a Faraday-type 
magnetometer. HgCo(NCS), was used as calibrant. 
The molar susceptibilities were corrected for ligand 
diamagnetism, using Pascal’s constants. 

General procedure for the oxidation of 2,6-ditert- 
butylphenol 

To 0.15 mmol of the starting phenol in 5 cm3 of 
acetonitrile was added the catalyst (0.015 mmol) in 
0.5 cm3 of DMSO. The solution was stirred in a 
two-necked flask connected to a gas-burette con- 
taining oxygen (pressure 1 atm). At the end of the 
reaction, the different products were extracted by 
hexane. The hexane phase was evaporated to dry- 
ness and the percentage of the various products 
evaluated by NMR spectroscopy. 

‘H NMR spectra were recorded on a Perkin- 
Elmer R-32 spectrometer using CDC13 solutions or 
DMSO ds solutions and 
erence. 

RESULTS AND 

(1) Synthesis 

SiMe4 as internal ref- 

DISCUSSION 

The cobalt complexes of the Schiff-bases derived 
from uracil were obtained simply by refluxing a 
suspension of the ligand in the presence of an equal 
amount of cobalt acetate. However in the cases of 
the ligands derived from 1,3-dimethyl barbituric 
acid, two equivalents of base must be added to 
accomplish complexation with cobalt(I1). Bar- 
bituric acid is in fact a much stronger acid 
(pKu = 4.7) than uracil which is a base. The ligands 
with their abbreviated notation are shown in the 
Structures. 

(2) X-ray analysis 

The X-ray analysis establishes that an acetate 
group was linked to the cobalt atom as shown in 
Fig. 1. The cobalt atom, surrounded by three nitro- 
gen and three oxygen atoms in two perpendicular 
planes assumes an octahedral geometry: it lies 
exactly in the plane of the four atoms : 04, N8, N12 
and N8’ of the Schiff base ligand, the atoms 04’ 

02 

Fig. 1. Structure of Co DiMeBardpt OAc. 

and Ola being respectively 1.876(5) and 1.887(6) 
A distance from the central cobalt atom (Table 1). 
Therefore, the two dimethyl barb&uric acid moi- 
eties are in a cis geometry, the dihedral angle 
between the pyrimidine rings being 94.3” (Table 
2). An intramolecular hydrogen bond bridges the 
second oxygen atom of the acetate group to the 
nitrogen atom N12 (02a-N12 = 2.81 A, 
02a-H12 = 1.79 & angle 02a-H12-N12 
= 154.5”), making the molecule more rigid. 
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Table 1. Interatomic distances (A) of Co DiMeBardpt 
OAc 

co-04 
Co-N8 
Co-N12 
co-04 
Co-N8 
Co-OlA 
Nl-C2 
Nl-C6 
NI-Cl3 
c2-02 
C2-N3 
N3-C4 
N3-Cl4 
c4-04 
c4-c5 
C5-C6 
c5-c7 
06 
C7-N8 
N8-C9 
c9-Cl0 
c1O-C11 

1.924(5) 
1.945(6) 
1.961(7) 
1.874(5) 
1.920(7) 
1.898(6) 
1.361(13) 
1.398(12) 
1.484(14) 
1.232(11) 
1.382(12) 
1.391(10) 
1.468(12) 
1.271(10) 
1.401(12) 
1.412(13) 
1.409( 11) 
1.253(12) 
1.287(10) 
1.495(10) 
1.496(13) 
1.524(15) 

Cl l-N12 
N12-Cll’ 
Nl’-C2 
N 1 ‘-C6’ 
Nl’-C13’ 
C2’-02’ 
C2’-N3’ 
N3’-C4’ 
N3’-C14’ 
C4’--04’ 
C4’-C5 
C5’--c6’ 
C5’-c7 
C6’-06’ 
U--N8 
N8’-C9’ 
C9’-ClO’ 
clo’-cl1’ 
OlA-Cl5 
02A-C 15 
C15--C16 
OH-CH2 
CH2-CH3 

1.486(11) 
1.486(12) 
1.379(11) 
1.401(11) 
1.490(12) 
1.211(10) 
1.362(11) 
1.396(10) 
1.487(11) 
1.259(10) 
1.413(11) 
1.404(12) 
1.411(11) 
1.249(10) 
1.298(10) 
1.473( 10) 
1.486( 14) 
1.501(14) 
1.304(13) 
1.231(15) 
1.472(19) 
1.377(47) 
1.462(41) 

In the packing of the molecules only Van der 
Waals contacts are noted. The ethanol molecule is 
placed in a hole of the crystal and does not establish 
any hydrogen bond with the complex molecules. 

The structure of this complex can be compared to 
that of the complex formed from the corresponding 
Schiff-base derived from salicylaldehyde. ’ 7 No sig- 
nificant difference in the geometry around the metal 
centre appears between the two molecules. As 
noticed by the authors, the same geometry of the 
Schiff-base ligand is observed in the peroxy-qui- 
nolato cobalt(II1) complex ” and in the binuclear 
p-peroxo cobalt(II1) complex” whereas it is truns 

in the dioxygen complex. ‘a 

(3) Characterization of the cobalt complexes 

In addition to the results of elemental chemical 
analyses, the complexes have been characterized by 
IR, Visible and U.V. spectral studies and magnetic 
susceptibility measurements. 

(a) IR spectroscopy of all the complexes are simi- 
lar: they show very strong IR-active bands near 
1650-1600 cm-’ which are assigned to the con- 
jugated C=N, CL=0 and C=C stretching 
vibrations of the amide and imine chelated bonds. 
Compared to the free ligands these bands are shifted 
to lower energy in the complexes. Additional bands 

are also observed at 1695 and 1550 cm- ’ for DiMe- 
Bar type and Ura type complexes respectively. 

(b) Due to the low solubility of the various com- 
plexes which are not soluble in most organic 
solvents, we have measured their spectra in DMSO 
solution (Table 3). The spectra of the Co Salen and 
Co SalN-Medpt were also measured in chloro- 
formic and DMSO solutions for the sake of com- 
parison. Whatever the solvent, the values of I max 
do not vary much and show that Co Salen is square- 
planar and Co SalN-Medpt is a trigonal 
bipyramid. 2 I 

All the complexes with Schiff-bases derived from 
uracil, Co DiMeBarpen and Co DiMeBardpt exhi- 
bit the same type of spectra : a shoulder at z 1000 
nm and a maximum at 550 nm. 

These values are consistent with an octahedral 
geometry” with one or two molecules of DMSO 
when the ligands are respectively penta- or tet- 
radentate. Co DiMeBaren and Co DiMeBarMeen 
are probably square-planar as indicated by the 
absence of absorption at 500 nm. After com- 
plexation a bathochromic shift of 20-30 nm was 
observed in the UV spectra. 

(c) Magnetic susceptibility measurements (Table 
4) reveal that Co DiMeBaren which probably has 
a square planar geometry is the only low-spin com- 
plex. As indicated by the microanalysis, this com- 
plex crystallizes with a molecule of solvent (MeOH) 
which can be either in the lattice or directly bound 
to the metal, in which case the axial ligand field 
would not be increased sufficiently to give a high- 
spin complex. The other five complexes are high- 
spin. In the case of Co DiMeBarMeen the presence 
of two water molecules creates an axial ligand field 
which is relatively strong compared to the equa- 
torial ligand field and leads to a high-spin complex. 
As expected the tetrahedral Co Urapen and Co 
DiMeBarpen and the five coordinate Co Uradpt 
and Co DiMeBardpt exhibit magnetic moments in 
the range of 4.24.6 BM. 

(4) Electrochemistry 

(a) Cyclic voltammetry. The voltammogram of 
Co DiMeBaren shows the typical behavior of tetra- 
coordinated cobalt complexes : in the range + 0.5 
to - 1.8 V (vs SCE), a reversible process is seen, 
including an anodic current peak at +0.15 V and 
a cathodic one at +0.25 V. Increasing the scan 
rate does not modify these values. A second anodic 
current peak is observed at - 1.3 V which is associ- 
ated to a cathodic current peak at - 1.2 V, which 
probably corresponds to the reduction of Co(I1) to 
Co(I). 

The voltammograms of pentacoordinate com- 
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Table 2. Valence angles (“) of Co DiMeBardpt OAc 
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04-G---N8 
04--Q---N12 
04-G-04 
04-Co-N8 
04-Co-OlA 
N8-Co-N12 
N8-Co-04 
N&--Co-N8 
N8-Co-OlA 
N12-Co-04 
N12&Co--N8’ 
N12-Co-OlA 
04’-Co-N8’ 
04’-Co-0 1A 
N8’-Co-OlA 
C2-N l-C6 
C2-NlGCl3 
CbNl-Cl3 
Nl-C2-02 
Nl-C2-N3 
02x2-N3 
C2-N3-C4 
C2-N3--C14 
C4--N3-Cl4 
N3-C4-04 
N3-Cl--C5 
04-c4-c5 
co-04-C4 
C%--C5-C6 
Cl--c5-c7 
c6-c5-c7 
Nl-G-C5 
Nl-C6-06 
C5-C6-06 
CS-C7-N8 
Co-N8-C7 
Co--N&-C9 
C7-N8-C9 
N8-C9-Cl0 
c9-c1&cll 
ClO-Cl l-N12 
Co-N12-Cl1 
Co-N12-Cll’ 
Cl l-N12-Cll’ 
C2’-Nl ‘-C6’ 
C2’-Nl’-C13’ 
C6’-Nl’-C13’ 

90.2(2) 
175.5(3) 
89.5(2) 
85.3(3) 
84.5(2) 
93.4(3) 
87.4(2) 

176.2(3) 
90.6(3) 
91.9(3) 
90.4(3) 
94.2(3) 
91.6(3) 

173.7(2) 
89.9(3) 

124.2(8) 
115.7(8) 
120.1(8) 
121.3(9) 
116.9(8) 
121.8(8) 
122.4(7) 
116.7(7) 
120.8(7) 
114.6(7) 
119.5(7) 
125.8(8) 
122.7(5) 
119.1(8) 
120.3(7) 
119.1(8) 
117.7(8) 
119.4(9) 
122.9(9) 
126.2(8) 
122.5(5) 
121.2(5) 
115.3(7) 
113.1(7) 
116.9(8) 
110.6(8) 
116.6(6) 
115.0(6) 
110.7(7) 
124.0(7) 
116.7(7) 
119.0(7) 

Nl’-C2’-02 
Nl’-C2’-N3’ 
02’-C2’-N3’ 
C2’-N3’-C4 
C2’-N3’-C 14 
Cl’-N3’-C 14 
N3’-C4’-04 
N3’---C4’-C5’ 
04’-C4’-C5’ 
co-O4’-C4 
C4’<5’--C6 
C4’-C5’-C7’ 
C6’-C5’--c7’ 
Nl’-C6’-C5’ 
N l ’-C6’-06 
C5’-C6’-06’ 
C5’-C7’-N8’ 
Co-N8’--c7 
Co-N8’-C9 
C7’-N8’-C9’ 
N8’-C9’-ClO 
c9-c10’-C11’ 
N12-Cll’~lO 
Co-O1A-Cl5 
OlA-C15-02A 
OlA--c15-Cl6 
02A-C 15-C 16 

121.1(8) 
116.8(7) 
122.0(8) 
123.7(7) 
118.0(6) 
118.3(6) 
116.5(7) 
117.8(7) 
125.6(7) 
123.3(5) 
120.5(7) 
119.6(7) 
119.3(7) 
117.0(7) 
117.7(7) 
125.2(7) 
125.8(7) 
122.5(5) 
119.0(5) 
118.2(7) 
110.0(7) 
116.2(9) 
111.4(8) 
130.0(7) 
123.6(11) 
114.5(10) 
121.9(11) 

plexes are less simple: we have chosen Co DiMe- 
Bardpt as an example. The first redox process 
[Co(III)/Co(II)] is fast and reversible. Reduction of 
Co(I1) to Co(I) is not observed under the exper- 
imental condition used (Pt, DMSO, TEAP). With 
a graphite electrode which enables the exploration 
of a larger range of potentials, it is possible to see an 
anodic current peak at x - 1.8 V which probably 

corresponds to the reduction of Co(I1) to Co(I). 
This process is also reversible but the Co(I) com- 
plexes are probably reacting with the solvent lead- 
ing to an electroactive species which is oxidized at 
x -1.8 v. 

(b) Linear voltammetry. We have compared the 
values of Et of the reference complexes (e.g. Co 
Salen and Co SalN-Medpt) with those of the Co(I1) 
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Table 3. Visible and near IR spectra of cobalt(I1) complexes (nm) 

Complex Solid (KBr) CHCl, DMSO 

Co Salen 

Co SalN-Medpt 

Co Urapen 

Co Uradpt 

Co DiMeBaren 

Co DiMeBarMeen 

Co DiMeBarpen 

Co DiMeBardpt 

580(sh) 
510 
485 

1200 

1580(12) 
680(26) 

1240 

1660(10) 
680(26) 

104O(sh) 
550(sh) 
525(sh) 
475(sh) 

lOOO(sh) 
540(sh) 
520(43) 
490(sh) 
455(sh) 

1040(370) 

lOOO(17) 

1020(10) 
550(sh) 
522(30) 

lOOO(8) 
550(sh) 
522(30) 
482(sh) 
435(sh) 

complexes derived from pyrimidine bases (Table 5). 
If we first examine the values measured for the 

complexes with Schiff-bases derived from salicy- 
laldehyde, we can see that the oxidation potential 
Co(II)/Co(III) is more negative for Co SalN-Medpt 
than for Co Salen,” indicating that Co(I1) is more 
difficult to oxidize in the latter complex. This is 
probably due to the fact that Co Salen is tetra- 
coordinate in DMSO whereas Co SalN-Medpt is 
pentacoordinate as shown by visible spectroscopy. 
This observation agrees well with the results of 
Baso10,23 who suggested that the oxidation poten- 
tial of cobalt(I1) is strongly dependent on the elec- 
tron density at the metal centre. Co Salpen is the 
least easily oxidized complex probably because of 
its nearly tetrahedral geometry. 

Table 4. Magnetic data of cobalt(I1) complexes 

PBM 

Co Urapen 4.63 
Co Uradpt 4.36 
Co DiMeBaren 2.72 
Co DiMeBarMeen 4.58 
Co DiMeBarpen 4.64 
Co DiMeBardpt 4.49 

As for the two complexes derived from uracil, the 
values of the oxidation [Co(II)/Co(III)] and of the 
reduction [Co(II)/Co(I)] potentials are higher than 
for Co Salen or Co SalN-Medpt. On the other 
hand, for a given type of ligand, the reduction 
of the Co(I1) complexes is more difficult than the 
reduction of the corresponding Cu(I1) complexes as 
noticed previously by Deutsch. 24 The differences 
observed in the values of Ej between the two series 
of complexes, are a consequence of the decreased 
electron-donating character of the uracil ring com- 
pared to the phenoxyl group, therefore making the 
metal cation more easily reduced and less easily 
oxidized. 

Concerning the complexes derived from dimethyl 
barbituric acid, the presence of an extra hydroxyl 
group and two methyl groups on the pyrimidine 
ring has no great influence on the values of Et 
[Co(II)/Co(III)] compared to those of Co Urapen 
or Co Uradpt. Except for DiMeBarpen, the values 
of Ei [Co(II)/Co(III)] are nearly the same for the 
three other complexes whether the ligand is tetra- 
or pentadentate. 

Well above in the scale in each series are Co 
DiMeBarpen and Co Urapen with value of Ei of 
+0.51 V and > 0.5 V respectively. This is in 
agreement with the more positive potential for 
[Co(III)/Co(II)] reduction of Co Salpen compared 
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Table 5. 

Compound E:(V) 
% of quinone 

after 2 hb 

Co Salen -0.1 ; -1.33 100 
Co Salpen +0.12; -1.58 0 
Co SalN-Medpt -0.26; - 2.28(Hg) 70 
Co Urapen >0.5 v - 1.6(Hg) 0 
Co Uradpt +0.09; - 1.6(Hg) 0 
Co DiMeBaren +O.lS; -1.3 30 
Co DiMeBarMeen +0.17; -1.29 100 
Co DiMeBarpen +0.54; -1.6 0 
Co DiMeBardpt +0.14; - 1.9(C) 95 

‘Half-wave potentials of Co(I1) complexes. 
*Oxidation of 2,6_ditertbutylphenol by mol. O2 catalyzed by Co(I1) 

compounds. See text for experimental conditions. 
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to Co Salen, probably reflecting slightly different 
geometries. We confirm also that the presence of a 
methyl group on the ethylene bridge has no influ- 
ence on the stability of Co(II), as already shown by 
Averill.*’ 

(5) Electron paramagqetic resonance 

In order to test the ability of these complexes to 
bind dioxygen, we have measured the ESR spec- 
trum of two complexes : Co Uradpt and Co DiMe- 
Bardpt which show similar values of E4 
[co(II)/co(III)]. 

Co Uradpt being soluble only in DMSO, was 
dissolved in this solvent in the presence of oxygen ; 
whatever the temperature, no signal corresponding 
to the complex Co-O, could be detected. However 
under the same conditions Co DiMeBardpt shows 
a change of colour from green (solid) to maroon 
(solution) and exhibits a weak signal corresponding 
to the oxygen adduct, that is with eight lines because 
of the coupling of’the cobalt nucleus and the elec- 
tron from Co-Of. The coupling constant is 15 G, 
which was already observed for other Co Saldpt 
complexes. 26,27 When acetonitrile was used instead 
of DMSO, a much stronger signal was observed. 

The heights of the lines varied with temperature and 
reached a maximum at room temperature. Addition 
of a trace of DMSO to the acetonitrile solution 
caused a strong decrease of the signal. This dem- 
onstrated that DMSO competes with oxygen as a 
ligand . 

Thus, two complexes with very similar values of 
Ei [Co(II)/Co(III)] behave quite differently towards 
dioxygen. We will propose a possible explanation 
in the conclusion. We have also tested their catalytic 
activity in the oxidation of 2,6-ditertbutyl phenol 
by molecular oxygen. 

(6) Catalytic oxidation of 2,6_ditertbutylphenol 

2,6-ditertbutyl phenol is readily oxidized by 
molecular oxygen in the presence of various 
cobalt(I1) complexes giving only two products: 
parabenzoquinone (PBQ) and diphenoquinone 
(DPQ) as shown in the Scheme. We have com- 
pared the efficiency of the different cobalt com- 
plexes mentioned in this study with that of Co 
Salen and Co SalN-Medpt under the same standard 
conditions: 1 atm pressure of oxygen, room tem- 
perature, solvent: H3CC N/DMSO, 10/l in order 
to increase the solubility of the complexes, ratio: 
catalyst/phenol = 0.1. 

PBQ DPQ 
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All complexes are not efficient catalysts (Table 
5) but when they are, they exhibit the same high 
selectivity, the only reaction product being the 
benzoquinone PBQ. As expected, Co DiMeBardpt 
which binds O2 shows an efficiency which is similar 
to that of good catalysts in this reaction such as Co 
SalN-Medpt whereas Co Uradpt which does not 
bind O2 does not catalyze the reaction. 

We noticed also that when the reaction is carried 
out in pure acetonitrile, the yield in oxidation prod- 
uct become quantitative with Co SalN-Medpt but 
drops to 70% with Co Salen instead of 100% in the 
mixture DMSO/CHCN (l/10). We interpret these 
apparently surprising results by assuming that in 
the case of Co SalN-Medpt, DMSO can act as a sixth 
ligand, thus preventing the binding of OZ. By con- 
trast, with Co Salen it would act as a fifth ligand 
thus increasing the ability of the cobalt atom to 
bind OZ. Although the values of Ei for Co DiMe- 
Baren and Co DiMeBarMeen are similar, the yields 
in quinone are very different. This might be due to 
a lower solubility of Co DiMeBaren under the con- 
ditions we have used. The complexes derived from 
1,3-propylene diamine (as Co Salpen for instance) 
are totally inefficient probably due to the high value 
of their Co(III)/Co(II) potential. 

We conclude that complexes which have similar 
Co(II)/Co(III) redox potential values can exhibit 
very different catalytic efficiency. The latter is cer- 
tainly a function of the redox potential but also 
depends on other factors such as the steric hin- 
drance at the metal centre.31 One should also bear 
in mind that these Ei values concern a complex 
which is only the precursor of the active catalyst 
namely the oxygen adduct and that many other 
cobalt complexes are involved as intermediates in 

the catalytic oxidation. 28-3” Therefore, it seems very 
hazardous to establish a direct relationship between 
Ei values and the catalytic efficiency of cobalt(I1) 
complexes. 

Acknowledgements--We wish to thank Dr J. Huet for the 
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Abstract-[Mo,(OAc),] reacts with three or more equivalents of lithium chloride and PMe3 
in thf to give [Mo,C13(~-OAc)(PMe3)3]0.75thf (1). The IR spectrum of the complex shows 
MO-O and Ma-Cl stretches at 350 and 300 cm- ’ respectively and the ‘H and ’ 'C NMR 
spectra suggest several species are present in solution. [Mo&l,(p-OAc)(PMe,),] converts 
slowly in thf to [Mo2C14(PMe3)4] and [Mo,(OAc),]. The structure of [Mo,Cl,(p-OAc) 
(PMe,),]O.SC,H,Me (2) has been determined by single-crystal X-ray diffraction methods. 
Crystals of the toluene solvate are tetragonal with a = 20.726(2), c = 11.776(2) A, space 
group = 14cm. The structure was solved by Patterson and Fourier methods and refined to 
R of 0.035 for the 539 observed data. The molecule contains two metal centres each of 
which shows 5-fold coordination. The two molybdenum atoms are linked by an acetate 
bridge and a short MO-MO bond of 2.121(3) A. Remaining coordination sites are occupied 
on Mo( 1) by two Cl and one PMe, and on MO(~) by one Cl and two PMe, groups. 

Preparations of dinuclear molybdenum(I1) com- 
plexes containing chloro and phosphine ligands 
have traditionally used [Mo,(OAc),] as the source 
material for the molybdenum-molybdenum quad- 
ruple bond. I Reaction with ammonium chloride 
to give (NH,) gM~2C19 * Hz0 followed by treatment 
with the phosphine has been the usual route.2 
McCarley et al. have reported that [Mo2C14(PEt3)4] 
could be synthesized by reacting [Mo,(OAc),] with 
excess Me,SiCl in the presence of PEt3. 3 More 
recently Green et al. found that [Mo,Cl,(OAc),(P),] 
complexes could be prepared by the reaction of 
[Mo,(OAc),] with two equivalents of Me,SiCl in 
the presence of a variety of phosphine ligands.4 This 
latter reaction showed that complexes containing 
both acetate and chloro ligands could be prepared 
for molybdenum as had been found with rhenium. 5 

The stepwise deacetylation of [Mo,(OAc),] to 
produce [MO&I,(P),] complexes can be envisaged 

* Author to whom correspondence should be addressed. 
t Present address : Department of Chemistry and Bio- 

chemistry, Massey University, Palmerston North, New 
Zealand. 

to proceed through the following intermediates 

[Mo,(OAc),] + [Mo,C~(OAC)~P] 

--t [Mo#&(OAC)~P~] + [Mo2C13(0Ac)P3] 

+ [Mo2C14P4]. 

In this sequence only the mono- and tri-chloro 
complexes remain to be discovered. We report 
here results of work in which attempts were 
made to prepare and characterize these two com- 
plexes using PMe, as the phosphine ligand. In par- 
ticular the X-ray structural characterization of a 
[MozC13(OAc)P3] complex is presented. 

RESULTS AND DISCUSSION 

During reactions carried out between Me 3CPLi 2 
and [MO ,(OAc) 4] in the presence of PMe 3 using thf 
as solvent, we have observed the formation of small 
quantities of a red-purple complex for which ana- 
lytical and spectral data indicated a molybdenum 
compound containing chloro and PMe, ligands. 
Since it was suspected that the chloro ligands 
resulted from a reaction between [Mo,(OAc),] 
and lithium chloride present in our solutions of 

2111 
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Me,CPLi,, the interaction of these two reagents 
was studied further. 

When [Mo,(OAc),] was reacted with three or 
more equivalents of LiCl in thf in the presence of 
PMe,, the mixture rapidly became purple and lith- 
ium acetate was precipitated. The red-purple com- 
plex extracted from this reaction mixture had simi- 
lar spectral properties to the complex formed when 
the dilithium phosphide reagent was present. Recrys- 
tallization of the product from thf gave a complex 
which analyzed as [Mo,Cl,(OAc)(PMe,),] 0.75 thf 
(1). The IR spectrum showed a broad -0 absorp- 
tion band at 1450 cm-’ and there were bands due 
to PMe, and thf at 960 and 855 cn- ’ respectively. 
In the far-IR, bands at 350 and 300 cm-’ were 
identified as MO-O and Mo-Cl stretches respec- 
tively. 6 In the ‘H NMR spectrum there were several 
PMe, methyl resonances in the vicinity of 1.8 ppm ; 
a singlet was observed for the acetate methyl carbon 
and the methylene protons of the thf appeared as 
multiplets in the vicinity of 1.8 and 3.7 ppm. In the 
“C[‘H] NMR spectrum there were several res- 
onances present for the PMe, methyl carbons and 
singlets for the acetate methyl carbon as well as the 
c(- and P-carbons of the thf solvate. In addition there 
were three resonances of different intensity for the 
acetate group quarternary carbon. The ‘3C[1H] 
NMR spectrum thus indicated the presence of sev- 
eral species present in solution. 

When the red-purple complex is allowed to 
stand for long periods in thf (i.e. several weeks) 
the solution changes colour from purple to blue 
and molybdenum tetra-acetate precipitates. From 
the blue-purple solution [Mo,C14(PMe3)4]7*8 and 
the red-purple complex (1) were isolated. 

The solvated complex (1) was best prepared from 
[Mo,(OAc)J in thf by the addition of three equi- 
valents of both LiCl and PMe3. It was also formed 
when Me,SiCl was used in place of LiCl. Reactions 
of [Mo,(OAc),] with one or two equivalents of LiCl 
and PMe3 in thf invariably lead to mixtures con- 
taining various uncharacterized molybdenum com- 
plexes. When l&Io,(OAc),] was reacted with two 
equivalents of Me,SiCl and PMe, in thf, a pink 
product was formed which we believe to be 
[Moz(OAc)&l,(PMe3)J but attempts to obtain 
pure product by crystallization led only to the red- 
purple complex. 

Crystal structure studies 

The crystal structure of the red-purple complex 
recrystallized from toluene was determined and 
found to be the toluene solvate, [MozC13(p- 
0Ac)(PMe3),]0.5C6HsMe (2). The molecular struc- 
ture is shown in Fig. 1. It consists of an asymmetric 

Fig. 1. Molecular structure of [MO&~,@-OAc) 
(PMe,),]O.SPhMe. Ellipsoids are drawn at the 40% prob- 

ability level. Hydrogen atoms have been omitted. 

dinuclear species in which a single acetate ligand 
bridges two molybdenum atoms which in turn are 
joined by a short metal-metal bond of 2.121(2) A. 
The remaining coordination sites are occupied on 
Mo( 1) by two Cl and one phosphine and on MO(~) 
by one Cl and two phosphine ligands. As a result 
the donor atoms trans to the acetate oxygens are 
not the same for the two metal centres. Bond dis- 
tances and angles are given in Table 1. These latter 
indicate the deviations from ideal 5-fold coor- 
dination which occur. At Mo( 1) the angles Cl(l)- 
Mo(l~l(l)‘andP(l)--MO(~)--O(l)of 134.2(2)and 
170.6(6)O respectively, more closely resemble a tri- 
gonal bipyramidal geometry whereas P(2)-MO(~)- 
P(2)’ (156.2(2)“) and Cl(2)-Mo(2)--0(2) (149.8(5)“) 
are more indicative of the square pyramidal 
arrangement. 

A comparison of distances and angles observed 
for (2) and other related complexes is given in 
Tables 2 and 3. The MO(~)---MO(~) separation of 
2.121(2) A lies within the range of values (2.086(2k 
2.153(6) A) found for complexes containing a 
MO-MO quadruple bond. These compounds may 
be further subdivided into complexes either with, 
or without, an acetate bridge. In complexes in which 
two or more acetate bridges are present the 
MO-MO separation is a little shorter (2.093(l)- 
2.113(l) A) than that observed where no acetate 
bridges occur (2.13O(lk2.153(6) A). In (2) the 
MO-MO distance of 2.121(3) seems to lie between 
the two ranges. The Mo(l)--Cl(l) and 
MO(~)--Cl(2) distances of 2.420(7) and 2.431(8) A 
respectively do not differ significantly from one 
another despite the differences in their trans neigh- 
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Table 1. Selected bond lengths and bond angles for [Mo,Cl,@-OAc)(PMe,),] 0.5 PhMe(2) 

2113 

Mo(ljMo(2) 

Mo(ljW) 
Mo(ljP(1) 
Mo(fW(1) 
Mo(2jW2) 
Mo(2jP(2) 
Mo(2W(2) 

Mo(2jMo( 1 jCl( 1) 
Mo(2jMo(ljP( 1) 

Mo(2jMo(lW(l) 
Cl(1 jMo(ljCl(1)’ 
Cl(ljMo(ljP(l) 
Cl(1 jMo(ljO(1) 

P(ljMo(lW(1) 
Mo(ljMo(2jC1(2) 
Mo( l)-Mo(2jP(2) 

Mo(ljMo(2)--0(2) 
C1(2jMo(2jP(2) 

Cl(2jMo(2)--0(2) 
P(2 jMo(2 jP(2)’ 

P(2jMo(2)--0(2) 

Bond lengths (A) 

2.121(2) P(l)--c(3) 
2.420(7) P(ljC(4) 
2.517(9) P(2)--c(5) 
2.14(2) P(2)--C(6) 
2.431(8) P(2)--c(7) 
2.550(6) C(ljW) 
2.06(2) C(ljO(2) 

C(ljC(2) 

Bond angles (“) 

112.9(2) Mo(ljP(l>--C(3) 
99.9(3) Mo(ljP(ljC(4) 
89.6(6) C(3jP(ljC(4) 

134.2(2) Mo(2jP(2jC(5) 
85.8(2) Mo(2jP(2)--C(6) 
90.6(3) Mo(2jP(2jC(7) 

170.6(6) C(5jP(2jC(6) 
115.7(3) C(5jP(2jC(7) 
101.6(l) C(6jP(2jC(7) 
94.5(5) Mo(l)--O(ljC(l) 
87.7(2) Mo(2)--C(2Wt2) 

149.8(5) WjC(lW(2) 
156.2(2) WjwjC(2) 

86.1(2) 0(2jwjC(2) 

1.86(3) 
1.82(2) 
1.82(2) 
1.81(2) 
1.80(2) 
1.19(4) 
1.36(4) 
1.59(3) 

111.4(10) 
116.5(7) 
100.1(11) 
110.0(7) 
115.1(6) 
120.1(7) 
102.9( 11) 
102.8(11) 
103.9(10) 
118(2) 
113(l) 
125(2) 
124(3) 
ill(3) 

(atoms Cl(l)’ and P(2)’ refer to equivalent sites i+y, f+x, z) 

Table 2. M-M separations in Mo-MO dimers 

Complex 
Mo-MO 

distance (A) Ref. 

(a) Complexes with no bridging ligands 

[K,Mo&l,] * 2H20 2.139(4) 
[(enH J ,Mo ,Cl *] - 2H 2O 2.134(l) 

WH&MozCl~l*H@ 2.150(5) 
[Mo,Cl,(pic),] - CHC13 2.153(6) 

iMo2C14)(PMe3h1 2.130(l) 
[Mo*ClXPPh3)*(CH~OH)21 2.143(l) 

PbCL@W~l 2.144(l) 
Range 2.130(l)-2.153(6) 

(b) Complexes with acetate bridges 

W,W%l 2.0934(8) 
[MozCl@Ac)z(PB&l 2.099( 1) 
[Mo,C~,OAC)~(PE~,)+-red 2.113(l) 
[Mo,C1,(OAc)2(PEt3)+orange 2.0984(4) 
[MMWCPWd 2.096(l) 
PbFhCCMed~l 2.088( 1) 
[Mo~(OAC)$&]~- 2.086(2) 

Range 2.086(1)-2.113(l) 

9 
10 
11 
12 
8 

13 
14 

15 
4 

16 
16 
17 
17 
6 
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bours. They lie within the range observed (2.410(4)- (2.517(9) A), which is tram to an acetate oxygen, 

2.437(3) A) for other similar dinuclear complexes being a little shorter than Mo(2FP(2) (2.550(6) A) 

as shown in Table 3. Some differences are noted in where the tram group is another phosphine ligand. 

the MO-P bond lengths with MO(~)--P(1) This finding is in accord with the proposal of 

Table 3. Structural data on some dinuclear molybdenum complexes 

Complex 

PWOA4CL(PMe3h1 

~M~2C14PMe3)41 

[Moz(OAc)~Cl,(PBu,)zl 
]Mo~(0,CCMe,)Kl,(PEt,)J 

(red isomer) 

]MoKCMeWl,(PW~ 
(orange isomer) 

[MoSXSJ%)d 

[Mo,(OAC),CL,]~- 

Trans 
MO-Cl group Cl-Mo-X 

(A) (1) (deg) 

2.420(7) Cl 134.2 
2.431(8) 0 149.8(S) 
2.415(l) Cl 135.27(4) 
2.413(l) Cl 135.85(4) 
2.427(2) P 139.8(l) 
2.415(4) 0 152.6(3) 
2.410(4) 0 151.5(3) 
2.428(5) P 142.2(2) 

2.398(7) Cl 142.42(9) 
2.415(7) Cl 142.42(9) 
2.413(7) Cl 143.10(8) 
2.417(6) Cl 143.10(8) 
2.437(3) Cl 141.8(l) 
2.430(4) Cl 141.8(l) 

Complex 
MO-O Trans 

(A) group 0-Mo-X 

[MO 2(OAWl #‘Me J A 

~Mo,(OAc)2Cl,(PBu,);j 

[Mo2(02CCMe,),C12PEt,)~ 
(red isomer) 

[Mo2(02CCMe~)2C12(PEt,)21 
(orange isomer) 

[Mo 2@W41 

[MO 40 ,CCPbl 

2.14(2) 
2.06(2) 
2.109(5) 
2.100(6) 
2.051(8) 
2.136(8) 
2.063(9) 
2.106(9) 
2.105(5) 
2.105(5) 
2.110(4) 
2.107(5) 
2.137(4) 
2.121(4) 
2.111(6) 
2.1 lO(6) 
2.126(5)” 
2.100(6) 
2.098(5) 
2.135(5)” 
2.109(6) 
2.103(6) 
2.092(3) 
2.131(3) 
2.104(3) 
2.099(3) 

P 
C1 
0 
0 
Cl 
P 
Cl 
P 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
P 
0 
0 

170.3(6) 
149.8(6) 
176.2(2) 
176.2(2) 
152.6(3) 
165.0(3) 
151.5(3) 
163.9(3) 
176.4 
176.4 
176.3(2) 
176.3(2) 
176.5(2) 
176.5(2) 
176.0(2) 
175.7(2) 
175.9(2) 
175.5(2) 
176.0(2) 
175.7(2) 
175.9(2) 
175.5(2) 
176.3(l) 
176.3(l) 
176.6(l) 
176.6(l) 

Trans 
Mo-P group P-Mo-Y 

(A) (Y) (deg) Ref. 

2.550(6) 
2.517(9) 
2.546( 1) 
2.544(l) 
2.501(3) 
2.529(4) 
2.558(4) 
2.513(4) 

P 156.2 ’ 
0 170.6(6) 
P 155.55(4) 8 
P 155.18(4) 
Cl 139.8( ) 4 
0 163.9(3) 16 
0 165.0(3) 
Cl 142.2(2) 14 

C-Oh Ref. 

1.19(4) 
1.36(4) 
1.28(l) 
1.27(l) 
1.29(2) 
1.24(2) 
1.29(2) 
1.20(2) 
1.267(6) 
1.264(6) 
1.279(8) 
1.272(8) 
1.284(7) 
1.273(7) 
1.28(l) 
1.276(9) 
1.29(l) 
1.26(l) 
1.265(9) 
1.270(9) 
1.28(l) 
1.29(l) 
1.280(4) 
1.281(5) 
1.268(5) 
1.272(5) 

u 

4 

16 

16 

15 

17 

17 

a This work. 
*The 2 C-O distances within the same acetate group follow one another. 
‘The oxygen is involved in an intermolecular bonding interaction. 
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Arenivar et al. ’ 6 that the tram effect of a phos- 
phine is greater than that attributed to acetate. How- 
ever the variation in Mo-P distances in the red 
isomer of ~o,(0,CCMeJZC1,(PEt,)~‘6 cannot be 
explained in this way. In (2), the Mo( l)-O( 1) bond 
length of 2.14(2) A is longer than Mo(2)-0(2) 
(2.06(2) A) and at least part of the difference can be 
attributed to the differing trans effect exerted by 
phosphine and Cl. The distances C( l)-O( 1) (1.19(4) 
A), C( 1)-O(2) (1.36(4) A) appear to differ sig- 
nificantly from one another at the 3a level sug- 
gesting an asymmetry in the bridging acetate. Such 
an effect has not been observed in the di- and tetra- 
acetate bridged species listed in Table 3. 

Inspection of the bond angles given in Table 3 
shows that for each of the three groups 
Cl-Mo-X, P-MO-X and 0-Mo-X the 
angles fall into three ranges of decreasing value as 
X varies from 0 through P to Cl. If steric effects 
were solely responsible for this then it is surprising 
that the P-Me-Cl angles of 139.8 and 142.2” are 
observed in the complexes [MO ,(OAc) $1 *(PBuJ) 2] 
and [Mo2(0,CCMe,),C1,(PEt,),] respectively 
where the smaller angle is associated with the 
bulkier phosphine group. 

The crystal structure determination highlights 
several features. The complex is the first structurally 
characterized molybdenum complex containing a 
single acetate bridge. To retain the Mo2+ formalism 
for each molybdenum atom, O(1) must act as a 2- 
electron a-donor to MO(~). In other chloro- 
carboxylate complexes, a distinction between 
bonding modes is not always apparent by inspection 
or more importantly from structural data. For 
example in ~o,(OAc),] the bond lengths observed 
do not distinguish between the two bonding 
modes. I5 In the red isomer of [Mo2C12(0Ac), 
(PBu,),] the two longer Mo-0 bonds lie tram 
to the phosphorous atomsI which suggest that the 
anion may bind tram to the chloride. However, 
this is not a certainty since a difference in bond 
length is to be expected due to the trans effect. 
For [Re,Cl&Cl)@-O)(p-O,CEt)(PPh,),] (Re4+ 
dimer containing a Re=Re double bond) in 
which the oxygen atoms of the single acetate 
bridge lie trans to chloro ligands, the Re-0 
distances are equivalent at 2.097(11) and 
2.092(12) A.18 In the present complex (2), the 
Mo(l)-O(l) distance (2.14(2) A) differs from the 
Mo(2)-0(2) distance (2.06(2) A) by just over 3a 
which may reflect a significant difference in the two 
modes of bonding. Further, this is accompanied by 
a difference in the C-O bond length (1.19(4) and 
1.36(4) A for C(l)-O(1) and C(1)-0(2) respec- 
tively) which, although small, is at least consistent 
with O(2) being involved in n-bonding. 

Another feature of the structure is the asymmetry 
in the molecule. One end contains a trans 
Cl-Ma-Cl structure and the other a trans 
P-Ma-Cl structure. Two of the phosphine 
ligands are eclipsed which has not been observed in 
the other chloro-phosphine complexes structurally 
characterized. As a result of this geometry the 
P(l)---Mo-O( 1) bond angle is widened to 170.6(6) 
which compares with 163.9(2) and 165.0(3)’ in the 
orange isomer of [Mo2C12(OAc2)(PEt,)d in which 
phosphine and chloro ligands are trans to one 
another. I6 As a consequence of the acetate bridging 
mode the Mo( l)---P( 1) bond represents a phosphine 
ligand lying trans to a 2-electron oxygen sigma 
donor. The MO(~)--P(1) bond length (2.517(9) A) 
is similar to that found for the equivalent position in 
the red isomer of [Mo,Cl,(OAc),(PEt,)J (2.529(4) 
A)9 but is much shorter than for the trans oriented 
phosphines in [Mo2C14(PMe,),] (Mo-P bond dis- 
tances 2.546( 1) and 2.544( 1) A). 8 

Analysis of the species formed when the acetate 
ligands of [Mo,(OAc),] are replaced in a stepwise 
manner by chloro and phosphine ligands, taking 
into account the origin of the O=C-W function, 
suggests that the complex characterized is not an 
intermediate in the transformation of [Mo,(OAc),] 2 
to [Mo2C14(PMe3)4], but results from an iso- 
merization of one of the stepwise transformed inter- 
mediates. The coordination geometry observed 
about Mo( 1) could give rise to the trans orientation 
of ligands in (a) and (b) [see Fig. (2)] whereas the 
geometry about MO(~) could result in the cis struc- 
tures (c) and (d). The characterized complex itself 
is likely to give rise to the trans-cis structure (e). The 
complex could result from (f), being an isomerized 
product of(g), which itself is the stepwise replaced 
product from the tris-acetate (h), or from an iso- 
merization of a [Mo,Cl&-OAc)(PMeJJ product 
produced by the stepwise replacement of an acetate 
in a [Mo,C12(OAc),(PMeJ2] molecule. The 13C 
NMR spectrum of the complex indicates that more 
than one species is present and this suggests that 
the solution chemistry is more complicated than the 
solid state structure would suggest. 

EXPERIMENTAL 

Lithium chloride was dried by heating to 100°C 
under vacuum for 24 h. Trimethyl phosphine was 
prepared by a literature method.” [Mo,(OAc),] 
was prepared by refluxing [Mo(CO),] in a mixture 
of acetic acid and acetic anhydride. Tetra- 
hydrofuran (thf) was distilled from sodium hydro- 
anaphthylide. All preparations and manipulations 
were carried out under dry, oxygen-free nitrogen 
using standard bench-top air-sensitive techniques. 2 ’ 
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CY CL’ 
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Cl P 

/p 

/Mo MoAC1 / 
Cl P 

oAo< 
1, 0’ /” 

il P 

(9) 

P Cl 

(b) 

P P 

Cl CI 

(h) 

Fig. 2. 

IR spectra were recorded on a Perkin-Elmer 597 
spectrometer as Nujol mulls between CsI plates. ‘H 
and 13C NMR spectra on a JEOL FX60 spectro- 
meter. Analytical data were obtained by Prof. 
A. D. Campbell and his associates, University of 
Otago, New Zealand. 

p - Acetato - trichlorotris (trimethylphosphine) 
dimolybdenum (II) 

Trimethyl phosphine (0.8 cm3, 7.3 mmol) was 
added to a suspension of dimolybdenum tetra- 
acetate (1 .O g, 2.3 mmol) in tetrahydrofuran (50 cm’) 
and the mixture was stirred rapidly while a sus- 

pension of lithium chloride in tetrahydrofuran (30 
cm’) was added. The mixture was stirred for a fur- 
ther 20 h and the solution filtered from the pre- 
cipitate which was then extracted with tetra- 
hydrofuran (10 cm3 portions) until the washings 
were no longer coloured purple. The extracts were 
combined, filtered and the solvent removed in uacuo 
to give the complex as purple-red crystals. Yield 
1.3 g (96%). An analytically pure sample was 
obtained by dissolving the bulk sample in thf, 
filtering the solution and reducing the volume 
until crystallization commenced. On standing, 
the complex formed as red-purple needles which 
were filtered, washed with cooled thf (5 cm’) 
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and dried in vacua. (Found: C, 26.4; H, 5.6%. 

C14H36C13M0202.75P3 (i.e. Flo2C13ti-OAWMeJ31 
0.75 thf requires C, 26.3 ; H, 5.7%.) 

IR (Nujol) bands at 145Os, 1304m, 1285m, 
107Om, 1055w, 103Ow, 960s 855m, 74Om, 675m, 
6OOw, 350m and 300m cm-‘. ‘H NMR (CDC13) 
1.38-1.70 (m, 27H, 3PMe,); 1.70-2.0 (m, /I Hs, 
thf); 2.75 (s, 3H, Me); 3.55-3.82 (m, c+Hs, thf). 
13CNMR, 10.7, 11.6, 12.2, 13.1, 14.0 (PMe,); 23.5 
(Me); 25.6 (fl-Cs, thf); 67.9 (a-Cs, thf); 184.8, 
185.7, 186.3 (-CO,). 

The complex was dissolved in tolune (30 cm’) 
and the volume reduced to cu. 5 cm3. On standing 
at -20” red-purple crystals of the complex were 
formed which were filtered and washed with chilled 
toluene (2 cm’). The product was crushed to a pow- 
der and dried for 3 h under vacuum. (Found: C, 
27.1 ; H, 5.6; P, 14.5%. C,4.SH34C1JMo,0,P3 (i.e. 
[Mo,C1,@-OAc)(PMe3)3]0.5PhMe) requires C, 
27.6; H, 5.4; P, 14.7%.) 

A sample of the complex (0.5 g) was dissolved in 
thf (15 cm’) and the solution allowed to stand at 
room temperature for several weeks giving a blue 
solution and a yellow precipitate of [Mo,(OAc),]. 
On crystallization, the filtrate gave rise to the 
thf solvate of [Mo,Cl,(p-OAc)(PMe,),] and 
[Mo,Cl,(PMe,),]. The complexes were separated 
manually and identified by spectral comparison 
with authentic samples. 

Crystallographic studies 

Crystal data. Compound recrystallized from 
toluene at -20°C wo&-02CMe)C13(PMe3),]0.5 
C,Hs : Ci ,H3,,02P3C13M020.5C7Hs, M = 631.63, 
tetragonal, a = 20.726(2), c = 11.776(2) A, 
U = 5059 A3, space group Z4cm, Z = 8, DC = 1.66 
g cm- ‘, F(OOO) = 2536, ~(Mo-Ka) = 14.8 cm- ‘. 

Data collection. CAD4 diffractometer, MO-KU 
radiation (0.71069 A), graphite monochromator 
w/28 scan mode. Crystal (0.30 x 0.12 x 0.11 mm) 
sealed under N2 in a capillary tube, 808 unique 
data measured (&,, = 22”). The intensities of three 
standard reflections, monitored during the data col- 
lection showed a variation of less than 3.5% ; cor- 
rections were made for absorption,22 minimum and 
maximum correction factors being 0.917 and 1 .OOO 
respectively. 

*Atomic coordinates for the non-hydrogen atoms 
have also been deposited with the Cambridge Crys- 
tallographic Data Centre for inclusion in their Data 
Base. Copies are available on request from the Editor at 
Queen Mary College. 

Structure solution and rejinement. The structure 
was solved by Patterson and Fourier methods and 
refined by a full-matrix least-squares technique. 23 
The final refinement cycle converged to values of 
0.034 and 0.035 for R and Rw respectively for the 
121 variables and 539 data for which F2 > 30(F2) ; 
the weight, w, is defined as 0.9337/[a2(F)+ 
0.001 194F2]. The compound crystallized as 
the toluene solvate and disordered sites for the 
atoms of the solvent molecule were located about 
the four-fold axis. The six carbon atoms of 
the aromatic ring were treated as a rigid group 
(C-C 1.395 A) f or inclusion in the calculations 
with an occupancy factor of 0.25 but because of the 
nature of the disorder no attempt was made to 
include the methyl substituent. Anisoptropic ther- 
mal motion was assumed for all atoms other than 
hydrogen with the exception of C(l), C(2), C(3) 
and the solvent atoms. All hydrogen temperature 
factors were fixed at U = 0.1 e A-“. The atomic 

scattering factors were taken from the tabulations 
of Cromer and Mann, 24 anomalous dispersion cor- 
rections were by Cromer and Liberman.25 Final 
atomic coordinates, tables of thermal parameters, 
hydrogen atom coordinates and lists of Fo/Fc have 
been deposited with the editor as supplementary 
material.* 
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Abstract-Nine spiroborate complexes (7-15) were analyzed by NMR and MS spectroscopy 
and the characteristic spectra and fragmentation patterns are reported. On the basis of 
these results, the structure of Meulenhoff’s free acid is re-investigated. 
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There have been considerable studies on reactions 
between boric acid and diols in connection with the 
changes of conductivity,! acidity and rota- 
torypolarization.* Hermans pointed out that the 
changes of these physical properties are due to the 
formation of a spiroborate complex (1) which is 
produced from those reactions in a solution.3 The 
first isolation of the spiroborate complex was per- 
formed by Biieseken and co-workers4 who syn- 
thesized potassium biscatechol spiroborate (2) from 
the reaction of catechol with potassium borate in 
water, although they failed to get satisfactory 
elemental analyses. Later, Meulenhoff confirmed 
the structure as the spirane type by measurement 
of the rotatory polarization of some substituted 
biscatechol spiroborates. ’ Moreover, the free acid 
(3), which is called Meulenhoff’s free acid, was 
reported to be obtained by sublimation of anilinium 
biscatechol spiroborate (5) in vacua ’ However, the 
structure of this free acid is still ambiguous and 
furthermore, NMR and MS spectral analyses of 
both biscatechol spiroborate and its analogs are 

* For Part I, see ref. 1. 
t Author to whom correspondence should be addressed. 

little known. In this paper, we describe the struc- 
tural elucidation of Meulenhoff’s free acid on the 
basis of its spectral data, which are compared with 
those of its related compounds. 

EXPERIMENTAL 

All 2-amino-4-methylpyridinium spiroborate 
complexes (7-15) were obtained by our previously 
reported method. ’ ‘H-NMR and 13C-NMR were 
obtained using Varian T-60 (60 MHz) or EM-90 
(90 MHz) and XL-400 (400 MHz) spectrometers, 
respectively. ‘H-NMR spectra of all spiroborates 
7-15 were measured in a solution of dime- 
thylsulfoxide-d6 using tetramethylsilane as an inter- 
nal standard and all chemical shifts were attributed 
in a previous paper. ’ Similarly, spiroborates 2 and 
5 were also submitted to ‘H-NMR and 13C-NMR 
measurements. MS spectral data were obtained on 
a JEOL JMS DX-300 (equipped with JMA 3100 ; 
ionization voltage, 70 eV) and a JEOL JMS D-100 
(ionization voltage, 20 eV) spectrometers. 

RESULTS AND DISCUSSION 

In a previous study, we reported a new synthesis 
of 2-amino-4-methylpyridinium biscatechol spi- 
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roborate (7) and its analogs (g15) by the reaction of 
2-amino-4-methylpyridine borane (6) with catechol 
and its related diols in the presence of orthoester. ’ 
To confirm the spirane structure, we converted Bee- 
seken’s complex 2 into anilinium complex 5 and 2- 
amino-4-methylpyridinium complex 7 by exchange 
of potassium cation with the corresponding pro- 
tonated amines, respectively. When these two 
spiroborates (5) and (7) were sublimed in uucuo 
by Meulenhoff’s method, the pure starting spi- 
roborates were recovered, respectively, but not the 
free acid (3). Therefore, we used a subliming appar- 
atus as shown in Fig. 1 which is equipped with a 
dish where concentrated sulphuric acid is poured to 
remove aniline from gaseous 5. The sublimation 
was repeated twice at 140°C below 2 mmHg, and 
colourless powder was obtained. Hereafter, we used 
it as Meulenhoff’s free acid (MFA). In 1961, Dale 
and co-workers proposed structure (4) instead 
of structure (3) for MFA by speculation about 
the result that an open structure of a crystalline 
bis(2,2,5,5-tetramethylhexane-3,4-diol)borate has 
been confirmed by the presence of an OH absorp- 
tion band in the infrared (IR) spectrum.6’7 These 
facts prompted us to re-examine the structure of 
MFA by NMR and MS analyses. 

spirans 2 was unchanged by addition of deuterium 
oxide. As Fig. 2(a) shows, when the counter cation 
of the biscatechol spiroborate is potassium ion, the 
singlet signal at 6.47 ppm due to the atomic pro- 
tons was unchanged by addition of deuterium 
oxide, whereas when the counter cation is a pro- 
tonated amine such as anilinium or 2-amino-4- 
methylpyridinium, the singlet signal at 6.47 ppm of 
the anion moiety was partially changed to a mul- 
tiplet by addition of deuterium oxide. Figures 2(b) 
and (c) show two other examples. The ratio of the 
signal at 2.15 ppm to the signal at 2.12 ppm due to 
methyl protons (6H) of spirans 8 was changed by 
addition of deuterium oxide. Similarly, the signal 
at 4.43 ppm due to methylene protons (4H) of spi- 

NMR spectra 

A few NMR studies have been reported on cer- 
tain spiroborates, ‘3’ but not on biscatechol spi- 
roborate and its analogs. Previously, we measured 
‘H-NMR of spiroborates 7-15, ’ and have studied 
their spectral data as well as those of 2 and 5 and 
two characteristic phenomena were found. Firstly 
the signal patterns of anion moieties of the spi- 
roborates 7-15 changed when deuterium oxide was 
added to the solution and secondly the signal of 

I I 
--c-o O-C- 

I ‘ii’ 1 
-c- o/ \o_c_ 

I I 
1 

Scheme 1. 

-Water or air 

--+ Vacuum 

Subllmat eon product 

Cont. H,SO, 

Sample 

Fig. 1. Subliming apparatus. 
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ram 11 was clearly changed to a doublet (4.40 and 
4.45 ppm) by addition of deuterium oxide. Namely, 
the proton of anilinium or of the 2-amino-4-methyl- 
pyridinium ion would assist hydrolysis of the anion 
moiety of the spiroborate complex. 

Since some spiroborates have already been 
hydrated in their crystals and also a little amount 
of water is contained in the NMR solvent, hydroly- 
sis of the spiroborates would occur to a small extent 
even without adding deuterium oxide. In fact, Fig. 
3 shows a small signal of AA’BB’ pattern near the 

Scheme 2. 
5 

+NH3 
I 

singlet signal at 6.47 ppm at least below 50°C 
although deuterium oxide was not added to the 
solution. The signal of the AA’BB’ pattern 
coalesced with the singlet signal when the solution 
was heated above 70°C and after cooling the spec- 
trum again showed the same pattern as that at 32°C. 
Therefore, the AA’BB’ pattern at 32°C resulted 
from hydrolysis of the spiroborate where water was 
contained in the NMR solvent. The equilibrium 
equation would be expressed as eq. (1). 

The i3C-NMR spectrum of spiroborate 2 was 

NH, 
H I 

II H20 

OH + H3B03 (es. 1) 

OH 
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(a ) 6.47 
, . 6.47 

6.47 

I 

JL 

‘W 

added 

Cation: K+ 

+NH3 HN NH2 

Fig. 2. (a) ‘H-NMR spectra of spiroborates 2, 5 and 7 (90 MHz) (deuterium oxide was added in the 
spectra below). (b) ‘H-NMR spectra of spiroborate 8 (90 MHz). (c) ‘H-NMR spectra of spiroborate 

11 (60 MHz). 

compared with that of catechol and Table 1 shows 
the difference of the chemical shifts between cat- 
echo1 and 2. Those chemical shifts of 2 were attri- 
buted to DEPT and “C- ‘H COSY. Clearly, elec- 
trons of the oxygen atom of 2 flow into the boron 

atom because the C-l signal of 2 shifted to the lower 
field in the range of 6.28 ppm comparing it with 
catechol. Magnetic anisotropy of the boron atom 
was especially observed at C-2. 

Table 1. “C-NMR spectral data (ppm) 

Compound C-l c-2 c-3 

Difference 

145.37 115.80 119.41 

151.65 107.72 117.43 

-6.28 +8.08 +1.98 

MS spectra 

Tables 2 and 3 show the results of MS analysis 
of spiroborates 7-15. In compound 7, for example, 
when R is defined as a 2-( 1,3,2-benzodioxaborolyl) 
group, typical fragment ions such as RO-m-OR 
(m/Z 346), R-O-R (m/Z 254), RO&-OH (m/Z 
228) and R-OH (m/Z 136) were observed includ- 
ing the molecular ion peaks of the catechol (m/Z 
110) and 2-amino-4-methylpyridine (m/Z 108). This 
fragmentation pattern was in common with other 
spiroborates 8, 12 and 13. On the other hand, as 
Table 3 shows, o-substituted spiroborates 9,10 and 
11, and spiroborates with a carboxyl group as the 
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Fig. 2-continued 

ligand (14 and 15) did not afford the characteristic 
fragmentation pattern of this kind. Especially, 15 
did not give any fragment ion of boron contained 
moiety even by the In Beam method. MS spectrum 
of 2 was not obtained and this result corresponded 
with the fact that 2 is hard to combust. ’ 

Although relative intensities of these typical frag- 
ment ions were dependent on their sample tem- 
perature for measurement, the fragment ion of 
bisdiol trigonal borate (RO--OH) showed the 
strongest intensity among the boron contained frag- 
ment ions in Table 2. It is worth noting that any 
kind of amine in the protonated counter cation does 
not affect the MS fragmentation of the spiroborate 
anion (compare 7 in Table 2 with 5 in Table 4). 
Therefore, both the characteristic fragmentation 
pattern and the strongest fragment ion shown in 
Table 2 could become the clue to clarify whether 
the structure of a certain borate is spirane or simple 
trigonal. 

Structural elucidation of MFA 

On the basis of the above results, we attempted 
to elucidate the structure of MFA. Table 4 shows 
the fragment ions of MFA in comparison with those 
of 5. Since one of the typical fragment ions, RO- 
W-OR (m/Z 346), was not observed and the rela- 
tive intensity of the fragment ion R-OH (m/Z 136) 
was very strong instead of R--OH (m/Z 228), 
MFA could not be 3. Interestingly, the molecular 
ion peak of aniline was observed. Meanwhile, Fig. 
4 shows ‘H-NMR spectra of MFA where signals 
of deuterium exchangable protons (7.85 ppm) and 
aromatic protons of both aniline (7.23-7.60 ppm) 
and catechol (6.40-6.83 ppm) were observed in 
addition to an aromatic singlet signal at 6.47 ppm 
(the left spectra). When treated with deuterium oxide, 
the spectral patterns were changed to those of ani- 
line (5H, 6.97-7.43 ppm) and catechol (8H, 6.50- 
6.87 ppm), and the signal at 6.47 ppm disappeared 
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2 25 
4.40 

CH,OH 

Fig. 2-cixzrinued 

I I I I I i 1 I I 
0 9 8 7 6 0 9 8 7 6 

+------- 
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-- 

I I I I I I I I 
0 9 8 7 6 0 9 8 7 6-- 

Fig. 3. ‘H-NMR spectra of spiroborate 5 at various temperatures (90 MHz). 
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7.85 

3 

J - 
I I I 
8 I 6 -----+- 

Fig. 4. ‘H-NMR spectra of MFA (90 MHz). (The right shows the spectra after addition of D,O. The 
upper shows the extended spectra ( x 5) in the region of 6-7 ppm). 

entirely (the right spectra). These data clearly indi- 
cate that aniline cannot be removed from 5 by the 
sublimation method even over concentrated sul- 
phuric acid. We believe that MFA might be a mix- 
ture of catechol, aniline and an unknown com- 
pound which would readily be hydrolyzed so that 
the signal at 6.47 ppm disappeared upon addition 
of deuterium oxide. Since o-phenylene borate like 
compound 4 is known to be hydrolyzed readily,” 
the unknown compound might be the aniline 
adduct of compound 4. 

showed characteristic spectra, and especially the 
proton of the counter cation in the spiroborate com- 
plex plays an important role in the ‘H-NMR and 
MS spectroscopic measurements. 
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Abstract-A predominantly localized electron pair scheme is outlined for describing the 
electron distribution and bonding in close borane anions B,Hi- and related electron 
deficient deltahedral clusters, in which a skeletal electron pair is assigned to each vertex, 
one pair being regarded as delocalized just inside the roughly spherical surface on which 
the skeletal atoms lie. The scheme gives a clearer picture of the electron distribution than 
is conveyed by resonating 2- and 3-centre bonds in the polyhedron edges and faces, and 
allows the bond orders of the polyhedron edge links to be calculated readily. The conse- 
quence of formal removal of BH *+ units from close species B,Hz- to generate nido species 
B,_ ,H~z, and aruchno species B,_2Hz:2 is explored, and seen to allow rationalization of 
two features of such deltahedral-fragment clusters : (i) why a high-connectivity vertex is left 
vacant and (ii) why the frontier orbitals of such species concentrate electronic charge around 
their open faces. Moreover, in the case of Da,, B4Hi- (cf. C,H:-) and DSh B5Ht- (cf. 
C,H;), the approach leads directly to the familiar picture for aromatic ring systems in 
which the highest filled, doubly degenerate K-bonding molecular orbital concentrates 
electronic charge in rings above and below the polygon on which the skeletal nuclei lie. It 
also leads to the expectation that aruchno clusters with non-adjacent vacant vertices will 
be more stable than those with adjacent vacant vertices. 

In previous papers’,* in which we have separately over the edges of the tetrahedral P4 molecule allows 
discussed the bonding in cluster compounds, we its bonding to be described in terms of six 2-centre 
have advocated the use of localized valence shell 2-electron (2c2e) bonds, while a tetrahedral 
electron pair schemes for treating the bonding in arrangement of the four skeletal bond pairs over 
certain highly symmetrical polyhedral clusters in the faces of the tetrahedral boron halide B&l4 sat- 
which the numbers of edges or faces coincide with isfactorily accounts for its bonding in terms of four 
the numbers of bond pairs available. For example, 3-centre 2-electron (3c2e) bonds. Similar treatments 
a regular octahedral arrangement of six bond pairs are possible for the metal-metal bonding in the 

octahedral clusters MO&~:+ (twelve 2c2e edge 
bonds) and Nb,Cl:: (eight 3c2e face bonds). The 
advantages of these treatments are that they give a 

* Author to whom correspondence should be addressed. clear picture of the symmetrical distribution of the 
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electronic charge in such clusters, and give a useful 
indication of the strength of the bonding (edges 
associated with a pair of electrons clearly cor- 
respond to bonds of order 1.00 ; those shared 
between faces containing 3c2e bonds, effectively 
acquiring one-third of a bond pair from each such 
bond, have a bond order of 0.66’). 

Close borane anions B,Hi- and related clusters 
contain too few electrons to allow comparably sim- 
ple treatments of their bonding. They contain 
(n+ 1) skeletal bond pairs with which to hold 
together their n BH units, which are located at 
the n vertices of deltahedra with 2(n - 2) faces and 
3(n - 2) edges (Fig. 1). 2-6 If each skeletal atom was 
to participate in three skeletal bonds (a condition 
that must be met if each skeletal atom is to use all 
four of its valence shell orbitals) then the (n+ 1) 
skeletal bond pairs would have to be allocated to 
three 2c2e edge bonds and (n -2) 3c2e face 
bonds.4*7*8 However, none of the polyhedra in Fig. 
1 has the appropriate symmetry to allow such a 
combination of 2c2e and 3c2e bonds to be allocated 
in a unique manner to match the skeletal symmetry. 
In each case, a relatively large number of resonance 

._,e 
,_, . . . 1, 

+ 0 :::_::- I 

. 

nido arachno 

Fig. 1. The deltahedral skeletal structures of close borane 
anions B,H,2- and isoelectronic carboranes C2B._ zH,, 
and polyhedral fragment structures of nido species 

B,- ,H,+, and arachno species B, _ *Hn + 4. 

canonical forms has to be considered (e.g. 24 in the 
case of B,Hi-, 10 in the case of B,H:-) any one of 
which gives a distorted picture of the actual electron 
distribution.gg lo The average number of electrons 
associated with each type of polyhedron edge is 
difficult to deduce from such bond schemes, which 
are therefore rarely used for close clusters, even 
though 2c2e BH and BB bonds and 3c2e BHB and 
BBB bonds have been found to be extremely helpful 
for describing the bonding in nido and arachno bor- 
anes B,H,+ 4 and B,H,+ 6 ever since Lipscomb 
developed his elegant topological treatment of bor- 
ane bonding a quarter century ago. ‘9 l l 

Because of the complexity of 2- and 3-centre bond 
schemes for close borane anions B,Hi- and related 
clusters, it is usual to treat their skeletal bonding in 
terms of molecular orbital schemes that delocalize 
the electrons over the whole molecular 
skeleton. 6, ’ *, ’ 3 Such schemes help one understand 
the numbers of electrons needed, but (like the 2c2e 
and 3c2e bond schemes) convey little feeling for the 
electron distribution or the numbers of electrons 
associated with individual polyhedron edges. It is 
to overcome this problem that we put forward in 
this paper a predominantly localized electron pair 
scheme for close clusters that associates a skeletal 
bond pair with each polyhedron vertex as outlined 
below. This scheme, which we refer to as a “Vertex 
Electron Pair Scheme” (VEPS), not only conveys a 
feeling for the electron distribution in deltahedral 
(close) clusters, but also allows the electron dis- 
tribution in polyhedral fragment (nido and arachno) 
clusters to be deduced easily, reproducing quite well 
the electron distribution deduced from MO cal- 
culations on such clusters. Moreover, it underlines 
the relationship between close clusters like B6Hi- 
or B7H:- and arachno aromatic ring systems like 
C4H:- or C5H; respectively. 

THE VERTEX ELECTRON 
PAIR SCHEME (VEPS) 

Our approach exploits the fundamental feature 
of close borane anions B,Hi-, that each of the n 
BH units contributes two electrons for skeletal 
bonding. Since in the cluster it shares these with 
similar BH units, it is reasonable to suppose that 
the overall distribution of skeletal electron density 
over the surface of the polyhedron still leaves each 
boron atom’s share as effectively two electrons cen- 
tred on the boron nucleus and so on the polyhedron 
vertex. (Actually, for clusters with more than one 
type of vertex, the atoms at vertices of low con- 
nectivity end up with a slightly greater share-a 
small fraction of an electron charge--of the skeletal 
electrons than those at vertices of high connec- 
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: tivity. 2,4*g*‘3*‘4) Compared to an isolated BH unit, 
B with its available skeletal electron pair cylindrically 

symmetrically disposed about the B-H axis, the 
skeletal pair associat&I with a BH unit in a cluster 

B--w will become polarized under the attractive influence 
of the neighbouring boron nuclei (Fig. 2). 

In addition to retaining effective control over two 
skeletal electrons, each BH unit in a fully sym- 

B metrical close cluster anion B,Hi- will also acquire 

: a supplementary electronic charge of -2/n, that 
being its share of the extra, (n+ 1)th skeletal elec- 

Fig. 2. Polarization of a BH unit’s skeletal electron pair tron Pair. 
by four neigbbouring skeletal boron atoms. This is illustrated schematically in Fig. 3 for 

(a) Four BH : 

units & core 

pair 
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-BH2+ 

/ 

(b) 

'BHB2 - crors-section 
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Key:- 

(d) 

vortex 
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,,.;,::: :. 
core \ \ . . ..x;:. 

2: :::::..*. 
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B,&-. Figure 3(a) shows a cross-section of this octa- 
hedral cluster in exploded form, with four BH units, 
each contributing a pair of electrons for skeletal 
bonding, surrounding the extrd, (n+ 1)th pair of elec- 
trons. When these BH units are brought together 
[Fig. 3(b)] to the interatomic distances appro- 
priate for B,Hi-, there are two major consequences 
for the skeletal electron pairs. Those associated with 
the BH units acquire the Cc distortion already 
referred to (Fig. 2), as they are attracted towards 
adjacent nuclei, while the (n+ 1)th electron pair, 
which initially may be considered to lie at the cluster 
centre, spreads out to form an octahedrally dis- 
torted spherical shell of electronic charge just inside 
the sphere on which the boron nuclei lie. 

Such a distribution of the skeletal electron pairs, 
responding to the attractions of the boron nuclei, 
conveys (in essentially localized electron pair terms) 
the electron distribution implicit in molecu- 
lar orbital treatments of close clusters. 7, ’ 2-’ ’ 
Invariably, there is a unique, strongly bonding MO 
of A symmetry (P-type in A. J. Stone’s nomencla- 
ture16”) resulting from a fully in-phase com- 
bination of inward-pointing sp hybrid orbitals. This 
molecular orbital concentrates electronic charge in 
a roughly spherical shell just inside the sphere on 
which the boron atoms lie. It is this orbital which 
is represented by the unique, (n + 1)th (delocalized) 
electron pair in our treatment, centred on the mid- 
dle of the cluster but concentrated near to the boron 
nuclei. The remaining n bonding MO’s all arise 
primarily from interactions of tangentially oriented 
p AO’s that concentrate electron density on the 
roughly spherical surface of the polyhedron (illus- 
trated for B6Hi- in Fig. 4). ” 

POLYHEDRON EDGE BOND ORDERS 

The approach we have outlined can be used to 
calculate the fractional bond orders of the B-B 
polyhedron edge bonds of close borane anions 
B,Hi- and related clusters very simply. If each BH 

unit is allocated (2+2/n) electrons as its share 
of the (n+ 1) skeletal electron pairs and it shares 
these equally between the k 2-centre links it forms 
to neighbouring boron atoms (where k is the 
skeletal connectivity-the number of polyhedron 
edges radiating from the vertex in question), then 
a polyhedron edge linking two boron atoms of 
skeletal connectivities kl and k2 can be allocated 
(2+2/n)(l/k,+ l/k,), i.e. 2(n+ l)(kl+k2)/nk,k2 
electrons and so has a bond order, 6, of 
(n+ l)(k, +k2)/nk,k2. For octahedral B,Hi-, for 
which n = 6, kl = k2 = 4, all edges have formal 
bond order 7/12 = 0.58. For pentagonal bipyr- 
amidal B,H:-, for which n = 7, k, = 4, k2 = 5, the 
axial-equatorial edges have formal bond order of 
18/35, i.e. 0.51, while the equatorial edges have a 
bond order of 4/7, i.e. 0.57. These and other bond 
orders, fiviVEPS, calculated similarly for the various 
types of edge in close borane anions B,Hi- (n = 5- 
12) are listed in Table 1, together with the edge 
lengths L. For comparison, Table 1 also lists some 
relevant data taken from Refs 10 and 19. These 
include bond indices I calculated by the Molecular 
Orbital Bond Index (MOBI) method,*’ and bond 
orders estimated by two other methods, (i) ZL, edge 
bond orders calculated directly from their known 
lengths L and (ii) ti2c30 bond orders deduced from 
the distributions of 2- and 3-centre bonds com- 
patible with their topologies. In comparing them, 
one should note that the calculated bond indices I 
integrate to values that exceed the numbers of skel- 
etal electron pairs, whereas ZvVEPS and Cfi2i2c3c equal 
the numbers of skeletal bond pairs, (n+ 1). The 
values of EvEps in Table 1 provide an encouragingly 
reliable guide to the way the edge bonds vary in 
strength (and so in length) in these close clusters, 
though necessarily failing to discriminate between 
bonds of identical connectivity type that occupy 
non-equivalent sites (as in the cases of B,Hi-, 
B,HG-, B,&I$ and B1rH:;). However, the values 
of ZvEps underestimate the extent to which bonds 
vary in strength with connectivity, for the reason 

Fig. 4. Skeletal molecular orbitals of B,H:-. 
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Table 1. Interatomic distances L (A), bond indices 1 and 
bond orders ri for close borane anions B,Hi- 

Species L k,, k2 Z fiL ri,,,s fi,,,, 

B,H;- 1.64” 3, 4 0.93 0.68 0.70 0.83 
1.83” 4,4 0.42 0.36 0.60 0.33 

B6H:- 1.686 4,4 0.68 0.58 0.58 0.58 

B,H;- 1.63” 4, 4 0.85 0.71 0.57 0.58 
1.79” 4, 5 0.53 0.41 0.51 0.43 

B,H;- 1.559 4, 4 0.93 0.91 0.56 0.83 
1.717 4, 5 0.70 0.52 0.50 0.83 
1.756 4, 5 0.53 0.46 0.50 0.33 
1.926 5, 5 0.46 0.27 0.45 0.33 

B@- 1.708 4, 5 0.66 0.54 0.50 0.58 
1.837 5, 5 0.46 0.36 0.44 0.33 
1.906 5, 5 0.45 0.29 0.44 0.33 

B,,,H;, 1.678 4, 5 0.67 0.60 0.50 0.58 
1.796 5, 5 0.51 0.40 0.44 0.42 
1.810 5, 5 0.50 0.39 0.44 0.38 

B,,H:; 1.655 4, 5 0.77 0.64 0.49 0.75 
1.745 4, 6 0.58 0.48 0.45 0.50 
1.771 4, 5 0.51 0.44 0.49 0.75 
1.788 5, 5 0.53 0.42 0.44 0.38 
2.012 5, 6 0.38 0.22 0.40 0.33 

B,,H;; 1.775 5, 5 0.54 0.43 0.43 0.43 

’ Calculated values I9 : these and other values of L, Z, 
ii, and r& are taken from Refs 10 and 19. Bond orders 
fi, were calculated from bond lengths L19; bond orders 
fibJc were calculated from 2c- and 3c-electron pair bond 
schemes. I0 

noted above-that the atoms of lower connectivity 
attract a slightly greater share of the skeletal 
electronic charge. 

NIDO AND ARACHNO SPECIES 

It is possible to extend our approach to nido or 
arachno clusters with shapes that are clearly frag- 
ments of the same series of polyhedra as the close 
boranes. Nido boranes B,H,+4 are formally pro- 
tonated derivatives of hypothetical anions B,Hi- 
whose polyhedral fragment structures (Fig. 1) 
resemble those of close species B,, ,H~T~, but with 
one vertex (normally that of highest skeletal con- 
nectivity) left vacant. The nido anion B,Hi- can 
thus be generated in principle by removal of a BH’+ 
unit from a highly-connected vertex of a parent 
close species B,, 1H,2;1. Figure 3(c) illustrates the 
consequence of this for the skeletal electrons. The 
electrons originally associated with the vertex from 
which BH’+ is removed, losing their electrostatic 
attraction to that vertex, spread out towards the 

neighbouring nuclei. The core-centred delocalized 
skeletal pair also moves away from the vacant 
vertex. The effect of these shifts in the electron dis- 
tribution is to build up electron density around the 
open face, with only a marginal increase in electron 
density elsewhere. Again, this is consistent with the 
picture conveyed by MO calculations : typically, 
the HOMO of nido clusters concentrates electronic 
charge around the open face,2*7~12*‘“1 8~2’-26 making 
this region most suitable for protonation in gen- 
erating neutral species B,H,,++ The high con- 
nectivity of the vertex vacated is also intelligible in 
that the ring of electronic charge generated will be 
stabilized increasingly with the number of nuclei 
around the open face. 

Similar arguments apply to macho clusters 

B,H,+ 6 whose skeletal anions B,H,6- have shapes 
formally derivable from close parents B,, 2H,2;2 by 
removal of two BH2+ units. Figure 2(d) illustrates 
this for the removal of a second BH2+ unit from a 
vertex opposite the first vacated. Again, the electron 
pair originally assigned to the vertex vacated 
spreads out to form a ring of charge adjacent to 
the neighbouring nuclei and the core-centred, 
delocalized skeletal pair likewise relaxes towards 
those nuclei. 

The macho B4H2- species depicted schema- 
tically as the end product of these successive re- 
movals of two BH2+ units from B6Hz- is a square 
planar species, analogous to the cyclobutadiene 
dianion, C,H:-. The rings of electronic charge gen- 
erated, above and below the plane of the four boron 
atoms, correspond directly to the electron dis- 
tribution arising from the doubly degenerate 
HOMO of a species like &Hi-. Similar removal of 
the axial BH2+ units from a pentagonal bipyr- 
amidal close parent B7H:- would generate an 
uruchno pentagonal species B,Ht- (cf. the iso- 
electronic cyclopentadienide anion C5H ;). Again, 
the electron distribution in rings above and below 
the B5Hi- plane reproduces exactly that appro- 
priate for the doubly degenerate HOMO of an aro- 
matic ring system like C 5H;. 

The cyclic uruchno species B4Hz- and BSHt- just 
considered, derived from parent close species B6Hz- 
and B7H$- respectively by removal of two BH2+ 
units from opposite vertices, would clearly be more 
stable entities than hypothetical alternatives in 
which the BH2+ units were removed from adjacent 
vertices, since the stabilization of the electron pairs 
associated with the open face would involve fewer 
boron nuclei and so be less in the latter case. Indeed, 
the approach outlined here leads to the prediction 
that, for uruchno species in general, the most stable 
isomer will be that in which non-adjacent, high con- 
nectivity vertices will be left vacant. Among known 
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Fig. 5. Alternative skeletal shapes possible for arachno species based on an octahedron. 

Fig. 6. Alternative skeletal shapes possible for urachno species based on a pentagonal bipyramid. 

arachno boranes, B,H,+ 6, however, the preferred 
isomer is one that leaves adjacent vertices vacant. 
Tetraborane( 10) B4H, o, for example, has a but- 
terfly-shaped arrangement of its four skeletal boron 
atoms (Fig. 5) (contrast the square planar shape 
expected for C,H: -) while pentaborane( 1 l), B SH 1 1, 
has the nonplanar tent-like shape shown in Fig. 6 
(contrast planar C,H;). We shall show elsewherez6 
that EHMO calculations support the qualitative 
conclusions drawn here, that the more stable skel- 
eton is that with non-adjacent vacant vertices, but 
that the extra six hydrogen nuclei that arachno bor- 
anes need to convert their B,H,6- frameworks into 
neutral molecules B,H, + 6 are better accommodated 
if that framework has adjacent vacant vertices. 
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Abstract-A study of several physicochemical and analytical properties of o,o’-diam- 
inoazobenzene (DAB) is reported and its chemical behaviour discussed from the point of 
view of Pearson’s theory. DAB has been applied to the determination of palladium by 
means of a new extractocolorimetric method. 

The azocompounds, mainly those derived from 
benzene and naphthalene, are widely used as ana- 
lytical reagents. l-5 Their importance both theor- 
etical and practical, is based on their complexing 
reactions. The great influence of the donor atoms 
that are present as substituents in the ortho position 
to the azo group is well known. Among these sub- 
stituents are the phenolic, carboxyl, amino groups 
or a heteroatom of the ring, such as nitrogen 
or sulphur, in the ortho position. The azo group 
also acts as a donor when chelate compounds are 
formed. 

Redox reactions take place in the case of several 
ions. Thus, with Cr*+, V2+ and Ti3+ a reduction to 
the colourless leucoform is produced ; whereas with 
dichromate, permanganate, VO:, Fe3+ and T13+ 
there is an oxidation to o- or p-quinones under 
analogous conditions. 

Some azo dyes yield, in basic media, adsorption 
or coprecipitation of coloured chelates on metallic 
hydroxides whose mechanisms are not well known. 
These reactions, that can be initially interpreted 
through adsorption phenomena, in diluted solu- 
tions give stoichiometric compounds or coloidal 
solutions. 

* Author to whom correspondence should be addressed. 
7 We acknowledge Prof. Mendoza of the Department 

of Organic Chemistry of the University Autonoma of 
Madrid for providing the product to initiate this research. 

One of the main difficulties in the determination 
of the complexation constants and also in the acid- 
base dissociation study, is the possibility of aggre- 
gation, (usually dimerization), which can easily be 
produced for concentrations of about 10e3 M.6 

Great efforts were made in order to establish the 
laws of chemical behaviour of chelates, mainly by 
Irving and Williams and more recently by Pearson 
with the theory of hard and soft acids and bases. 

A bibliographic review shows that azo com- 
pounds with substituents decreasing the basic 
strength of the ligand have been scarcely studied. 
Therefore we chose o,o’-diaminoazobenzene as an 
analytical reagent in order to determine its behav- 
iour with metallic ions. 

Following Pearson’s theory, a decrease of 
stability is expected for alkaline, alkaline-earth and 
lanthanide elements, whereas more stable comlexes 
with divalent transition and platinum family 
elements will probably be formed. 

EXPERIMENTAL 

Reagents 

o,o’-Diaminoazobenzene was synthesized using 
the following procedure.? 10.8 g of o-phenyl- 
endiamine and 4.3 g of methyltrioctylammonium 
chloride were placed in a round-bottomed flask ; 
100 cm3 of benzene and 100 cm3 aqueous solution 
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of 50% NaOH added, the mixture was refluxed for 
96 h at 60°C. The black precipitate formed was 
purified by column chromatography using a mix- 
ture of benzene and chloroform. A red compound 
was isolated with a yield of 47%. M.p. 133°C. 

Purity of DAB was controlled by thin layer chro- 
matography using several solvents (Rf in silicagel 60 
F254 Merck 0.2 mm : 0.18 chloroform, 0.18 benzene, 
0.22 chloroform-benzene 1: 1, 0.68 chloroforn- 
methanol 9: 1, 0.75 methanol-water 8 : 2, 0.77 
ether, 0.83 methanol, 0.89 ethylacetate). Only one 
spot was observed. All other chemicals were of ana- 
lytical grade. 

Apparatus 

Beckman ACTA CIII spectrophotometer with 1 
cm quartz cells. Digital 112 Corning potentiometer 
with Corning 476051 glass and AgCl/Ag reference 
electrodes. 

Extracto-calorimetric procedure for Pd(II) deter- 
mination 

Place a sample volume in a 100 cm3 separatory 
funnel (OS-5 ppm concentration range) and add 1 
cm3 of DAB 2.8 1O-3 M in ethanol, 10 cm3 of 
Prideaux buffer’ and deionized water to a final vol- 
ume of 20 cm’. Extraction with 10 cm3 of isoamyl 
alcohol is performed by shaking for 5 min. Let it 
settle for 5 min and filter the organic phase through 
a filter paper. Absorbance is measured at 585 nm 
using isoamyl alcohol as reference. 

Palladium in 5% palladized active carbon deter- 
mination procedure 

Treat 0.1490 g of the sample first with aqua regia, 
then with HN03-H,SO, mixture. Evaporate to 
dryness and dissolve with diluted HCI. Adjust to 
pH 2, transfer to a 250 cm3 flask and dilute with 
deionized water to the mark. Continue as stated in 
the extracto-calorimetric proposed method. 

RESULTS AND DISCUSSION 

Physicochemicalproperties 

Solubilities of DAB in several solvents were 
determined using the Wittemberg method.* This 
compound is scarcely soluble in water (0.066%), 
more in alcohols (0.94% isoamylic, 2.50% ethanol 
and 3.76% methanol) and soluble in MIBK 
(13.9%). The spectral behaviour of the compound 

obtained agreed with that expected for DAB (IR : 
3460 cm-’ NH2 asym., 3340 NH2 sym., 306O-3025 
C-H ar., 1600 NH2 bend, 1480-1460 0, 133O- 
1315 N-0,1260-1225 C-H rock, 1 140NH2rock, 
860 NH2 twist, 755-745 4H adj. wag. ; ‘H NMR in 
CDC13 : 4.204.80 ppm NH,broad, 6.666.87 m 4H 
(H,H,), 7.17dddJ= 7.5,7.4and 1.6Hz(H3,7.68 
d d 2H J = 8.2, 1.5 Hz (H,)). UV-visible spectra of 
DAB were run for several pH values (Fig. 1) in a 
50% methanol-water mixture. There is only one 
maximum in the visible zone : A,,,, = 440 nm in 
neutral (E = 8100) and 0.1 M NaOH media 
(E = 7000) and stable for at least 60 min in neutral 
medium, 24 h, 0.1 M HCl and unstable in 0.1 M 
NaOH. 

Acid-base equilibria 

Dissociation constants of DAB were poten- 
tiometrically determined. Electrode calibration was 
performed by the Gran method, titrating HCl with 
NaOH”’ in water at 25.O+O.l”C and I= 0.1 M 
KCl. Resulting values were refined by means of the 
MINIPOT program, I2 which allowed us to obtain 
several parameters necessary for further cal- 
culations (pK, = 13.783+0.001, log j, = 0.00, 
log je, = 0.90, E” = 362.95kO.05 mV, g = 59.157, 
U = 1.60 mV2, s = 0.22 mV. 

DAB was then dissolved in HCl, which also was 
used to calibrate (in situ) the electrodes, and then 
titrated with NaOH in analogous conditions. Only 
one constant could be observed. The data resulting 
from the potentiometric titration were refined 
by means of the MINIPOT program, which 
only accepted one protonation constant, 
log /I = 3.24kO.02, E” = 362.2kO.l mV, U = 3.41 
mV2 and s = 0.3 mV. 

Reactionability 

The analytical behaviour of DAB in 1% ethanol 
was studied using 59 inorganic ions (1 g 1-j) at 
different pH values : HCl, AcOH, NH3, NaOH (2N) 
and neutral media. Positive tests were repeated in 
the presence of masking agents : fluoride, cyanide, 
tartrate and EDTA ; and extractants : ether, chloro- 
form, toluene, isoamyl alcohol and MIBK both 
without and with trioctylmethylammonium chlor- 
ide 5 g 1~ ’ which in some cases, enabled extractable 
ion-pair formation. Results are summarized in 
Tables 1 and 2, showing that DAB reacts with 16 
of the 59 ions. Therefore selectivity is quite good 
in acid media, sensitivities proved to be high, 
with pDs values ranging between 4-6, the follow- 
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X (nm) 

Fig. 1. pH influence on the spectra of DAB (50% MeOH/H,O) : (1) neutral, [DAB] = 9 x low5 M ; 
(2) NaOH 0.1 M, [DAB] = 1.04x 10e4 M; (3) HClO.1 M, [DAB] = 2.16x 10e4 M. 

Table 1. Reactionability of o,o’-diaminoazobenzene with inorganic ions 
in different media 

Ion Medium Reaction PD 

Masking 
agents 

Cu(I1) 

Au(II1) 

Co(I1) 

V(v) 

Fe(II1) 

AcOH 
Water 

NH, 

NaOH 

HCl 
AcOH 
Water 

NH3 
NaOH 

HCl 
AcOH 
Water 

NH, 
NaOH 

HCl 
AcOH 

AcOH 
Water 

c.yellow 
c.violet 
c.violet 
pp.violet 
c.violet 

c.brown 
c.brown 
c.brown 
c.brown 
cbrown 

cgray 
c.brown 
c. blue 
c.green 
c.blue 

c.yellow 
c.brown 

c.brown 
c.brown 

4.8 
6.0 
6.0 
3.3 
5.8 

6.0 
5.4 
5.7 
5.7 
5.7 

3.9 
4.5 
6.0 
6.0 
6.0 

5.3 
5.3 

5.0 
6.0 

CN-,EDTA 
CN- 
CN-,F- 
CN-,F- 
CN-,F- 

CN- 
CN- 
CN- 
CN- 
CN- 

CN-,EDTA 
CN-,EDTA 
CN-,EDTA 
CN- 
CN- 

CN-.F- 



2140 L. VICH et al. 

Table 1 (continued) 

Ion Medium Reaction PD 

Masking 
agents 

Pd(I1) 

Ni(I1) 

Hg(II) 

HCl pp.violet 
AcOH c.violet 

pp.violet 
Water c.violet 

pp.violet 

NH, c.red 
pp.violet 

NaOH c.violet 
pp.violet 

Water c.brown 

NH, c.violet 
pp.violet 

NaOH c.blue 
pp.blue 

AcOH c.red 
Water c.red 

NH, c.brown 
pp.brown 

NaOH c.blue 
pp.blue 

Water c.red 

NH, c.brown-red 
NaOH cbrown-red 

NH, pp.red 

NaOH c. brown 
pp.brown 

HCI c.red 
pp.orange 

AcOH cbrown 

HCl c.yellow-brown 
AcOH c.brown-red 

HCl c.red 
AcOH c.red 

NaOH c.green 
pp.green 

- 

pp : precipitate, c : colour, T = tartrate. 

Hg(I) 

Mg(II) 

Ag(I) 

BrO; 

10; 

CrO:- 

NO; 

MnO; 

- 

4.6 
5.7 
5.3 
6.0 
5.3 
6.3 
4.6 
6.0 
4.6 

5.0 
6.0 
4.3 
6.3 
4.0 

3.6 
5.0 
5.0 
4.0 
5.7 
4.0 

5.0 
5.7 
6.0 

5.0 

4.6 
3.6 

5.0 
3.3 

5.0 

4.6 
5.3 

5.7 
5.3 

4.6 
4.0 

CN- 
CN- 
CN- 
CN- 
CN- 

CN- 
CN- 
CN- 
CN- 
CN- 
CN- 

CN - ,EDTA 
CN-,EDTA 
CN- 

F-,T 

CN- 
CN- 

ing giving the greatest: Cu(II), Au(III), Co(II), 
Fe(III), Pd(II), Ni(I1) and Hg(I1). 

As was initially expected, a shift of the ligand 
properties to a softer basic behaviour, reacting 
especially with soft acids, takes place on sub- 
stituting OH groups by -NH2 in the azocompounds. 
The use of extractants and/or maskings increases 
both selectivity and sensibility, effects which have 
been exploited in further experiments. 

Qualitative applications 

From the reactionability table, two qualitative 
tests can be proposed : 

(1) Procedure for Pd(I1) identzjkation. Place 0.5 
cm3 of the sample in a test tube (previously neu- 
tralized if it is basic), add 0.5 cm3 of HC1(2N), 0.5 
cm3 of DAB (1% in ethanol) and shake. A violet 
precipitate shows the presence of Pd(I1) (PD = 4.6). 
This sensitivity can be increased to pD = 6.0 by 
means of extraction with isoamyl alcohol. This test 
is specific. 

(2) Procedure for Mg(I1) identification. Place 0.5 
cm3 of neutral sample in a test tube, add 0.5 cm3 of 
DAB (1% in ethanol), 0.5 cm3 of NH3(2N) and 
shake. An orange precipitate is produced in pres- 
ence of Mg(I1) (pD = 5). In presence of CN- only 
Pd(I1) interferes. 
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Table 2. Positive extraction test 

Ion Medium Extractant 
Colour of the 
organic phase 
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Cu(I1) 

Au(II1) 

Co(I1) 

V(V) 
Pd(I1) 

Ni(I1) 

Hg(II) 

Hg(I) 

Ag(I) 
10; 

CrO:- 

NO; 

MnO; 

AcOH 
Water 

NH, 
NaOH 

HCl 
AcOH 
Water 

NH3 
NaOH 

HCl 
AcOH 
Water 

NH, 
NaOH 

AcOH 

HCI 
AcOH 
Water 

NH, 
NaOH 

Water 

NH, 
NaOH 

AcOH 
Water 

NH, 
NaOH 

Water 
NaOH 

NaOH 

AcOH 

HCl 

AcOH 

AcOH 

NaOH 

Chl,Is.A.,MIBK 
Et + Ad,Chl + Ad,Tol + Ad, 

Is.A.,MIBK 
Chl,Is.A.,MIBK 
Et,Chl,Is.A.,MIBK 

Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 

Chl,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 

Et,Chl,Tol+Ad,Is.A.,MIBK 

Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 

Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 

1s.A. 
Is.A. 
Et,Chl,Tol,Is.A.,MIBK 
Et,Chl,Tol,Is.A.,MIBK 

M1BKJs.A. 
Et,Chl,Is.A.,Tol,MIBK 

Et,Chl,Tol,Is.A.,MIBK 

Et,Chl,Tol,Is.A.,MIBK 

Chl + Ad,Et + Ad,Is.A. + Ad, 
MIBK + Ad 

Tol+Ad 

Et,Chl,Tol,Is.A.,MIBK 

Et,Chl,Tol,Is.A.,MIBK 

Yellow 

Red 
Violet 
Violet 

Brown 
Brown 
Brown 
Brown 
Brown 

Brown 
Brown 
Blue 
Green 
Blue 

Brown 

Violet 
Violet 
Violet 
Red 
Violet 

Brown 
Violet 
Blue 

Red 
Red 
Brown 
Blue 

Red 
Red 

Brown 

Brown 

Brown 
Red 

Red 

Green 

Chl = chloroform, Et = ether, To1 = toluene, 1s.A. = isomylalcohol, 
MIBK = methylisobutylketone, Ad = adogen. 

Quantitative applications 

Extracto-calorimetric determination of Pd(II). 
Both selectivity of the qualitative test and the 
increase of the sensibility of the extraction 
procedure, encouraged us to develop a new method 
for Pd(I1) determination. Influence of pH has been 
studied by using the Prideaux buffer. ’ For different 
pH values the corresponding spectra of DAB and 

its Pd(I1) complexes can be observed in Fig. 2. Since 
maxima differences were observed at pH 2 for an 
analytical wavelength of 585 nm, these values were 
selected for further experiments. The absorbance of 
the complex is constant if the molar ratio of DAB 
to Pd is greater than 2 : 1. A 1.4 x 10m4 M con- 
centration of DAB was selected. Best results were 
obtained for an addition order of Pd(II)-DAB- 
buffer. Although 5 min shaking time was chosen it 
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A 

A (nm) 

Fig. 2. pH influence on the spectra of DAB and its Pd(I1) complex extracted with isoamilic alcohol. 
[DAB] = 27.8 x 10e5 M; [pd(II)] = 2.8 x 10m5 M. Curves 1, 2, 3 and 4: DAB reagent at pH 2.1, 3.2, 

4.0 and 5.1. Curves 5, 6, 7 and 8 : DAB-Pd(I1) complex at pH 2.1, 3.2,4.0 and 5.1. 

had no influence on the absorbance values. The 
absorbance of the extracted complex is constant for 
at least 90 min. 

Stoichiometry of the complex was determined by 
Job’s method, giving 1 : 1 with a molar absorptivity 

Table 3. Tolerance of different ions in Pd(I1) (3 ppm) 
determination for a 5% photometric error 

Ion Tolerance (ppm) 

Au(II1) 12 
Fe(II1) 12 

V(V) 25 

Hg(II) 100 
Cu(I1) 12 
Co(I1) 50 
BlQ; 100 
CrO; 12 
NO; 0.75 
Tartrate 100 
EDTA 100 
F- 100 
CN- 1 

of 16625 1 mol- ’ cm- ‘. The Lambert-Beer’s law is 
obeyed in the 0.5-5 ppm Pd(I1) concentration 
range, the Ringbom minimum error zone being 
between l-5 ppm, where the relative error is 3.3%. 
Statistical values (n = 11, 95% confidence level) 

were determined with a 3 ppm Pd(I1) content; 
standard deviation 5.83 x 10m3, average standard 
deviation 0.0017, C.V. = 0 x 100/x, = 0.18%, E = 
*txax 100/x, = -&0.18%. 

In Table 3 the effect of different ions on Pd(I1) 
determination can be observed. Concentrations 
producing a 5% photometric error are also indi- 
cated, 100 ppm was the maximum quantity tested. 
EDTA, tartrate and fluoride can be used as masking 
agents. 

Palladium in a 5% palladized active carbon was 
determined by the proposed extracto-calorimetric 
procedure, using both the standard addition and 
the calibration curve methods. Results were of 4%, 
which agree with those of A. A. spectrophotometry. 
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Abstract-The complex equilibria between HCrQ; and Cl- ions has been studied spec- 
trophotometrically at a constant ionic strength of 3.0 mol dm- 3 and the data have been 
analyzed both graphically and numerically by means of the program LETAGROP-SPEFO 
(L. G. Sillen and B. Warnquist, Arkiv. kemi. 1968, 31, 377). The experimental results can 
be explained on the basis of the following reaction : 

HCrO; +H++Cl- = Cr03C1-+HzO (logfi,, = 1.37f0.08). 

Molar absorptivities of HCrO; and Cr03Cl- were also reported. 

Preliminary studies on the extraction of chro- 
mium(V1) with long chain amines’ have shown that 
the distribution of the metal between the aqueous 
and the organic phase depends principally on the 
nature of the ionic medium used in the aqueous 
phase. 

When hydrochrloric acid is used the extraction 
of chromium(V1) is much higher than with other 
mineral acids, 3-5 probably due to the extraction of 
the CrO,Cl- species. On the other hand, it has been 
demonstrated that the extraction is higher when the 
concentration of hydrochloric acid is increased. 

The studies by Haight et a1.,6 Halloway’ and 
Tong and Johnson* indicate that the addition of 
hydrochloric acid, sulphuric acid and phosphoric 
acid changes the HCrO; absorption spectrum over 
the range 260-400 nm. It has been assumed that 
these changes are due to the formation of the 
species CrO,Cl-, CrSO:-, H2CrPO; respectively. 
Dikshitulu et al.’ obtained similar results from 
kinetic studies of the reduction of chromium(V1) 
by tellurium(IV). Formation constants of these 
species were also determined under several experi- 
mental conditions. 

The present work is a detailed study of formation 
equilibria of Cr03C1-. This study has been carried 
out spectrophotometrically at the wavelengths 320, 

*Author to whom correspondence should be addressed. 

330 and 340 nm and 25°C. An ionic strength of 3.0 
mol dm- 3 has been utilized which allows a wide 
variation in chloride concentration. 

EXPERIMENTAL 

It is known that acid solutions of chromium(VI) 
in concentration lower than 4 x 10e4 mol dmw3 
follow the Beer-Lambert law between 320 and 
350 nm. 6 

It has been tested experimentally that Beer’s law 
is obeyed in solutions of the following composition : 
B mol dme3 Cr(VI), lo-* mol dmp3 H+, 3.0 mol 
dm- 3 (Na+, ClO;), where the concentration B of 
chromium(VI) was kept in the range 1.5 
10e4 < B < 7.5 x 10m4 mol dmm3. Values of molar 
absorptivities E 1 ,, for HCrQa were determined from 
the slope of the straight line obtained by plotting 
absorbance against chromium(V1) concentration 
for different wavelengths and these are given in 
Table 1. 

For determining the variation of absorbance as 
a function of chloride ion concentration, solutions 
of the following composition were prepared : B mol 
drnw3 Cr(VI), 10m2 mol dmv3 H+, C mol dmv3 
Cl-, (3.0-C) mol drn3 ClO;, 3.0 mol drnp3 Na+. 
For each series, the concentration B of chro- 
mium(V1) was kept constant and the concentration 
C was varied between 0 and 3.0 mol dmT3. Values 
of B were in the range between 2.6 x 10e4 mol dn- 3 

2145 
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Table 1. Molar absorptivities E 1 o of H&O; for different 
wave lengths 

1 = 320 nm &I0 = 817 
1 = 330 nm & ,0 = 1156 
d = 340 nm E,,, = 1466 

and 3.1 x lo- 4 mol dm- 3 for all series. This range 
allows the neglect of the CrzO:- and CrO$- con- 
centrations.’ 

Reagents and solutions 

Sodium perchlorate, Merck p.a., used as ionic 
medium, was prepared as described previously. ‘O 

Potassium dichromate, primary standard grade 
“Baker Analyzed”, was dried at 110°C before use. 
Chromium(V1) solutions were prepared by weigh- 
ing the appropriate amount of potasium dichro- 
mate. 

Sodium chloride, Probus, was recrystallized twice 
in distilled water and the stock solution analyzed 
using silver nitrate. ’ ’ 

rnium(V1) concentrations, it was assumed that the 
concentration of these species were equal to their 
stoichiometric concentrations. On the other hand, 
the chromium concentrations employed were in a 
region of negligible dimeric species. In such con- 
ditions, the absorbance A of the solutions can be 
written as : 

A = s,o[HCrO;]+s, ,[Cr03C1-] (3) 

where E,~ and E, 1 are the molar absorptivities of 
[HCrO;] and [CrO,Cl-] respectively. 

Taking into account eq. (2) the mass balance 
for chromium(V1) can be written : 

B = [HCrO;] + [Cr03C1-] 

= [HCrO,]( 1 +/I, ,[H+][Cl-I). (4) 

By substituting (4) in eq. (3) we obtain : 

B 

A = 1 +B, ,[H+][Cl-] 
(~,0+~,,a,,[H+l[~~-l). (5) 

Rearranging eq. (5) it follows : 

Be,,-A 
log B ~log(e,o-~,,) 

Perchloric acid, Merck, p.a. A stock solution of 
approximate 0.1 mol dm- 3 was standardized with 
HgO and NaI. I2 

Equipment 

B, dH+lW1 
= 1og1+/3,,[H+][cl-]* (6) 

Two new variables Y and u can be defined as : 

The spectrophotometric measurements were 
obtained using a visible_UV Perkin-Elmer 554 

y=B&~o--A 1 
B ho-&,I) 

(7) 

spectrophotometer, using Helhna K 282/2X 10 x 10 u = /I, ,[H+][Cl-1. (8) 
mm cells. Substituting eqs (7) and (8) in (6) we get : 

RESULTS AND DISCUSSION logY=log&. (9) 

The experimental data have been analyzed both 
graphically and numerically using the program 

By comparison of the experimental data plotted 

LETAGROP-SPEFO, ’ in order to determine the 
as log (BE, o - A)/B vs log [Cl-] with the theoretical 

formation constant of Cr03Cl- as well as the molar 
function log Y vs log U, the values of /I 1 1 and E 1 1 can 

absorptivities at different wavelengths. 
be obtained by reading off the differences : 

BE,,-A 

Graphical treatment 
1% B ___ -log Y = log(&,,-&,,) (10) 

In the experimental conditions employed the fol- logu-log[Cl-]+pH = lag/3,, (11) 

lowing reaction can be assumed : in the position of the best adjust. 

HCrO;+H++Cl- = Cr03C1-+H20 (1) Theexperimental results as well as the theoretical 
function log Y vs loa u in the position of the best 

with B, , being the constant of reaction (1) defined adjust are plotted in Figs l-3 for different wave- 
by: lengths. Values of /3, 1 and E, 1 are given in Table 2. 

81, = 
[CrO,Cl-] 

[H+][Cl-][HCrO;] ’ c2) Numerical treatment 

Since the hydrogen ion and chloride con- A refinement of the values of B, , and E, 1 was 
centrations were always much higher than chro- performed using a version of the general minimizing 
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A 1 CrWIj =27x ID4 mol dti3 
0 2.9x@mot dme3 
0 3.1xlCf4mol dmm3 

I I I I 
-1.0 -0.5 0 0.5f 1.0 

Lee b-1 
togu=o 

Fig. 1. -log (BE 1 ,, - A)/B plotted vs log [Cl-] at 1= 320 mn for different chromium(W) concentration. 
The full drawn line gives log Y as a function of log u in the position of the best adjust. 

0.6. 

A ICr(VI)I =2.7 x 10m4 mol dmm3 
0 2.9 x 10e4 mol dme3 
0 3. I x IO+ mol dme3 

Fig. 2. -log (BE 1 o - A)/B plotted vs log [Cl-] at Iz = 330 mu for different chromium(W) concentration. 
The full drawn line gives log Y as a function of log u in the position of the best adjust. 

Table 2. Values of /I,, and the molar absorptivities &10 
and E , , found graphically and numerically 

logB,, &IO &II Method 

1 = 320 1.43 651 graphic 
1 = 330 1.38 965 graphic 

Iz = 340 1.40 1288 graphic 

1 = 320 820fl 634 + 3 Letagrop 
1 = 330 1158kl 949 * 3 Letagrop 
A= 340 1467 &- 1 1264+ 3 Letagrop 

log/?,, = 1.37f0.08. 

program LETAGROP, ’ 3 especially adapted to the 
treatment of spectrophotometric data LETA- 
GROP-SPEFO. ’ 

As input, experimental data of absorbance 
at different wavelength, concentrations of chro- 
rnium(V1) and values of fl, ,, E , ,-, and E 1, calculated 
graphically, were given. The program searches for 
the best set of constants that would minimize the 
error square sum defined by 

u = 1 (&a, - &x&J * (12) 

where A,, is the value of absorbance measured 
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nICr(VI)( = 2.7xlO+mOl dmb3 
0 2.9x 10% mot dme3 
0 3. I x ICI4 mot dme3 

I I I I I I 
-1.0 -05 0 0.5 10 

log la- I 
bg+u=o 

Fig. 3. -log (BE , o - A)/Bplotted vs log [Cl-] at Iz = 340 nm for different chromium(W) concentration. 
The full drawn line gives log Y as a function of log u in the position of the best adjust. 

experimentally and Acalc is the calculated A obtained 
assuming a set of complexes and their formation 
constants. The program also calculates the standard 
deviation a(A) defined by : 

a(A) = ~&c-4xpY “* 
1 

(13) 
Np 

where NP are the number of experimental points. 
The fit of the data is illustrated in Fig. 5, where 

Acalc - Aexp has been plotted against [Cl-]. 

25- 

Fig. 4. The mol percent of the different chromium(W) 
species as a function of the chloride concentration. 

In Table 2 the value of log/I,,, s10 and sll are 
given for different methods. It is seen from this 
table, that normalized curves and least-square 
methods give, practically the same constants. 

The calculations give a value of log /Ir, = 1.37. 
This value could be corrected to 1 .O mol dm- 3 ionic 
strength to be compared with the values found in 
the literature. The activity coefficients y could be 
calculated using the extended Debye-Hiickel equa- 
tion I ’ 

logy = -rZ0.511JZ + o 10&2Z 

l+l.SJZ * 
(14) 

where Z is the ionic strength and z is the charge of 
the ion. 

From these calculations, it was found that 
log /I, 1 = 1.04. As seen the value of the formation 
constant obtained seems to agree with those found 
in the literature (Table 3). 

Table 3. Values of formation constants of CrOsCll, fi,, 
found in the literature 

7’ (“C) I Log811 Ref. 

25 1.0 1.23 6 
25 1.0 1.05 8 
20 1.0 0.93 14 
15 1.0 1.03 8 
35 1.0 1.09 8 
31 1.0 1.30 9 
25 3.0 1.37kO.08 This work 
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[cl-l 2 

3 

Fig. 5. Aexp - AEale plotted as a function of [Cl-] for differ- 
ent cbromium(V1) concentrations at 1 = 330 nm. 

From the results of this work, the mol percent of 
the different chromium(V1) species was calculated 
and plotted as a function of chloride ion con- 
centration at pH = 2 (Fig. 4). This plot shows that 
the HCrO; species is predominant in the range of 
concentration studied. 
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Abstract-The reaction entropy, AS:, for the electroreduction of bis(biphenyl)chromium(I) 
has been measured in eight solvents using a non-isothermal cell arrangement. A correlation 
between the solvent acceptor number and the AS,” values has been observed. The measured 
reaction entropies are higher than those for ferrocene/ferricenium ion and bis(ben- 
zene)chromium(O)/bis(benzene)chromium(I) couples. 

The electrochemical reaction entropy, AS,“, i.e. the 
entropy difference between the reduced and oxid- 
ized forms of a redox couple can be obtained from 
the temperature dependence of the electrode poten- 
tial using a non-isothermal cell. ’ The AS,” values 
are suitable for detailed examination of ionic solv- 
ation as well as electron-transfer processes and thus, 
they were reported for numerous transition-metal 
redox couples and many earlier results were dis- 
cussed by Hupp and Weaver.2 Among sandwich 
complexes the reaction entropy in a variety of.sol- 
vents was measured only for the two couples : fer- 
rocene/ferricenium ion, Fc/Fc+,~ and its deriva- 
tive.4 Recently, some entropy data for other 
metallocenes and bis(benzene)chromium(O)/bis 
(benzene)chromium(I) couple were also reported. ’ 
In the same solvent the obtained values were 
similar, in full agreement with the empirical 
prediction2 for redox couples with identical charge 
numbers and similar radii. 

It is interesting to investigate electrochemical 
reaction entropies for bis(biphenyl)chromium(O)/ 
bis(biphenyl)chromium(I), BCr/BCr +, for the 
sake of a possibility to examine the influence 
of reactant size as well as for a comparison 
with reaction entropies for Fc/Fc+, because 
these two couples have been recently recom- 
mended as reference redox systems for the 
reporting electrode potentials in nonaqueous 
solvents. 6 

EXPERIMENTAL 

Dimethylformamide (DMF), dimethylsulph- 
oxide (DMSO), dimethylacetamide (DMA), pro- 
pylene carbonate (PC), acetonitrile (ACN) and 
N-methylformamide (NMF) were purified and 
dried as described previously.7-g Methanol (POCh) 
(MeOH) and formamide (IE, Windsor) (FA) 
were purified in a conventional manner. lo A 
small amount of NaOH was added to FA to avoid 
an acidic decomposition of BCr+ cation. The con- 
centration of bis(biphenyl)chromium tetra- 
phenylborate was 0.5 mM and 0.1 M tetra- 
ethylammonium perchlorate (TEAP) was used as 
the supporting electrolyte. 

The reaction entropy was obtained from the tem- 
perature dependence of the reversible polaro- 
graphic half-wave potential using a non-isothermal 
cell ; details have been described previously. 7-g The 
reference electrode consisted of a silver wire in a 
solution containing 0.09 M TEAP and 0.01 M 
AgN03 (or AgClO,, in the case of PC) in the solvent 
of interest, * with the exception of measurements in 
NMF and FA where a silver electrode in ACN was 
used. 

RESULTS AND DISCUSSION 

Linear coefficients of temperature variations in 
the half-wave potentials for the red&on of BCr+, 
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dE,,,/dT, measured in different solvents and errors 
determined on the basis of the “Student’s” dis- 
tribution with a confidence level of 0.95 are given 
in Table 1. The reaction entropies calculated for the 
one-electron reversible reduction from : 

AS: = FdE,,,/dT (1) 

where F denotes Faraday’s constant, are positive 
(Table 1). Similarly, the positive AS,0 values were 
observed2 for the reduction of other cationic 
couples due to a greater extent of solvent pola- 
rization in the vicinity of an oxidized form with a 
higher ionic charge. 

The inspection of the AS,’ values collected in 
Table 1 indicates that the reaction entropy becomes 
smaller in protic solvents with molecules associated 
via hydrogen bonding. The analogous behaviour 
observed for the Fc/Fc+ couple3 and its derivative 
(n-ferrocenemethylene-p-toluidine’) was rationalized 
in terms of a significant donor-acceptor inter- 
action between the solvent hydrogens and the 
cyclopentadienyl rings of the Fc molecule, which 
has a greater electron density than those of the Fc+ 
ion. 3,4 Alternatively, the negative contribution to 
entropy change arising from the disordering of the 
original solvent structure by the charged Fc+ ion 
was considered. 2*4 The solvent acceptor number, 
AN, ’ ’ was proposed as a measure of both the above 
effects. 3*4 

Plots of the AS,’ values against the solvent 
acceptor number for BCr/BCr+ as well as Fc/Fc+ 3*4 
and (C6H6)2Cr0/+ ’ couples are shown in Fig. 1. A 
weighted regression line for BCr/BCr+ system holds 
with the correlation coefficient 0.984 and X2-test 2.3, 
which indicates that the deviations from the line are 
explained completely by experimental errors in the 

Table 1. Temperature coefficients of Eljz and the reaction 
entropies for the reduction of bis(biphenyl)chromium(I) 

in a variety of solvents 

AS, 

dE,,JdT (J mol-’ 
Solvent AN” (mV K- ‘) nb rc K- ‘) 

DMA 13.6 1.2kO.2 5 0.992 116 
DMF 16.0 l.Of0.4 5 0.934 96 
PC 18.3 0.8fO.l 5 0.992 85 
ACN 18.9 0.9f0.2 5 0.981 87 
DMSO 19.3 1.OkO.l 5 0.997 96 
NMF 32.1 0.5kO.3 4 0.995 48 
FA 39.8 0.3kO.l 5 0.983 29 
MeOH 41.3 0.3fO.l 6 0.985 29 

’ Solvent acceptor number from Ref. 11. 
‘Number of data sets (different temperatures). 
‘Correlation coefficient of B,,, on T. 

0 as, 
Jmo?K' 

100 

60 - 

-20 

0 20 40 AN 

Fig. 1. Plots of the reaction entropy for the elec- 
troreduction of BCr+ (A), (CsHs)+Zr+ (B) and Fc+ (C) 
against the solvent acceptor number. Entropic data for 

B and C were taken from Refs 3-5. 

AS,” values. A similar solvent effect on the reaction 
entropy for the BCr/BCr+ and Fc/Fc+ couples (Fig. 
1) is not surprising if one takes into account that 
differences between the redox potentials for these 
systems were found6 to be almost constant in 22 
solvents. 

On the other hand, in each solvent the highest 
reaction entropy was found for the largest reactant, 
BCr/BCr+. The above result does not agree with 
the empirical equation proposed by Hupp and 
Weaver2 in which the reaction entropy is pro- 
portional to the reciprocal of the reactant radius. 
Differences in the method of the AS,” measurements 
used in this paper and by Weaver and coworkers 
are not responsible for that finding. For the oxi- 
dation of ferrocene at a dropping mercury electrode 
in ACN a reaction entropy equal to 47 f 5 J K-’ 
mol- ’ has been obtained, in full agreement with 
Weaver’s value of 48 J K- ’ mol- ’ determined by 
cyclic voltammetry and using a different cell and 
electrodes. 3 

Two alternative explanations for the presented 
result can be suggested : a difference in short range 
donor-acceptor interactions with solvent molecules 
due to a distinct charge distribution on aromatic 
rings of the considered couples and greater increase 
in the metal-ring distances during the elec- 
troreduction process for the BCr+/BCr couple. The 
first possibility corresponds to the observation 
found7T12 for systems of organic heteraromatic mol- 
ecules and their radical-ions, that AS,” values are 
related to a spin density at a heteroatom in a radical- 
ion. However, the same number of hyperfine com- 
ponents in ESR spectra of BCr+ and (C6H6)2Cr+ 
cations suggests ’ 3 for the former a delocalization of 
an unpaired electron only on one benzene ring in 
each biphenyl system. Then, a similar effect of a spin 
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distribution can be expected for both the considered 
cations. 

Concerning the second possibility it should be 
added, that a significant contribution to AS,” values 
proportional to a relative change in the metal- 
ligand bond distances between the reduced and 
oxidized species has been recently found l4 for a 
number of transition-metal redox couples, includ- 
ing aquo ligands and complexes of cobalt. However, 
we are not in a position to discuss that possibility 
in detail because for sandwich complexes the 
metal-ring distances in both oxidation states are not 
known with sufficient accuracy. 
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Abstract-The extraction of Fe(II1) from a nitrate medium of ionic strength 1 .O mol dm- 3 
by n-dodecanoic acid (HA) dissolved in toluene has been studied by distribution measure- 
ments. Experimental data, treated by different graphical and numerical methods, have 
been explained assuming the extraction of the species (FeA,), into the organic phase as 
well as the formation of a Fe(IIIkHA complex in the aqueous phase. 

The solvent extraction of metal ions by carboxylic 
acids has aroused a great interest from both theor- 
etical and practical points of view. Being one of the 
cheapest available kind of extractant reagents, the 
studies were first focussed on the possibilities of 
hydrometallurgical applications. Later on, detailed 
series of studies concerning the distribution equi- 
libria of metal ions were carried out, giving rise to 
several reviews on the subject reported by Fletcher 
and Flett, ’ Flett and Jaycock, 2 Ashbrook, 3 Miller, 4 
Rice,’ Brzoska and R6zycki6 and Yamada and 
Tanaka. 7 Most of the work basically agrees on the 
presence of monomer-polymer equilibria between 
metallic carboxylates, although the complexity of 
the systems has resulted in serious discrepancies in 
the composition of the extracted species. 

The reported enhancements of the extraction 
of metals by carboxylic-containing synergic 
mixtures ‘-lo has revealed the importance of having 
self-consistent data on individual systems in order 
to explain satisfactorily the results obtained with 
the mixtures. 

With regard to iron(II1) extraction, the influence 
of the diluent and the type of carboxylic acid over 
the composition of the extracts seems to be open to 
question since trimers, ’ ‘* ’ 2 dimers of several com- 
positions’ 3m’ 5 and monomers16,‘7 have been pro- 
posed as main organic complexes in different con- 
ditions. 

In the present work, the study of the extraction 
of Fe(II1) from a nitrate medium by n-dodecanoic 

* Author to whom correspondence should be addressed. 

acid dissolved in toluene has been carried out in 
order to determine the stoichiometries of the com- 
plexes extracted as well as their stoichiometric 
extraction constants. 

EXPERIMENTAL 

Reagents 

Fe(N03)3 - 9H20, Merck, p.a., was twice cry- 
stallized from distilled deionized water. n-Dode- 
canoic acid, Merck, r.s., was purified by successive 
recrystallization in ethanol and acetone. l8 Sodium 
nitrate and toluene, Merck, p.a., were used as sup- 
plied. All other chemicals were analytical-reagent 
grade. 

Experimental procedure 

Equal volumes (10 cm’) of both organic and 
aqueous phases were mechanically shaken in special 
stoppered test tubes for 4 h. The initial acidity of 
the aqueous phase was gradually adjusted during 
the extraction process, always keeping the pH value 
below 3.3 in order to avoid the evolution of iron(II1) 
hydroxide. Previous experiments showed that, 
under the conditions used, equilibrium was reached 
in about 2 h and no changes in the distribution 
coefficient were noticed up to 12 h after mixing. The 
concentration of n-dodecanoic acid in toluene was 
varied from 0.10&0.400 mol dm- 3. The aqueous 
phases contained Fe(II1) in the concentration range 
0.2-1.0 mmol dme3 in NaNO, (1.0 mol dmm3). 
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After phase separation by centrifugation, the H+ 
concentration was measured potentiometrically, 
using a combined glass electrode. The iron content 
in both phases was determined by atomic absorp- 
tion spectroscopy. The iron concentration in the 
organic solutions was determined by stripping the 
metal into 1.0 mol dmd3 HNO,. Any data which 
did not fulfil the mass balance for iron within 5% 
were rejected. 

o- 

When necessary, the sodium content in both 
phases was determined by atomic absorption spec- 
troscopy. 

0 0.393 

A 0.196 

-l.O- 

1 PH 
214 2:6 2:6 3:o 3:2 

RESULTS 

The extraction of iron(II1) by n-dodecanoic acid 
(HA) can be described by the following general 
equilibrium : 

Fig. 1. Extraction of Fe(II1) at various n-dodecanoic acid 
concentrations and CFe = 5.0 x lo-“ mol dm-‘. Con- 
tinuous lines have been drawn using the equilibrium con- 

stants proposed in Table 2. 

jFe3++ f(m+n)j@V&,, 

= (FeA,(HA),&rp+ miH+ (1) 

where the known predominance of the carboxylic 
acid as a dimer in toluene has been considered. ’ 9 

Taking into account that the total concentration 
of Fe(II1) in the organic phase is given by : 

Each type of data was first considered separately 
but the whole of the experimental information was 
subsequently treated both graphically and numeri- 
cally. 

GRAPHICAL TREATMENT 
C Fe,org = ~~~~l(FeA,(HA).)jl,, (2) 

and k,, being the stoichiometric equilibrium con- 
stant for reaction (l), the distribution coefficient of 
the metal ion can be expressed as : 

Data at constant iron concentration 

x pTe3+1j- 'I(HA),I W(m+n)jlH+lmj (3) 

where are is the side reaction coefficient of Fe(II1) 
due to the formation of hydroxo” and nitrate’l 
complexes in the aqueous phase and can be cal- 
culated from the equation : 

An estimation of the polymerization degree of 
the extracted species can be achieved from the data 
collected at constant metal iron concentration. 
Assuming the formation of one single compound in 
the organic phase, eq. (2) takes the form : 

log CFe,org = log jk,, + f (WI + n) j 

x log lW%I,,,+Alog Fe37 +mpH). (5) 

The function log Cr_s =f(logIFe3+I+mpH) at 
constant extractant concentration was evaluated 

a Fe= ~+~,l~~;I+B,,I~~-I+B~~l~~-12 

+/?,410H-14+~221Fe3+l IOH-1’ 

+/?341Fe3+1210H-14. (4) 
‘0 log0 

In Fig. 1 the experimentally determined log D 
values are plotted as a function of equilibrium pH 
at constant total metal concentration. On the other 
hand, Fig. 2 shows log D vs pH data at constant 
n-dodecanoic acid concentration and several Cre 
levels. 

Both the high slope values, larger than the charge 
of the metal ion, obtained in the low D range for 
all the sets of data in Fig. 1 and the shifts to lower 
pH values of the experimental curves in Fig. 2 when 
increasing the iron content point to the poli- 
merization of the extracted iron complexes. 

I PH 
I 

2:L 2:6 2:6 310 2 

Fig. 2. The effect of total Fe(II1) concentration on the 
extraction with n-dodecanoic acid at CHA = 0.174 x mol 
dm-‘. Continuous lines have been drawn using the equi- 

librium constants proposed in Table 2. 
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Fig. 3. Plot of the function log CFe,org = f(log lFe’+] + 
3pH) for the experimental data collected at 

constant total Fe(II1) concentrations. 

for selected integer m values until straight lines were 
found. ]Fe3+] values were calculated from the mea- 

sured Cre+, according to eq. (5) by means of the 
program SOLGASWATER. 22 

Although in the higher D range deviations from 
linearity were observed for all the m values tried, 
linear plots were only found for m = 3, and a value 
ofj = 3 was deduced from the slopes obtained (Fig. 
3). Since straight lines of slope 4.5 were obtained 
in the plots log CFe,org = f(log I(HA)210rg) at several 
constant (log ]Fe3+( +3pH) values, it can be 
deduced that n = 0 and consequently that a trimer 
of stoichiometry (FeAJ3 is extracted in the organic 
phase. From the intercepts of the former plots an 
extraction constant value of logk303 = - 11.6 was 
obtained. 

Data at diflerent iron concentration 

In order to confirm the validity of the former 
extraction model, a graphical analysis of the exper- 
imental data at constant CnR and different iron 
concentration (Fig. 2) was performed. Assuming 
the extraction of a single species, eq. (2) can be 
reduced to : 

log D + log aFe = logk’+(j- l)logJFe3+] 

(6) 

where, at constant pH values, k’ is a conditional 
extraction constant defined by : 

log k’ = log jk,, + j(m + n) 

x log IWAM,rg+mjpH. (7) 

1.0 

0 

-1.0 

Fig. 4. Plot of the function log D + log aFc = f(log ]Fe3+l) 
for the experimental data collected at different total 

Fe(II1) concentrations. 

Figure 4 shows the plots of the function log- 
D+log are =f(log IFe3+l) at several constant pH 
values. The straight lines of slope 2.0 (j = 3) 
obtained, further confirm the degree of poly- 
merization of the extracted complex. An extraction 
constant value of log k3,,3 = - 11.5, in good agree- 
ment with the one deduced from data at constant 
metal concentration was obtained by plotting the 
intercepts in Fig. 4 as a function of pH. 

Treatment of all the data 

The extraction of the species (FeA3)3 does not 
explain the whole set of data since deviations from 
the expected behaviour are found mainly at the 
highest studied range of extractant concentration. 
All the graphical analysis performed assuming the 
extraction of more metallic species, including OH- 
containing complexes, did not improve the fit to the 
data. A similar procedure using the highest for- 
mation constant values quoted in the literature for 
the iron(III)-hydroxo complexes confirmed that 
deviations cannot be attributed only to the presence 
of these species in the aqueous phase. Moreover, 
additional experiments showed that coextraction of 
sodium from the ionic medium, with the resulting 
decrease of n-dodecanoic acid concentration, was 
negligible in the pH range of the study. Accordingly, 
a graphical treatment of all the experimental data 
taking into account the possibility of the formation 
of iron carboxylate species in the aqueous phase 
was carried out. The biphasic equilibria for this 
reaction can be described as : 

zFe’+ + $(x+JJ)z(HA)~,,~~ 

$ [FeA,(HA),],+xzH+. (8) 
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Considering the mass balance equations for 
iron(II1) in both phases : 

C Fe,org = NFeA3hlor, (9) 

c Fe,aq = IFe3'lCLF,+z[(FeA,(HA)Y)d (10) 

and the free iron concentration : 

IFe3+1 = h’3KFeA3)~10r, 

x IH+19KWd~~~11’3 (11) 

the following expression can be derived by com- 
bination of eqs (9), (10) and (I 1) : 

(%03) "'c~e,a,I(HA),t!,2 = 1 + zk 

C&W I 3aFe XYZ 

X (3k303)(1-z)/31(HA)Zl~f~)13+r(x+Y-3)1 

x (H+lz(3-x)-3~~~~:~‘3a~e1 (12) 

where k, is the stoichiometric constant for reaction 

(8). 
Experimental functions [log Cre,+., + 3pH - (l/ 

3) log CFe,org -logaF._] = f[(z(3-x)-3)log(H+I+ 

(z - 1)/3 log CFe,org -log aF& at constant extrac- 

tant concentration and different x and z values, 
were compared with the theoretical log Y = log 
(1 +X) =f(logX), where Y and X are two nor- 
malized variables : 

y = (3k303) 1’3CFe,aq 

x ](HA)2]~$&~lH+J - 3aFe’ (13) 

and X being the second term in eq. (12). 
The best fit was found for x = 3 and z = 2 (Fig. 

5), although it is noteworthy that the goodness of 
the fit is slightly sensible to changes on the degree 
of polymerization, z. 

6.0 

5.5 

5.0 

L.5 

-3 

510 6:O 
113’WCFe,,,, +3pH -1og+, 

7:o 810 

Fig. 5. Positions of best fit between the experimental 
function log Ge,aq - (l/3) log G,org + 3pH - log %e = 
N/3) log Gc,org + 3pH - loge+) and the theoretical 

log Y =f(logX). 

Fig. 6. Plots of the differences AY and AX as a function 
of free n-dodecanoic acid concentration. 

Differences on both axes in the position of best fit 
between the experimental and the theoretical func- 
tions depend on [(HA),], according to : 

A y = l“g y- [log CFe,aq - ( l/3) log CFe,org 

+3pH-1ogaFJ = (1/3)log3k303 

+ (312) 1% IWUrg (14) 

AX = log X- [3pH + (l/3) log Cre,org 

-log+,] = 210gk3yZ-(l/3)log3k303 

+ii(2y+3)logl(HA),I,,. (15) 

Plots of these differences as a function of ](HA),I 
are shown in Fig. 6. Since the points fall on a 
straight line of slope 1.5, it can be deduced that 
y = 0 and therefore the stoichiometry (FeA3)2 for 
the aqueous species can be deduced. Values of the 
constants obtained from the intercepts are given in 
Table 1. 

NUMERICAL TREATMENT 

Computer calculations were carried out in order 
to search for the chemical model which best explains 
the experimental data as well as to refine the extrac- 
tion constant values graphically derived. The 
LETAGROP-DISTR program23 was used in the 
calculations, the error square sum being : 

u = c (log &alc - h3 &xp) 2 (16) 

the function chosen for the minimization. 
For each model tried, the program finds the set 
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Table 1. Values of the stoichiometric equilibrium constants obtained by graphi- 
cal and numerical treatments of all the extraction data 

Species Method log k,,f 3a(log k) log k,, f fa(log k) 
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WAAorg 

(FeA&,, 

Curve fitting 
Letagrop 

Curve fitting 
Letagrop 

-11.4 
-11.31~0.04 

- 10.1 
- 10.01 kO.09 

of equilibrium constants which gives the minimum 
value of U (U,,J as well as the standard deviation 
a(logD), the best model being the one with the 
lowest values of both Umi, and rr(log 0). The results 
of the calculations are summarized in Table 2, con- 
firming that the model graphically derived provides 
the best fit to the data. Table I compares the values 
of the constants obtained by the program and those 
derived by graphical analysis. 

The fit to the data can be observed in Figs 1 and 
2, where the continuous lines have been drawn using 
the eq~lib~um constants calculated by the pro- 
gram. 

CONCLUSIONS 

The presence in the organic phase of the unsol- 
vated trimer quantitatively explains the extraction of 
Fe(II1) from 1 .O mol dm- 3 NaN03 by n-dodecanoic 

acid dissolved in toluene. Both graphical and 
numerical treatments of extraction data carried out 
at different metal ion and extractant concentrations 
confirm the absence of any other species in the 
organic phase. This result is in agreement with that 
obtained by Kholk’in et al. ” and Tanaka et ai, ’ ’ 
for the extraction of Fe(II1) by n-octanoic and n- 
decanoic acids, respectively, and seems to confirm 
the view of Yamada and Tanaka7 that monomeric 
and dimeric iron(II1) long chain carboxylates are 
not realistic in non-polar solvents. The extraction 
constant value obtained is higher than the one 
reported by Kholk’in et al. for the extraction by n- 
octanoic acid in benzene (logk3,,3 = - 14.63) and 
the difference could be qualitatively explained by 
the higher distribution constant of n-dodecanoic in 
our system. 

Deviations of the extraction data in the highest 
pH range studied can be only quantitatively 

Table 2. Values of Urni. and o(log r>) for some of the different models of 
species tried 

Species (FeA,(HA)Jj 

(w).j 

(3,0)3‘q 
(3,0)1,, 
(3,0)2,, 
(3,0)4.X, 
(3,0)3,,, ; (3,0)2,, 
(3,0)30,; (3,0)1,, 
(3,1)3,, 
(3,0)30, ; (3,0)1, 
(3,0)2,,; (3,0)1,, 
(3,0)3q ; WP,, 
(3,0)2,, ; (3,0)2,, 
(3,0)30,,; (3,0)3,, 
(3,0)30,, ; (3,0)4,, 
(3,0)3,, ; (3,1)2,, 

(3,0)3*,,; (3,0)1,,; (3,0)1,, 
(3,0)3wg; WPorg ; (3,O)lq 
(3,0)3,,,; (3,0)1,,; (3,0)2,, 

(3,0)3,,8; (3,0)l,,g; (3,0)2,, 

IJ??li” e(log D) 

2.1332 0.1327 
3.9912 0.1816 
1.7791 0.1213 
3.1565 0.1615 
1.7780 0.1217 
1.9474 0.1274 
5.7306 0.2176 
0.3228 0.0519 
0.8135 0.0823 
0.3183 0.0515 
0.8329 0.0833 
0.3210 0.0517 
0.3263 0.0522 
0.4255 0.0595 

0.3228 0.0519 
0.3230 0.0521 
0.3189 0.0517 

0.3183 0.0517 

Rejected 
species 

(3,0)10, 
(3,0)2,, 

(3,O)lw 
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1.0 
molar fraction pH -2.50 

the extraction percentage practically unchanged in 
rs I a wide pH range. 

_ Chmol.dm” 

Fig. 7. Distribution diagrams in the system Fe(IIIb 
NaNO,/HA-toluene. (a) Molar fraction of the trimer, 
(FeA3)3r in the organic phase as a function of C,, at 
constant pH and different total metal concentration. (b) 
Molar fraction of the main species in both phases as a 
function of pH at constant metal and n-dodecanoic acid 

concentration. 

explained by the formation of iron carboxylate 
complexes of general composition (FeA& 
Although the best fit is obtained for II = 2, the 
aggregation degree should be considered only as an 
average and species with a different y1 value cannot 
be disregarded. 

Finally, the distribution diagrams in Fig. 7 show 
the influence of iron concentration on the extraction 
and the variation of the molar fraction of the main 
iron-containing species in both phases as a function 
of pH at constant metal and extractant con- 
centrations. It can be easily appreciated that the 
aqueous iron carboxylate predominates in the aque- 
ous phase in the range of high extraction, keeping 
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Abstract-Reaction of trithiazyltrichloride, (NSZ1)3, with NaOR in ROH (R = Me, Et, 
‘Pr, “Pr, ‘Bu, ‘Bu, pentyl, amyl, cyclohexyl, benzyl) gives (NSOR)3. The compounds have 
been characterized by IR and mass spectroscopy and in the case of R = methyl, (2a) and 
benzyl, (2e) by X-ray crystallography. In the structures of both (2a) and (2e) the S3N3 ring 
adopts a flattened chair cyclohexane conformation with the substituents being axial. 

Trithiazyltrichloride, (NSCl)3, (l), has been known 
for many years. ’ It is readily prepared’ and unlike 
many other sulphur-nitrogen species, not especially 
hazardous. However, unlike the related phos- 
phorus-nitrogen ring system, (PNCl&, sub- 
stitution reactions of (1) are not common ; with ring 
cleavage readily occurring. There has recently been 
a brief report3 on the use of sodium alkoxides 
(NaOR; R = Me, ‘Pr) in the preparation of 
(NSOR)3, (2), from (1). Neither the generality of 
the reaction nor the structure and properties of (2) 
were described. Here we report on our studies into 
the preparation of (2) for a wide variety of R groups. 
Vibrational and mass spectroscopy have been used 
to characterize the compounds. In the cases of 
R = methyl and benzyl the X-ray crystal structures 
are reported. 

EXPERIMENTAL 

General. All reactions were performed under an 
inert atmosphere of nitrogen or argon using dried 
solvents. Alcohols were dried over 3 A inolecular 
sieves and petroleum ether was dried over sodium. 
Trithiazyltrichloride was prepared by the literature 
method.’ IR spectra were recorded as thin films or 
nujol mulls using a PE497. UV/vis spectra were 
measured on a Pye SP8-400. 

Preparation of (NSOR), R = Me, Et, n-Pr, i- 
Pr. Sodium (0.6 g, 0.026 mol) was added to the 
appropriate alcohol (20 cm3), after dissolution of 

*Author to whom correspondence should be addressed. 

the metal petroleum ether (5 cm’) was added and 
the reaction cooled to 0°C. A slurry of S3N3C13 (3.0 
g, 0.012 mol) in alcohol (20 cm3) was added over 
10 min. The reaction was stirred and allowed to 
warm to room temperature (2 h) during which time 
it turned red. The solvent was evaporated under 
reduced pressure and the oily solid remaining was 
extracted with n-hexane (3 x 20 cm’). Removal of 
the n-hexane in vacua gave the final products. Ana- 
lytical and spectroscopic data are in Tables 1 and 
2. For R = Me the volume of n-hexane was reduced 
to ca 20 cm3 and the solution cooled to -2O”C, 
Yield 1.4 g, 50%. Crystals of (2a) suitable for X- 
ray crystallography were obtained by slow evapor- 
ation of an n-hexane solution at 4°C. 

R = n-Bu, t-Bu, n-pentyl, amyl, cyclohexyl. 
Sodium (0.2 g, 8.7 mmol) was dissolved in the 

Table 1. Microanalytical data and yields 

R 

2a Me 

2b Et 

2c n-Pr 

2d i-Pr 

2e benzyl 

2f amyl 

M.p./“C Yield C H N 

32 51 15.4 3.6 17.7 
(15.6) (3.8) (18.2) 

liq. 36 27.4 5.8 14.3 
(26.2) (5.5) (15.3) 

liq. 32 34.5 6.9 12.9 
(34.3) (6.7) (13.3) 

liq. 34 34.3 6.8 13.3 
(34.3) (6.7) (13.3) 

74 23 54.6 4.6 9.05 
(54.8) (4.6) (9.1) 

liq. 22 45.4 8.4 10.0 
(45.1) (8.3) (10.5) 
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Table 2. IR and NMR data 

R VW) v(SN) 

Me 
IR 1043s 994s 910 730s 701s 
Raman - 998~ 954~ 730w 709s 
Et 1040s 980s 890s 730s 700s 
n-Pr 1020s 928s 900s 730s 710s 
i-Pr 1020s - 905s 740s - 
n-Pent 1030s 955s 890s 740s 696s 
amyl 1020s 925s 842(?) 738s - 

bz 
IR 1005s 930s 900s 723s 675s 
Raman 1004s 948~ - 720m - 

WV Wing) ‘H NMR S/ppm 

640s 51Omw 3.80(s) 
637s 512m 
670s 530m 1.36(t,4) 4.07(q,3) 
680s 535m l.OO(t,3) 1.76(m,2) 3.96(t,3) 
680s 540m 1.31(d,6) 4.49(septet,l) 
650s 540m 0.91(t,3) 1.36(m,4) 1.74(m,2) 3,83(t,2) 
680s 540m - 

630s 523m 4.70,4.92 7.25(m,5) 
632s 525m 

appropriate alcohol (20 cm3) and pet. ether (20 cm3) 
added. With the solution at 35°C solid S3N3C!13 (1.0 
g, 4.0 mmol) was added. Stirring and heating was 
maintained for 3 h after which time the reaction 
was worked up as above. 

R = Benzyl. Sodium (0.23 g, 10 mmol) was dis- 
solved in benzyl alcohol at 0°C. To this solution 
was added solid S3N3C13 (0.8 g, 3.2 mmol). After 2 
h the alcohol was removed in vucuo and the residue 
extracted with pet. ether (2 x 20 cm3). The ether 
solution was reduced to ca 20 cm3 and cooled to 
-20°C to give the product as crystals suitable for 
X-ray studies. 

Crystal Data. (2a), C3H9N303S3, M = 231.3, 
rhombohedral, a = 12.147(6), c = 11.368(6) A, 
U = 1453(l) A3, space group R3, Z = 6, D, = 
1.59 g cm- 3, colourless air stable irregular poly- 
hedron, crystal dimensions 0.15 x 0.15 x 0.2 mm. 
~(CU-KA = 67.8 cn- ‘, Iz = 1.54178 A, F~,,,,,,, = 720. 

(2e), C2,HZ1N303S3, M = 459.6, monoclinic, 
a = 9.373(2), b = 13.581(3), c = 17.507(5) A, 
jI = 90.08(2), U = 2229(l) A3, space group P2,/n, 
2 = 4, D, = 1.37 g cme3, colourless, air stable 
irregular polyhedron, crystal dimensions 
0.16 x 0.18 x 0.15 mm, ~(CU-K,) = 32.2 cm-‘, 
A = 1.54178 A, F~OOOj = 960. 

Data collections and processing 

Nicolet R3m diffractometer, w-scan method 
[28 < 116 (2a) and 100” (2e)], graphite mono- 
chromated Cu-K, radiation. 437 and 2198 inde- 
pendent reflections of which 269 and 1692 respec- 

*Final positional parameters and FJF, values have 
been deposited as supplementary data with the Editor, 
from whom copies are available on request. Atomic coor- 
dinates have also been deposited with the Cambridge 
Crystallographic Data Centre. 

tively considered observed [IF01 > 3a(]F,])] for (2a) 
and (2e), corrected for Lorentz and polarization 
factors ; empirical absorption correction based on 
360 azimuthal scans for both data sets. 

Structure analysis and refinement 

Both structures were solved by direct methods 
and non-hydrogen atoms refined anisotropically in 
each case. The methyl group in (2a) was treated 
as a rigid body. The hydrogen atoms in (2e) were 
idealized (C-H = 0.96 A), assigned isotropic ther- 
mal parameters [U(H) = 1.2U,,(C)] and allowed to 
ride on their parent carbons. Refinement was by 
block-cascade full-matrix least-squares to give 
for (2a) R = 0.107, R, = 0.122 (w-’ = a*(F)+ 
0.00278F2) and for (2e) R = 0.050, R, = 0.053 
(w ’ = a2(F)+0.00072F2) (R = ZZ I(F,-FJ/Z IFJ). 
The maximum residual electron densities in the 
final AF maps were 0.74 and 0.22 e A- 3 for (2a) 
and (2e) respectively. The mean and maximum 
shifts/error in the final refinement cycles were 
for (2a) 0.016 and 0.107 and for (2e) 0.005 and 0.017. 
Computations were carried out on an Eclipse 
S 140 computer using the SHELXTL system. 4 * 

RESULTS AND DISCUSSION 

The cycle-trialkoxytrithiazenes, (NSOR)3, (2), 
are readily prepared by reaction of tri- 
thiazyltrichloride with the appropriate sodium 
alkoxide in alcohol [eq. (l)]. Yields varied between 
51 and lo%, with lower yields being obtained in 
reactions involving bulky alcohols 

(NSC1)3 + 3NaOR + (NSOR)j + 3NaCl. (1) 

Microanalytical data for those compounds 
obtained pure is given in Table 1 ; when using less 
volatile alcohols it was not possible to free the pro- 
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duct of the parent alcohol even after sustained pump 
ing under high vacuum. Since we found that (2) 
are somewhat thermally unstable they could not be 
distilled. The reaction does not proceed in solvents 
other than the parent alcohol. Asymmetrically sub- 
stituted compounds are also readily prepared. For 
example, reaction of NaOEt/NaOi-Pr (in ethanol/ 
isopropanol) with (1) gives all possible products, 
S,N,(OEt),(OiPr),_, (in the statistically expected 
proportions) ; observed by ‘H NMR and mass 
spectrometry. 

IR and NMR data for selected compounds are 
given in Table 2. In (2) the ‘H resonances are shifted 
downfield relative to the parent alcohol. For the 
observed (vide infra) Cb symmetry four v(W) 
vibrations together with v(S0) and v(C0) vibrations 
are expected. Seven characteristic bands are 
observed. The band at ca 1025 cm- ’ is assigned as 
v(C0) because of its sensitivity to the R group. The 
v(S0) and v(SN) vibrations fall between 100&630 
cm-‘. , although individual assignments are difficult 
it seems likely that v(S0) is the lowest frequency 
band of this group (at around 640 cn- ‘). The mod- 
erate intensity band at ca 520 cn-’ is probably a 
ring deformation. The mass spectra consist of weak 
peaks due to M+ with the principle fragments being 
S3N3(OR)$ and (S2N20R)+. The UV spectra of (2) 
exhibit one absorption centred at 208 mn of mod- 
erate intensity (E x 1800 mol- ’ dm3 cn- ‘). 

The X-ray crystal structure of (2e) (Fig. 1) is 
analogous to that of (1) having a flattened chair- 
like six-membered ring which is substituted axially. 
The whole structure has approximate non-crys- 
tallographic C3 symmetry. The bond lengths and 
angles (Table 3) are not significantly different within 
the ring suggesting a delocalized system. The SN 
bond lengths (range 1.588(4E1.611(4) A) are 
shorter than the single bonds in cycle- 
S4(NCH2Ph),, (3) [1.713(4)--1.720(3)]5 and are 
within statistical significance the same as those in 

Fig. 1. The X-ray crystal structure of (NSOBz) ), (2e). 

(NSC1)3. 6 The SNS and NSN angles [range 
121.2(3)--122.5(2) and 112.2(2)--113.3(2)“] in (2e) 
indicate trigonal and distorted tetrahedral environ- 
ments for nitrogen and sulphur respectively. The 
structure of (2a) though of limited accuracy (the 
determination being carried out close to the melting 
point) displays the same axial substitution pattern 
and flattened chair cyclohexane conformation. The 
errors in the structural parameters preclude any 
meaningful comparisons. The chair form appears to 
be general for S(W) rings”6 although jl-(SNOCl), 
adopts a distorted boat conformation with the 
chlorines axial and the oxygens equatorial. ’ 

It is interesting to compare the relative planarity 
of (2e) and (3) since this may provide an indication 
of the extent of rr-delocalization in (2). In (2e) the 
S(l)-S(3)-N(4)-N(6) plane is inclined to the 
S(l)--N(2)-S(3) and N(4)-S(5)-N(6) planes by 
32 and 27” respectively with N(2) and S(5) lying 
0.38 and 0.42 A above and below this plane. In (3) 

Table 3. Selected bond distance (A) and angles (“) in (NSOBZ)~, (2e) 

W)_W) 
8(3)--N(2) 
W-N(4) 
8(1)--o(7) 
8(5>--0(23) 
W5W(I6) 
N(2)--8(1)-N(6) 
N(4)_8(5eN(6) 
W)-N(6>--s(5) 
N(2)+ 1 >-o(7) 
N(4)-8(5)--0(23) 
8(3W(I5)-W6) 

1.593(4) 
1.603(4) 
1.604(4) 
1.636(3) 
1.634(3) 
1.432(7) 
112.1(2) 
113.3(2) 
121.2(3) 
107.0(2) 
99.4(2) 

112.8(3) 

WFN(6) 
8(3)-N(4) 
S(5WY6) 
S(3>-0(15) 
0(7)-c(8) 
0(23W(24) 
N(2)-8(3)-N(4) 
s(l)-N(~-s(3) 
8(3>--N(4)s(5) 
I’W--S(3)-W5) 
S(IW(7YJ8) 
8(5)-W3)-W4) 

1.614(4) 
1.611(4) 
1.588(4) 
1.646(3) 
1.441(6) 
1.461(6) 
112.4(2) 
122.5(2) 
121.2(3) 
99.0(2) 

113.9(3) 
114.6(3) 
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the S-S-S-S and S-N-S planes are inclined 
by 63” whereas the comparable angles in (1) are 23 
and 18” respectively.* The flattening of the ring in 
(1) and (2e) relative to (3) is presumably a conse- 
quence of a R system based on nitrogen p and sul- 
phur d orbitals. This type of bonding scheme has 
been developed previously.* The noticeably flat- 
tening in the structure of (1) relative to (2e) is due 
to the increased steric repulsion between the three 
chlorine substituents cjI the oxygen atoms in (2e). 
In (1) the Cl. . . Cl distances are 3.61,3.61, and 3.78 
tn~‘jillst7 $ (2e) the 0 . * * 0 distances are 3.06, 3.13 

. . 
The compounds reported here are sulphur-nitro- 

gen analogues of (PNR,) 3 and as such may provide 
useful starting materials in the synthesis of sub- 
stituted SN polymers. Further work is under way. 

* The equivalent values for the alternative 
S(l)-N(2)--N(4)-S(5) plane are 30 and 29” and for the 
N(2)-S(3)-S(5)-N(6) plane are 29 and 28”. In all three 
instances the larger dihedral angle is associated with the 
out of plane nitrogen atom. 

AcknowledgementsWe are grateful to the University of 
London Central Research Fund for support and to J. 
Bilton for measuring the mass spectra. 
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Abstract-Reaction of Hg(S,N), with cti_PtCl,(PR3)2 (PR3 = PPh3, PPh,Me, PPhMe2, PEt3) 
in the presence of Na[PF,] gives pt(S,N)(PR,)d[PFd in 3246% yield. The complexes have 
been characterized by IR, NMR and microanalyses. The X-ray crystal structures of two 
examples (PR3 = PPh,Me and PEt3) show that the S,N- ligand coordinates in a bidentate 
fashion via two sulphur atoms. 

Metalla-sulphur-nitrogen complexes include ter- 
minally bonded fragments and stretch from 5 to 8 
membered rings. 1,2 We are investigating the sta- 
bilization of reactive sulphur-nitrogen anions using 
transition metal centres for a number of reasons. 
New insights into the solution equilibria of SN 
species might be gained ; synthetic reagents can be 
prepared and structurally interesting materials are 
available. In this latter regard we have recently 
reported3 on the synthesis of mixed ligand platinum 
stacking compounds, [Pt(S,N,H)(PR,),]X, (1) con- 
taining the S2N2H- group. There has previously 
been substantial work on M(S2N2H)2 and M(S3N)z 
complexes4 and it is clear that the S2N2H- and 
S3N- ligand are isoelectronic (NH = S). We have 
therefore developed a simple synthesis of 
~(S,N)(PR,)~[PF,], (2), to enable us to investigate 
the effect of replacement of an NH group by a 
sulphur atom on the stacking properties of (1). 

Previously, complexes containing the S3N- 
ligand have been obtained from reactions involving 
explosive S4N4 ;4 directly from salts of S3Ne5v6 or by 
in situ formation of the anion using base and 
S,NI-I. 7-1o All of these three routes have problems. 
S4N4 is rather hazardous and should be avoided 
wherever possible. Salts of S3N- are not par- 
ticularly easy to prepare, are air sensitive, equi- 
librate in solution to S,N- and have not been par- 
ticularly successful in the preparation of Group 
VIII complexes. The deprotonation reactions of 

*Author to whom correspondence should be addressed. 

S7NH are useful but give complex products. Finally, 
none of these routes has been used in reactions with 
metal phosphine complexes. Here, we report on 
the usefulness of the readily prepared and easily 
handled reagent Hg(S7N)z in the synthesis of 
[Pt(S,N)(PR,)& (2). The X-ray crystal structures 
of two examples (PR3 = PPh,Me and PEt3) are 
reported. 

EXPERIMENTAL 

General experimental procedures and prep- 
aration of platinum starting materials were as 
described previously.4~” Hg(S7N)2 was prepared by 
the reported methodi and stored at - 18°C in the 
dark. All reactions were performed under an inert 
atmosphere (N, or Ar) but the work-ups were 
carried out in air. 

Preparation of S3N- complexes. In a typical 
reaction PtC12(PPh3)* (100 mg, 0.126 mmol), 
Hg(S7N)2 (86 mg, 0.126 mmol) and NaPF, (23 
mg, 0.136 mmol) were stirred together in dichloro- 
methane (20 cm3) at room temperature for 24 h. 
During this time the initial cream suspension turned 
into a dark purple solution. The solution was fil- 
tered through Celite and its volume reduced to cu 
3 cm3 before preparative thin layer chromato- 
graphy (CH&l, eluent). The product (rf 0.3) was 
extracted from the silica using CH,Cl,/thf. After 
evaporation of this solution, in vucuo, to near dry- 
ness the orange/brown product was precipitated 

2165 
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Table 1. Yields and microanalytical data 

Complex 

[Pt(SNXPEtAlPF~ (2a) 

Ft(S,N)(PMe,Ph)zlPF6 (2b) 

lPt(SNXPMePhAlPF6 (W 

Ft(SWPPhAlPF~ (W 

Yield/% M.p./“C C% H% N% 

37 137-138 21.0 
(21.0) (Z::) (Z) 

46 146-147 26.4 
(27.0) (Z) (I;) 

33 141-142 36.7 
(35.0) (Z) (& 

39 154-156 44.3 

(44.2) (Z) (G) 

Table 2. 3 ‘P-{ ‘H} NMR data 

“P-{ ‘H} NMR 

PR3 ~Jmm Wmm ’ J,/Hz ’ Jx/Hz *J/Hz 

(2a) PEt3 7.30 9.17 2373 2842 27 
(2b) PMe,Ph - 19.80 - 17.18 2439 2927 24 
(2e) PMePh, - 10.08 -6.48 2485 2979 26 
(2d) PPh, 7.08 11.39 2566 3120 22 

using n-hexane. Yields, and properties of the com- 
plexes are reported in Tables 1 and 2. Samples suit- 
able for X-ray crystallography were obtained by 
diffusion of hexane into dichloromethane solutions. 

Crystal data 

2(a) F@3MGWM?PF,I, ~4 = 686.6, orb- 
rhombic, a = 12.540(4), b = 13.754(5), c = 27.542 
(8) A, U = 4750(3) A3, space group Pcab, Z = 8, 
D, = 1.93 g cmm3, red air stable truncated octa- 
hedron, crystal dimensions 0.2 x 0.1 x 0.1 mm, 
fi(Cu-Ka) = 160 cm’, 1, = 1.54178 A, F(OO0) 
= 2671. 

yb) [Pt(S,N)(PCH,(C,H,),)~FF61- (XI 1)0.25*, M* 

=883.7, monoclinic, a = 18.759(4), b = 19.168(5), 
c = 12.498(2) A, /? = 124.34(2), U = 3711(l) A3, 
space group C2/c, Z = 4, D,* = 1.59 g cmp3, 
red air stable prism, crystal dimensions 0.3 x 0.2 x 
0.1 mm, ,u(Cu-Ka)* = 104 cm’, Iz = 1.54178 A, 
F(OOO)* = 1722. 

Data collections andprocessing 

Nicolet R3m diffractometer, w-scan method 
(28 < 100” for (a) and 28< 116” for (h)), graphite 
monochromated Cu-Ka radiation. For (1) and (2) : 
2003 and 2590 independent measured reflec- 

*Contains a contribution from an unknown dis- 
ordered solvent fragment refined as (C, ,)0.25. 

tions of which 19 15 and 2371 respectively were 
considered observed (IF01 > 3a(lFJ)), corrected for 
Lorentz and polarization factors ; numerical absorp 
tion corrections (face indexed crystals). 

Structure analysis and refinement 

Structure (2a) was solved by the heavy atom tech- 
nique and (2b) by direct methods. In (2a) all the 
non-hydrogen atoms were located from successive 
AF maps and refined anisotropically. In (2b) the 
structure was initially solved in space-group Cc. 
The thermal ellipsoids for the N(1) and S(2) atoms 
in the PtS3N ring indicated the structure to be dis- 
ordered about the axis passing through the Pt atom 
and bisecting the P-Pt-P angle. Further inspec- 
tion of the coordinates of the atoms in the two 
phosphine ligands showed that they also could be 
related by this 2-fold axis. The PF6 anion could also 
be accommodated on an independent 2-fold axis. 
Subsequent refinement of the disordered model was 
carried out in space-group n/c which though 
resulting in the expected small increase in R gave 
significantly improved standard deviations. All 
non-hydrogen atoms were refined anisotropically 
with the exception of the 50% occupancy nitrogen 
atom N( 1) and the disordered solvent, for which five 
carbon atoms were refined isotropically in general 
positions with occupancies of 25% and one carbon 
atom was refined isotropically on a crystallographic 
centre of symmetry with an occupancy of 12.5%. 
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In both structures the PFs anions were refined as 
rigid bodies. The methyl groups were also refined 
as rigid bodies, all other hydrogen atoms [in (2a) 
and (2b)] were idealized (C-H = 0.96 A), assigned 
isotropic thermal parameters [U(H) = 1.2U,,(C)] 
and allowed to ride on their parent carbon atoms. 
Refinement was by block cascade full-matrix least- 
squares to give for (2a) R = 0.042, R, = 0.034 
(w-’ = c?(F)+gF’, where g converged to a value 
of less than 0.00001) and for (2b) R = 0.063, R, = 

0.067 (w-’ = d(F) +O.O0738F*) (R = XjF,-F,J/ 
Xl F,,]). The maximum residual electron den- 
sities in the final AF maps were 0.60 and 1.92 
eA_’ for (2a) and (2b) respectively. The mean and 
maximum shifts/error in the final refinement 
cycles were, for (2a), 0.011 and 0.082 and, for (2b), 
0.002 and 0.026. Computations were carried out on 
an Eclipse S140 computer using the SHELXTL13 
program system and publishedI scattering factors. 

RESULTS AND DISCUSSION 

Reaction of Hg(S,N), with PtC12(PR3)r and 
NaPF, at room temperature gives reasonable yields 

of [ptCN(PRMPFd 

Hg(S,N), + PtC12(PRJ2 + NaPF6 
-+F’@,WPR,MlT’Fd + I-W& 

The products were characterized by 31P-{1H} NMR 
and IR spectroscopy and this data together with 
the microanalytical results are shown in Tables 1 
and 2. The driving force for the reaction is the 
formation of HgC& but the mechanism is not obvi- 
ous. During purification using preparative thin 
layer chromatography we isolated S,N, as a major 
side-product. A number of pathways thus seem 
possible. (1) Decomposition of Hg(SNh to form 
S4N2 which then reacts with c~s-PQ(PR~)~ to give 
(2). (2) Initial formation of a complex containing 
the S7N- ligand which then eliminates sulphur. 
(3) Formation of S7N- which equilibrates to 
S4N-/S3N-. We do not favour (3) since the charac- 
teristic blue colour of S4N- is not observed during 
the reaction. There has recently been a report on 
the formation of an SN complex” and this lends 
some support for (2). Stirring Hg(S,N)* overnight 
(with formation of S4N2 as evidenced by TLC) 
followed by treatment with PtC12(PMe2Ph)2 
did not result in formation of (2). Direct reac- 
tion of sublimed S,N, with Pt(C,H4)(PR3), gives 
Pt(&NJ(PR,),. We therefore favour pathway (2). 

The 31P-(‘H) NMR of (2) are AB type with plati- 
num satellites. The magnitudes of 2J(31P-3’P) and 
‘J(3’P-195Pt) are appropriate for Pt(I1) complexes. 
Assignment of individual resonances is difficult. 
Comparison with (1) and Pt(&N,)(PR,),, (3) which 

are related to (2) by replacement of a sulphur atom 
by an NH group and an N-, is of interest but not 
particularly helpful. As was the case with (1) and 
(3) there is a linear increase in the magnitude of ‘J 
on replacing methyl groups by phenyl groups in 
the phosphines. To be consistent with our previous 
assignments we tentatively assign 8* (with the lower 
‘J values) to P(1) which is tram to S( 1). The Pt-P 
bond lengths are however not crystallographically 
distinguishable because of disorder problems. 

The IR spectra of the complexes are dominated 
by absorptions due to phosphines. However, in the 
PEt3 case two v(SN) vibrations (lOlO 709(m) 
cm-‘), a v(SS) (529(m) cm-‘) and two v(PtS) 
(338(w), 32O(vw) cm- ‘) vibrations may be assigned 
by analogy with Pt(S3N),.4 

The X-ray structures of (2a) (Fig. 1) and (2b) have 
been determined. The cations have the expected 
cis square planar geometry. Unfortunately, in each 
case, disorder about the pseudo two-fold axis (Fig. 
2) of the cation precludes any detailed discussion of 
bond lengths and angles for the sulphur-nitrogen 
portions of the molecules. The degree of disorder, 
as evidenced by the thermal elipsoids, is somewhat 
less in (2a) than in (2b). Disorder of this type is 
apparent in a number of other related 
complexes.‘0~‘5 Comparison with Cu(S,N)(PPh,), 
and PPN[CU(S~N)~,~ neither of which are reported 
to be disordered, shows an apparent reversal in the 
lengths of the bonds at nitrogen for (2a) relative to 
the copper complexes [in (2a) S(2)-N( 1) 1.502( 1 l), 
N(l)-S(3) 1.632(10) A ; the equivalent distances in 

Nlll 

u,,, 

Fig. 1. The X-ray crystal structure of the cation in (2a); 
selected bond lengths and angles S(l)-S(2) 2.034(5), 
S(2)-N(1) 1.502(11), N(l)-S(3) 1.632(10), Pt-S(1) 
2.287(3), PtS(3) 2.290(3), Pt-P(1) 2.321(3), Pt-P(2) 
2.319(3) A, S(l)-Pt-S(3) 89.8(l), Pt-S(l)-S(2) 
103.6(l), S(l)-S(2)--N(1) 111.7(4), S(2)-N(l)-S(3) 

124.8(7), N(l)-S(3)-Pt 110.1(4)“. 
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Pill 
PI1 

(4 (b) Cc) 

Fig. 2. (a) 50% probability thermal ellipsoid plot of the cation in (2a). (b) 50% probability thermal 
ellipsoid plot of the cation in (2b) when refined in space-group Cc showing the disorder affecting the 
metallacycle (carbon atoms omitted for clarity). (c) A line drawing showing the disordered model, 
refined in space-group C2/c, for (2b) where the two orientations of the ring are related by a cry- 

stallographic two-fold axis passing through the Pt atom and bisecting the P-Pt-P angle. 

PPN[Cu(S,N),J are 1.652(9) and 1.512(11) A]. This 
apparent reversal may be an artifact of the disorder 
present in (2a, b), nonetheless, the structures do con- 
firm the gross geometry of the cations to be as 
expected. The Pt-P and Pt-S bond lengths are as 
expected for Pt(I1) complexes and are not sig- 
nificantly different from those observed in anal- 
ogous S2N12- and SzNzH- complexes.“*‘6 Neither 
structure shows the type of stacking of cations 
observed in the isoelectronic S2N2H- complexes, 

(I). 
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Abstract-Single condensation of acetylacetone (AcacH) with 1,Zdiaminoethane (En) 
yields the terdentate “half-unit” 7-amino-4-methyl-5-aza-3-hepten-2-one (abbreviated as 
AEH). In the presence of a metal ion, this ligand leads to the macrocycle 5,7,12,14- 
tetramethyl-1,4,8,11-tetraazacyclo tetradeca-4,6,11,13-tetraene, which can be considered as 
resulting from the condensation of two molecules of (AcacH) with two molecules of (En). 
This “half-unit” can also be used to obtain acyclic ligands and complexes made with one 
(AcacH) molecule and two (En) molecules (1: 2) or conversely two (AcacH) molecules and 
one (En) molecule (2 : 1). Using reagents other than (AcacH) and (En), this “half-unit” may 
yield homo and heterodinuclear complexes, macrocyclic compounds and non-symmetrical 
tetradentate Schiff bases. 

Within the large family of Schiff bases, one of the It has been reported that NiC12 - 6H2O reacts with 
most frequently named is N,N’-ethylene-bis(acety1 a mixture of (En) and (AcacH), in the presence 
acetoneimine) (BAEH2)* [Cf. Fig. l(C)]. It is gener- of acetic acid, to yield the compound (II).’ This 
ally suggested that (BAEH,) is the only product compound is also obtained by reacting (AcacH) 
resulting from the reaction of 1 ,Zdiaminoethane with Ni(En)zC12.9 In the Au3+ chemistry, a similar 
with 2,4_pentanedione, whatever the propor- reaction not only yields the complex (II) but also 
tion of the two reagents.’ After deprotonation a macrocyclic compound of the (J) type.” This 
it may be reacted with divalent metal ions M(I1) to macrocycle was also synthesized by reaction of (En) 
yield MBAE complexes. ‘+ It is noteworthy that with 4-amino-3-penten-2-one” or with the thio 
these complexes may be obtained through different analog of (BAEH&” subsequent to the activation 
synthetic pathways, such as the reaction of of the ketone or thioketone functions by Et,OBF,. 
Ni(En)2Clz with (AcacH),’ that of Ni(CH,COO), - Finally, from a literature survey it appears that the 
&I20 with an equimolar mixture of (En) and synthetic possibilities of the (En)/(AcacH) system 
(AcacH), or the reaction of bis(4-amino-3-penten- are restricted to the preparation of the (C), (I-I) and 
2-onato)nickel(II) with (En).6 On the contrary, (J) compounds. The diazepine (F) resulting from 
no reaction occurs on mixing Ni(Acac), - Hz0 and the double condensation of (AcacH) and (En) in 
(En). This absence of reactivity has been attributed strong acidic medium must be added to this list.13 
to a pn-dn cycle conjugation between the metal Furthermore, low yields characterize the reported 
centre and the 2,4_pentanedionato anion.7 synthesis of (H) and (J). 

*The following abbreviations will be used in this 
paper : (AcacH) for 2,4_pentanedione, (En) for 1,2-d&n- 
inoethane, (BAEH3 for N,N’-ethylene-bis(acetylace- 
toneimine), (AEH) for 7-amino-4-methyl-S-a3-hepten- 
2-one. The less common compounds will be pointed 
out by letters, as indicated in Fig. 1. 

In this paper, our aim is to show that the possi- 
bilities of the (En)/(AcacH) system largely exceed 
these three compounds. This increase is based on 
the synthesis of the “half-unit” (AEH) [Fig. 1 (A)]. 
We have recently shown that suitable experimental 
conditions allow for the monocondensation of 
diaminoethane and 2,4-pentanedione, leading to 
(AEH), a stable, easily handled compound.14 A 
similar approach for 2,4-pentanedione-ortho- 
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condensation of (AEH) to give the macrocyclic (‘H and 13C). The chemical shifts are reported in 
compound (J). This reaction necessitates the pres- Tables 1 and 2. The ‘H NMR spectrum of (AEH) 
ence of (AEH), sodium methoxide and Py,NiC& as presents three singlets (two CH3 and one CH 
a source of nickel ions. The macrocycle is isolated group), a triplet-quadruplet set (two CH2 groups) 
under its complexed form in 30% yield. A mixture and two large signals attributable to the NH2 and 
of free (AEI-I) and complex (B), where the (AEH) NH groups, the latter being strongly deshielded 
ligand is complexed, also yields the complex (J) but (6- 11 ppm). Selective irradiation of this signal 
with a lower yield. It is interesting to recall here that changes the quadruplet (CH,) into a triplet while 
the reaction of (AEH) with nickel(I1) ions in the irradiation of the second CH2 signal (triplet) 
absence of any base leads to (D). changes the quadruplet into a doublet. The appear- 

A promising opportunity results from the tri- ance of two complex CH2 signals is quite good 
dentate nature of (AEH) which cannot saturate the evidence for the formation of (AEH) for they clearly 
possibilities of coordination at the metal ion. Thus, show the inequivalence of the two methylene signals 
at least, a second ligand such as pyridine can enter resulting from the monocondensation of 2,4- 
the coordination sphere, as it is the case for com- pentanedione with (En). Furthermore, the results of 
plexes (B) and (G). Interestingly, the second ligand irradiation confirm the tautomeric form (A) for the 
may be (AEH) itself but in this instance, the nature “half-unit”, conversely to the first suggestion.14 The 
of the resulting products depends on the nature presence of a hydrogen bond -NH. . . OC- must 
of the metal ions. For cobalt (III), an octahedral be responsible for the deshielding of the NH signal. 
complex [Co(AE),]+ is obtained while in the case Most probably, the triplet-quadruplet set for the 
of the nickel(I1) ion cyclization occurs, leading to two CH2 groups is due to the identity of the coupling 
the macrocyclic (J) complex. A trinuclear complex, constants 3JHNcH = 3JHccH = 6 Hz. 
[(AECU)~OH]‘+, is isolated in high yield for the The 13C NMR spectrum displays seven signals 
copper(I1) ion.25 corresponding to the seven types of carbon atoms 

In (B), substituting pyridine, a monodentate present in (AEH) : attributions were made, based 
ligand, by bidentate ligands offers new possibilities on proton off-resonance decoupling experiments.2q 
toward the preparation of dinuclear species such as The spectra of ligands (C), (F), (I.,) and that of 
(0) with imidazolez6 or (K) with 1 ,Zdiaminoethane. complex (D) are identical to previously published 
At this stage, the versatility of (En) has to be results.24,30-32 
emphasized. Depending on the experimental con- The ligand (E) presents an interesting NMR spec- 
ditions, the system (AEH)/Ni2+/(En) can yield trum. The two singlets related to the CH3 groups 
either the dinuclear complex (K) or the mono- display rather similar shifts (1.98 and 2.00 ppm). 
nuclear species (XI). In the first case, (En) makes a These values are consistent with the substitution of 
bridge between two nickel ions, while in the other the keto function of (AEH) by an imine function. 
case one of the two NH2 groups reacts with the keto By analogy to (AEH), the triplet at 2.72 ppm, cor- 
function of the (AE) ligand. Substituting 2-amino- responds to the CH2 group adjacent to the NH2 func- 
ethanol for (En) leads to the complex (I). tions. A multiplet centred at 3.30 ppm can be con- 

Until now, we have restricted our presentation to sidered as resulting from the superposition of a 
the nickel complexes since due to their diamagnetic triplet and a quadruplet of the CH2N and CH2NH 
behaviour they are easily characterized by NMR. groups, respectively. The other nuclei gave signals 
Nevertheless, similar reactions work in the case of at 3 ppm (NH,, broad signal), 7.75 ppm (NH, trip- 
copper(I1) : only (I) and (J) are not obtained. This let) and 7.98 (CH, singlet). Coupling constants 
is not surprising in the case of (J) because it has 3Jl-lNCl-l and 3JHNcH are equal to 5 Hz. 
been recently shown in the literature27 that during NMR data for complex (B) have previously been 
the reaction of the free macrocycle with copper published.33 Complex (J) gives simple spectra : three 
salts, the concentration of the macrocyclic complex 
(J) goes through a maximum, then decreases as 
decomposition takes place in solution. Indirect 
preparations with other metal ions can be carried 

I’ 

out through demetallation of the nickel complexes 
and complexation by these ions.28 

Characterization andproperties 

NMR results (‘H and ’ 3C). Free ligands and Fig. 2. Numbering of the different atoms used in ‘H and ._ 
nickel(I1) complexes are easily characterized by NMR “C NMR tables. 
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Table 1. ‘H NMR data (numbering as in Fig. 2) 

1’ 
CH, 
3’ 

CH2 CH 

6’ 4 5 6 7 2 NH2 NH Solvent 

A 1.90 1.94 - 3.27(q) 
B” 1.72 1.95 - 3.17(t) 

C 1.93 2.00 - 3.47(d+s) 
D 1.85 1.85 - 3.08 

E 1.97 2.00 - 3.28(m) 
2.00 1.97 

F 1.88 1.88 - 3.42 
H 
R=H 2.05 2.05 - 3.23(t) 
R = CHJ 2.02 2.04 1.39(d) 

2.04 2.02 

I 1.89 1.83 - 3.16 
1.83 1.89 

J 1.90 1.90 - 3.12 

Kb 1.85 2.05 - 3.15(m) 

2.87(t) - - 
2.61(m) - - 
3.47(d+s) - - 
3.08 - - 
2.82(t) 2.82(t) 3.28(m) 

3.42 - - 

2.77(m) 2.77(m) 3.32(t) 4.85 3.47 
(2.73-3.48) 4.83 3.60 

2.55’ 3.62 3.16” 

3.12 3.12 3.12 
2.61(m) - - 

4.94 1.27 
5.06 2.61 
4.98 - 
4.86 - 
7.97 3.00 

4.40 - 

4.60 3.62 

4.58 - 
4.94 2.97 

10.80 CDCl, 
- CDCl, 

11.40 CDC& 
- CDC& 
7.75 CDCl, 

7.76 CDCl 3 

- Acetone-d, 
- Acetone-d, 

- CDCl, 

- CDC& 
- Acetone-d, 

“Other resonances: 8.71, 7.43, 7.83 (pyridine). 
“Other resonances : 2.97 (CH,, diaminoethane), 6.90-7.57 (tetraphenylborate). 
‘Bad resolution. 
s : singlet, d : doublet, t : triplet, q : quadruplet, m : multiplet. 

singlets for ‘H NMR and four singlets for ‘H- 
decoupled 13C spectra. ‘H NMR spectra of(H) are 
identical to literature results9 when R = H, while 
13C NMR spectra display three CH3 signals and two 
CN signals when R = CH3. In order to characterize 
(K) by ‘H NMR, it is necessary to substitute per- 
chlorate ions by tetraphenylborate ions. Its ‘H 
NMR spectrum is quite similar to that of the (B) 
complex, with a supplementary broad singlet at 2.97 
ppm which corresponds to the CH1+NH2 groups 
of the bridge (En). 

Znfrured results. Complexes (H) and (K) display 
four bands between 3320-3080 cm-’ due to NH2 
functions whereas two bands are observed in this 
area for (B) complexes (symmetrical and anti- 
symmetrical stretching vibrations). The increase in 
the number of bands is presumably due to hydrogen 
bonds between perchlorate ions and NH2 groups. 
The two bands at ca 1590 and 1520 cm-’ may be 
assigned to the “double bonds” c---O, c---C and 
C=N. The band at 1590 cm-’ which is lacking in 
the (J) spectrum can be confidently attributed to 

Table 2. “C NMR data (numbering as in Fig. 2) 

CH3 

1’ 3’ 6’ 4 
CH, 

5 6 7 
CH CO CN 

2 1 3 Solvent 

A 27.4 17.5 - 45.5 40.8 - - 94.0 193.1 162.1 CDCl, 

B” 24.0 21.6 - 54.1 43.9 - - 100.7 176.0 166.5 CDCl , 
C 28.6 18.4 - 43.4 43.4 - - 95.9 195.3 162.7 CDC13 

D 24.2 20.9 - 52.9 52.9 - - 99.4 176.8 164.5 CDCl, 
H 

R=H 21.1 21.1 - 54.1 43.5 - - 98.8 159.1 159.1 Acetone-d, 

R = CH, 20.3 20.3 17.9 54.0 44.1 51.7 60.0 98.6 159.2 159.0 Acetone-d, 

I 20.6 20.7 - 54.4 43.6 66.8 54.4 98.4 158.0 158.9 CDCl, 

20.7 20.6 158.9 158.0 
J 21.5 21.5 - 53.7 53.7 53.7 53.7 97.2 158.7 158.7 CDCl, 

“Other resonances: 151.0, 125.5, 138.6 (pyridine). 
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v(C=G). The broad band at 1090 cm-’ and the 
sharper one at 625 cm-’ are attributed to the per- 
chlorate ion (vg and v.,). The absence of these bands 
in (I) confu-rns the deprotonation of the OH func- 
tion of 2-aminoethanol. 

A particular case: the macrocyclic complex (J), 
5,7,12,14- tetramethyl- 1,4,8,11 - tetruaza-4,6,11,13- 
cyclotetradecatetraenato (2-) Nickel (II) 

The importance of macrocyclic complexes gives a 
particular interest to (J) which is readily prepared 
from (AEH). Seemingly, (J) has been previously 
prepared by Holm. ” However, the p h y sical charac- 
teristics of the two samples are not fully identical. 
For instance, our complex appears as a green 
microcrystalline powder whereas Holm’s complex 
is described as a red-brown powder. 

Analytical results agree with the formula 
Cr4H2zN4Ni which is also consistent with mass spec- 
tra results. The most important peak is centred at 
304 a.m.u., with higher isotopic peaks cor- 
responding to the proposed formulation. Secondary 
peaks are attributable to deprotonated species, par- 
ticularly those resulting from the loss of two or 
four protons. This agrees with the data reported by 
Holm who showed that (J) could be converted to a 
sixteen-electron n complex with a parent peak at 
300 a.m.u.” 

The NMR results (vide supra) are in accordance 
with the proposed structure. Regarding the elec- 
trochemical behaviour, (J) does not reduce at 
potentials of ca -2.0 V but undergoes apparent 
one-electron oxidation at -0.094 V (us Ag/AgCl) 
in our case while the oxidation is reported to occur 
at +O.l 10 V (us SCE) for the red-brown com- 
pound. 

The most important difference between these two 
complexes is the colour but it is quite .difficult to 
link this difference to a spectral modification since 
diffuse reflectance spectrum of the red-brown one 
was not reported. In the present case, the large d-d 
band moves from 16,800 cm-’ (solid) to 17,700 
cn-’ (solution in acetone). Such an effect generally 
arises from a modification of electronic interactions 
between the next molecules in the solid state34 and 
could be the reason for the difference between these 
two compounds. Another cause could be the con- 
formation of the pentagonal Ni-N-CC-N-cycles. 
Known structural studies show that these cycles 
have a left configuration. For (J), three stereo- 
chemical possibilities : two enantiomers, 66 and 
11, and one diastereoisomer 16, can be envisaged. 
The template effect of the nickel ion, which is essen- 
tial for the synthesis of (J) could favour one of 
these forms or alter the left configuration of the 

pentagonal cycles. It is noteworthy that a green 
complex of the (J) type prepared from ortho- 
phenylenediamine presents two flat pentagonal 
cycles. In our case, structural studies of related com- 
plexes of the “half-unit”z5~26 point to a left con- 
figuration for the diamine chain. Furthermore, 
breaking of the (AEH) ligands may be discarded 
since this would result in the formation of(D) and 
(II) species which, as previously noted, cannot lead 
to (J). Finally, we suggest that the favoured isomer 
is the 11 enantioner. 

Surprisingly compound (J) which from static sus- 
ceptibility measurements is diamagnetic, shows an 
EPR signal in the solid state. Several samples result- 
ing from different preparations present a thin signal 
(20 G) centred at g = 2.0027. The intensity of this 
signal does not vary even after exposure to air for 
a long time. This behaviour is similar to that 
observed for several diamagnetic metallo-phtalo- 
cyanins.35*36 The g value and a peak-to-peak sep- 
aration of 20 G are suggestive of the occurrence of 
n-cation radical species. 

Conclusion 

A view of Fig. 1 shows the prominent part of the 
“half-unit” (AEH) [(A) and (B)] to increase the 
reactive possibilities of the (AcacH)/(En) system. 
Kinetic and thermodynamic template effects play a 
major role in this chemistry, as in the synthesis of 
macrocycles (N). 

In this article, reactions of the “half-unit” with 
(AcacH) and (En) deserve a detailed examination. 
Under its free (A) or complexed (B) forms, (AEH) 
reacts with an excess of (AcacH) or (En) to give 
terdentate compounds with NzOz (C, D) or N4 sites 
(E, H) that do not undergo further reaction to give 
the (J) macrocycle. Furthermore, if (En) is used in 
stoichiometric ratio and at ambient temperature, 
we do not observe a condensation reaction but for- 
mation of a dinuclear species (K). The formation of 
(J) necessitates the use of the preformed (AEH) 
exclusively, in the presence of nickel ions. These 
differences of behaviour are justified within the 
context of the mechanism recently proposed by 
Melson. 

The first step of the process in going from (B) to 
(H) could be the formation of a pentacoordinated 
(B.En)+ or hexacoordinated (B.2En)+ adduct in 
which one or two (En) molecules acting as mono- 
dentate ligands would be axially bound to nickel. 
The second step would involve deprotonation of 
the coordinated amine by the base, followed by the 
nucleophilic attack of the deprotonated amine NH- 
at the CO group of the ligand to give (II). In this 
instance, the metal plays two important functions : 
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(i) it is used for orienting the reactant molecules and 
(ii) it acts as a positively charged centre able to induce 
suitable polarization of the coordinated amine 
and keto functions. .The choice between a penta- 
or hexacoordinated intermediate would necessi- 
tate a detailed kinetic study, but we can suggest 
that, considering the preference of the nickel ion for 
six-coordination, the intermediate is (B_2En)+ while 
in the case of the copper ion, a pentacoordinated 
intermediate seems more reliable. Such a model 
explains the autocondensation of (AEH) leading to 
(J). The intermediate species must involve two 
“half-units” orthogonally arranged around the 
hexacoordinated nickel. A similar complex has been 
isolated with cobalt (III).i4 Eventually, the decisive 
step would be the formation of an unstable penta- 
or hexacoordinated complex; the impossibility to 
form such a compound could explain the lack of 
reaction between (I$ and (AcacH) or between (D) 
and (En). We found*’ that (D) remains diamagnetic 
in the presence of pyridine, while (B) becomes 
paramagnetic owing to the formation of a 
hexacoordinated species (G). 

We can also recall the abnormal properties of 
the (J) macrocycle which need further study and 
particularly, a structural determination. 

EXPERIMENTAL 

Microanalyses were preformed by the Service 
Central de Microanalyses du CNRS, Lyon. Infra- 
red spectra of KBr discs were recorded using a 
Perkin-Elmer 577 spectrometer, visible spectra 
using a Cary 14 spectrophotometer. Mass spectra 
were obtained using a VG Micromass 7070F 
spectrometer. Proton and 13C NMR spectra were 
run on a Bruker WH90 using TMS (‘H spectra) 
and CDC13 ( ’ 3C spectra) as internal references. All 
chemical shifts (‘H and 13C) are given in ppm 0s 
TMS using CD3COCD3 or CDC13 as solvent. 
EPR spectra were obtained on a Bruker 200 TT 
spectrometer. Polarographic measurements were 
obtained with a “home-made microcomputer-con- 
trolled instrument” according to the following 
experimental conditions: 10e3 M in CH,CN/ 
Et4NC104 (Fluka) 0.1 M medium ; ambient tem- 
perature, potential measured us Ag/AgCl (0.1 M 
KCl) as reference electrode. 

Preparations 

Some of the compounds and ligands were pre- 
pared according to literature processes, viz. 
(AEH),i4 (B),33 (B’ and 0),26 (C and D),3*4 (L, M 
and N).24 

(E) ligand. To an aqueous solution of (AEH) 

was added another aqueous solution containing one 
equivalent of (En) and of acetic acid. The mixture 
was stirred overnight. An aqueous Na&O, solution 
then was added and finally chloroform. The organic 
layer was dried and concentrated. Addition of ether 
caused a small amount of a precipitate to appear 
which was then filtered and dried. 

(F) ligand. Addition of NH4Cl to an alcoholic 
solution of (AEH) yielded the salt of diazepine (F, 
HX) (70% yield) which was isolated and neutralized 
to give (F). 

(K) complexes. To a solution of (AEH) (7 x 10m3 
M) in MeOH (50 cm3) was added upon stirring 
the equivalent amount of a MeOH solution of 
NaOMe. A few minutes later, NiClO, * 6H20 (2.57 
g in 20 cm3 of MeOH), then an (En) solution 
(3.3 x 1O-3 M in 10 cm3 of MeOH) were added. 
An orange precipitate appeared readily which was 
filtered, washed with MeOH and dried (80% yield). 
Calc. (Found) for C16H34C12N6NiZOI,,: C, 29.2 
(29.1); H, 5.2 (5.2); N, 12.8 (12.7); Ni, 17.7 (17.2); 
Cl, 10.8 (10.7)%. 

With CuClo, * 6Hz0, a similar experimental pro- 
cedure yielded a blue product (80% yield). Calc. 
(Found) for C16H34C12C~ZN6010 : C, 28.7 (28.6) ; H, 
5.1 (5.1); N, 12.6 (12.4); Cu, 19.0 (19.2); Cl, 10.6 
(10.5)%. 

(J) complex. To (AEH) (2 g, 1.410-’ M) in 
MeOH (60 cm3) were added the equivalent amount 
of NaOMe (1.4x lo-* M) and Py,NiClz3’ (2 g, 
0.7 x lo-* M). The mixture was heated for 20 min 
at 50°C under argon. The solution turned from 
yellow to red and gave a green precipitate. After 
cooling and filtration, the precipitate was taken 
back by boiling toluene and filtered again. After 
cooling, green microcrystals appeared. They were 
isolated and dried under reduced pressure (30% 
yield). This compound could also be obtained using 
(B) and (AEH) according to the procedure of the 
(H) complexes but the yield was lower. Calc. 
(Found) for C14H2*N4Ni: C, 55.3 (54.9); H, 7.2 
(7.2); N, 18.4 (18.0); Ni, 19.1 (19.0)%. 

(H) and (I) complexes. (B) (1 g) was suspended in 
water (30 cm3). Addition of (En) (0.4 cm3) and 
NaOH (0.1 g) caused the solubilization of the nickel 
complex. The mixture was brought to boiling for 
15 min and left to stand overnight. The resulting 
red crystals were filtered and dried (50% yield). 
Calc. (Found) for CgHigC1N4Ni04 : C, 3 1.7 (3 1.5) ; 
H, 5.6 (5.7); N, 16.4 (16.2)%. Substituting 1,2- 
diaminopropane for 1 ,Zdiaminoethane yielded a 
more soluble, red compound (30% yield). Calc. 
(Found) for CIOH2,C1N4Ni04: C, 33.8 (33.5); H, 
5.9 (6.0); N, 15.8 (15.6)%. 

Use of ethanolamine yielded the red product (I). 
The mass spectnmr of this compound gives the par- 
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ent peak at 241 a.m.u. (100) corresponding to the 15. 
C9H17N3Ni0 formula while (H) complexes do not 
give such parent peaks in the same experimental 16. 
conditions. Calc. (Found) for C9H17N3Ni0 : C, 44.8 
(44.1); H, 7.0 (7.2); N, 17.4 (16.9)%. In the case of 17. 
[CuAEPy](ClOJ and (En), a green product 18 
appeared (35% yield). Calc. (Found) for 19’ 
C9H,,C1CN40z,:C,31.2(31.2);H,5.5(5.6);N, 16.2 ’ 
(15.9)%. 20. 
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Abstract-The title complex, prepared by reacting lead(I1) nitrate with a stoichiometric 
amount of I-methylimidazoline-2(3H)-thione (mimt) in water, crystallizes in the triclinic 
space group Pi with a = 9.334(2), b = 11.340(4), c = 11.398(3) A, c1= 108.24(2), 
j? = 95.69(2), y = 100.27(2)” and 2 = 1. In the solid state, the molecules show an unusual 
dimeric structure, with the formula [(mimt)z(NO~)2Pb(~-mimt),Pb(N03),(mimt)J 

Imidazoline-2-thiones are familiar as ligands to 
a number of metals, including Cr,’ CO,*-~ Ni,“8 
Cu 9-1o Zn 4,5, ” Pd, * 2 Cd,4 and Pt ’ 3 complexes 
which have been well characterized. The coordi- 
nation behaviour of ligands of this type is of 
interest as they serve as partial models for the bio- 
logical imidazoline-Zthione derivative, ergothione- 
ine found in erythrocytes. 

Herein, we report the preparation and char- 
acterization of a complex of lead(I1) with l-methyl- 
imidazoline-2(3H)-thione. An X-ray crystal struc- 
ture shows that the complex consists of discrete 
dimeric units with the formula [Pb2(C4H6N2S)6 
(NO 3) 4] per dimer. 

EXPERIMENTAL 

Preparation of hexakis (1 -methylimidazoline-2(3H)- 
thione)tetrakis(nitrato)diZead(II) 

To a hot (70°C) solution of lead(I1) nitrate (0.66 
g, 2.0 mmol) in water (10 cm3) was added a hot 
(70°C) solution of 1-methylimidazoline-2(3H)- 

*Authors to whom correspondence should be addressed. 

thione (Aldrich ; 0.69 g, 6.0 mmol) in water (5 cm3). 
The resulting green-yellow solution was evaporated 
to approximately one quarter its original volume, 
cooled and scratched with a glass rod, whereupon 
a yellow, microcrystalline solid was deposited. The 
product was isolated by filtration, washed with a 
little cold water and dried over anhydrous CaCl,. 
Yield 0.97 g, 72%. M.p. 148-148.5”C. (Found: C, 
21.2; H, 2.7; N, 16.5; Pb, 31.1. C24H36N,6012 
Pb2S6 requires C, 21.4; H, 2.7; N, 16.6; Pb, 
30.8%.) Crystals suitable for X-ray diffraction 
studies were grown by slow evaporation of a solu- 
tion of the complex in water. 

Analytical and spectroscopic measurements 

Microanalyses were carried out by Butterworth 
Laboratories Ltd., Teddington, Middlesex, U.K. 
Melting points were measured using a Gallenkamp 
MF-370 melting point apparatus and are uncor- 
rected. Infrared spectra were recorded, for samples 
mulled in liquid paraffin and in hexachloro- 
butadiene, and held between NaCl plates, in the 
range 4000600 cm-’ on a Perkin-Elmer PE 
297 spectrophotometer. U.V.-visible absorbance 
measurements were recorded for samples dissolved 
in water and contained in matched silica cells (path- 

2177 
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length = 1 cm) on a Pye-Unicam SP6-500 spec- 
trophotometer. The ‘H NMR spectrum was rec- 
orded at 250 MHz on a Bruker AM-250 spec- 
trometer, at 3O”C, using a sample dissolved in 
‘H20, and was referenced to Naf(CH3)3Si(CH2)3 
so;. 

Crystal structure determination 

Crystal data. C2J136N,6012Pb2S6, A4 = 1347.43. 
Triclinic, a = 9.334(2), b = 11.340(4), c = 
11.398(3) A, c1 = 108.24(2), /I = 95.69(2), y = 
100.27(2)“, V = 1111.9(6) A’ (by least-squares fit 
to the setting angles of 25 reflections, 8 > 12”), 
MO-K, radiation (A= 0.71069 A), space group 
Pi (No. 2, Cj), Z = 1, D, = 2.01 g cmw3. Pale 
cream prisms. Crystal dimensions ca 0.6 x 0.5 x 
0.3 mm. F(OOO) = 648, ~(Mo-K,) = 79.6 cm- ‘. 

Data collection and processing. Enraf-Nonius 
CAD4F ditfractometer, 9126 scan mode. A unique 
hemisphere of data (h, O-l 1, k, - 13-13, I, - 13- 
13) totalling 4161 observations, 2 < 8 < 25” were 
collected, yielding 3897 independent reflections, of 
which the 3345 reflections having Z > 3.00(Z) were 
deemed observable and used for structure solution 
and refinement. The intensities of 3 reflections (016, 
iS5, and 345) were monitored during data collec- 
tion, and a linear decay correction (equivalent to ca 
10% over 10,000 reflections) was applied to all data. 
Data were also corrected for Lorentz/polarization 
effects, and for absorption using the method of 
Walker and Stuart. I4 

Structure solution and refinement. Patterson and 
Fourier methods for all non-hydrogen atoms. H 
atoms included at fixed, calculated positions 
(methyl C-H 1.084, ring C-H and N-H 1.073 
A). Full-matrix least squares refinement, with all 
non-hydrogen atoms anisotropic, minimizing 
w(]FO] - ]FJ)’ with the weighting scheme 
w = l/o*(F) used and judged satisfactory, gave final 
discrepancy indices R and R, of 0.031 and 0.037, 
respectively. A final difference-Fourier synthesis 
showed no peaks greater than 1.16 nor less than 
- 1.29 e A3, the largest features being in the vicinity 
of the Pb atom. Scattering factors were taken from 
ref. 15, with corrections for anomalous dispersion. 
All calculations were carried out on a Gould-SEL 
32127 minicomputer using the GX suite of 

*Atomic co-ordinates, thermal parameters, full lists of 
bond lengths and angles, and lists of FJF, values 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. 

programs. I6 Selected bond lengths and interbond 
angles are given in Table 1. * 

RESULTS AND DISCUSSION 

The reaction between Pb(N03)* and l-methyl- 
imidazoline-2(3H)-thione (mimt) in water at 70°C 
gives a yellow product which has been shown by X- 
ray crystallography to exist in the solid state as 
discrete dimeric units, [{ (mimt),(NO 3) ,Pb-&- 
mimt)}d (Fig. 1) separated by normal van der 
Waals distances. The two lead atoms in the formula 
unit are related by a crystallographic centre of sym- 
metry and are bridged by the sulphur atoms of two 
mimt ligands. The distances between lead and the 
bridging S atoms are 3.053(2) and 3.195(2) A; and 
the Pb-S,--Pb and S,,---Pb-Sb angles are 82.0( 1) 
and 98.0(l)’ respectively, giving a Pb-Pb distance 
of 4.102(l) A. Two more mimt ligands are coor- 
dinated to the Pb in positions essentially trans to the 
bridging ligands. Thus, S( l)-Pb-S(3) = 165.8( 1) 
and S(l’)-P&S(2) = 170.4(l)“. As expected, the 
Pb-S bond lengths to the nonbridging mimt 
ligands are shorter than those to the bridging 
ligands: Pb-S(2) = 2.850(2) A and Pb-S(3) = 
2.826(2) A. These distances may be compared 
with Pb-S distances of ca 3.05 8, (bridging) and 
ca 2.96 A (nonbridging) in a related lead-thio- 
urea complex. ” The overall geometry of the 
{(mimt)2Pb(~-mimt)2Pb(mimt)2} unit is remi- 
niscent of the core structure found” for a nickel 
ethanethiolate complex, [Ni,(SEt),]*-, in that the 
bridging ligands adopt an anti configuration and the 
thione coordination about lead is distorted square 
planar. The mimt ligands are unremarkable in geo- 
metry compared to that found in 1,3-dimethyl- 
imidazoline-2-thione. lg In particular, the C-S 
bond lengths in the complex (mean = 1.699(7) A) 
are close to that in 1,3-dimethylimidazoline-2- 
thione (1.696(5) A), and are indicative of partial 
c=S character. However, there is clearly some con- 
tribution to the electronic structure of the mimt 
ligand from a canonical resonance form involving 
a thiolate-type sulphur.lg In addition, the mimt 
ligands are all essentially planar, with the greatest 
deviation from the mean plane defined by the five 
ring atoms being 0.012(S) 8, for C(24). 

The coordination sphere of lead is completed by 
two nitrato groups, one monodentate, the other 
bidentate, giving an overall coordination number of 
seven. However, the coordination geometry about 
lead can be described as distorted octahedral if the 
bidentate nitrate is considered to occupy a single 
coordination site. The conventional geometries for 
seven-coordination*’ are pentagonal bipyramidal, 
capped octahedral or capped trigonal prismatic: 
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Table 1. Selected bond lengths (A) and bond angles (“) for [(mimt),(NO&Pb-(p- 
mimt) ,Pb(NO 3) ,(mimt) 2] 
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Pb...Pb 

Pb-wl) 
Pb-S( 1’) 
Pb-S(2) 
PbS(3) 

N ,-C(Methyl) 

G-N, 
G--G 

Pb-S( l)-Pb 

Pb-w)--c(l2) 
Pb’-S(l)---C(12) 
Pb-S(2)--C(22) 
Pb-S(3)-C(32) 
S(l)-Pb-O(CT) 
S( 1 ‘)-Pb-O(CT) 
S(2)-Pb-O(CT) 

Bonds 

4.102(l) Pb-o(l2) 
3.053(2) Pb-o(21) 
3.195(2) Pb-o(22) 
2.850(2) S(l>-c(l2) 
2.826(2) S(2>-c(22) 

S(3)-C(32) 

Imidazoline rings (mean values) 

1.459[6] N,---G 
1.336[5] N,-G 
1.325[7 N1-C 

82.0( 1) 
103.8(3) 
114.9(3) 
98.2(3) 

101.4(3) 
81.9 
83.9 

103.6 

Angles 

S(l)--Pb-S(1’) 
S( l)-Pb-S(2) 
S(l)-Pb-o(l2) 
S(3)-Pb-S( 1’) 
S(l)-Pb-o(l2) 
S(2)-Pb-S(3) 
S(2)-Pb4q 12) 
S(3)--Pb-O(l2) 

2.81 l(5) 
2.524(5) 
2.748(6) 
1.698(6) 
1.697(6) 
1.701(7) 

1.339[5] 
1.379[6] 
1.385[5] 

98.0( 1) 
89.1(l) 

106.7(2) 
86.0( 1) 
81.7(2) 
88.6(l) 
90.2(2) 
87.3(2) 

’ O(CT) is centroid of 0(21) and 0(22). 

none of these geometries adequately describes the bidentate nitrato ligand occupying a single site. If 
irregular stereochemistry found in this complex. the mean position of the coordinated oxygen atoms 
This may be due to a stereochemically active lone of the bidentate nitrato group is O(CT) then 
pair of electrons. However, the geometry is irregu- S(l)-Pb-O(CT) = 81.9”, S(l)-Pb-O(CT) = 
lar, whatever basis is chosen to describe the coor- 83.9”, and S(2)-Pb-O(CT) = 103.6”, values 
dination polyhedron. Thus, we choose to describe which support our description of the geometry. 
the geometry as distorted octahedral, with the The appearance of a dimeric unit in the solid- 

Fig. 1. Molecular structure of [(mimt) *(NO J ,Pb(p-mimt) ,Pb(NO J 2(mimt)& 
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state structure was unexpected and is unusual for 
complexes of this ligand. ‘-’ 3 Related complexes 
of Pb with thiourea (tu) have structures which 
are almost exclusively one-dimensionally non- 
molecular. ” An exception is the triclinic form of 
FWdWO&,2’ which consists of discrete, dis- 
torted octahedral [Pb(tu)J2+ cations and ClO; 
anions. Thus, this structure is unusual in being 
merely dimeric. 

Confirmation of the presence of an N-H group 
in the compound is found in the infrared spectrum, 
where a fairly weak band is seen at 3150 cm- ‘, 
compared with 3120 cm- ’ in the free ligand. No 
S-H absorption around 2600 cm- ’ was detected, 
confirming the thione tautomer. There are several 
bands in the region 1000-1500 cm-‘, where 
vibrations of coordinated NO; should occur.22 
However, these are obscured by mimt ligand 
vibrations in the same region. There is little agree- 
ment on the position of C-S stretching 
vibrations.23 Several bands in the spectrum might 
be assigned to this vibration, including one at 740 
cn- ‘. 

The title compound dissolves in water to give a 
yellow solution (A,,, = 208 nm, E = 3.9 x lo4 dm3 
mol-’ cm-‘; I,,, = 255 nm, E = 4.2 x lo4 dm3 
mol- ’ cm- ’ per dimer), which has resonances in its 
‘H NMR spectrum at 6 = 3.58 ppm (s, CH3); 6.95 
ppm (d, J = 2.3 Hz, CH) and 7.03 ppm (d, J = 2.3 
Hz, CH). This apparent equivalence of the mimt 
ligands in solution suggests that the dimer does not 
remain intact in solution, but dissociates-perhaps 
to form monomeric [Pb(mimt),12+ cations. 
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OXYGEN ABSTRACTION FROM TETRAHYDROFURAN BY 
MOLYBDENUM-IODIDE COMPLEXES. X-RAY MOLECULAR 
STRUCTURE OF ~o,(p-O)(p-I)(p-0,CCH3)I&IWF)4][MoOI,(THF)] 

(THF = TETRAHYDROFURAN) 

F. ALBERT COTTON* and RINALDO POLI 

Department of Chemistry and Laboratory for Molecular Structure and Bonding, Texas 
A&M University, College Station, TX 77843, U.S.A. 
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Abstract-The interaction between Mo~(O~CCH~)~, Me,SiI and I2 in THF resulted in 
oxygen abstraction from the solvent and formation of [MO&O)@-I)(yO,CCH,) 
I,(THF),]‘[MoOI,(THF)]- and I-(CH,),-I. The molybdenum complex has been char- 
acterized by X-ray diffractometry. Crystal data: triclinic, space group PI, a = 13.827(3) 
A; b = 15.803(7) A; c = 9.950(3) Bi; a = 93.34(4)O; /3 = 102.40(2)“; y = 90.09(2)‘; 
V = 2120(2) A’; Z = 2; dcalc = 2.559 g cmp3; R = 0.0476 (R, = 0.0613) for 370 parameters 
and 3938 data with I;; > 3a(F$. The metal-metal distance in the cation is 2.527(2) 8, and 
indicates a strong interaction. The magnetic behavior is consistent with the assigmnent of 
one unpaired electron to the MO:+ core of the cation and one to the d’ Mom center of 
the anion. The interaction between Mo(CO), and I2 in THF also results in the formation 
of 1 ,Cdiiodobutane. 

We have recently been investigating the relatively 
unexplored chemistry of molybdenum-iodide com- 
plexes. I-3 Among other things, we spent some time 
trying to obtain the tetrahydrofuran adduct of 
molybdenum(III), MoI,(THF)~, as this might be 
expected to be a good starting material for the syn- 
thesis of the virtually unknown class of molyb- 
denum(III)--iodide derivatives. We were eventually 
able to prepare the compound by iodine oxidation 
of low-valent molybdenum carbonyl derivatives. 3 
Among other unsuccessful strategies, we also tried 
to obtain the above mentioned material by iodine 
oxidation of quadruply bonded molybdenum(I1) 
iodide dimers, MO&L+ This led to the discovery 
of a quite complex reactivity which involves oxygen 
abstraction from the solvent and formation of a 
metal complex with a higher average oxidation 
state. We report here this chemistry and the X-ray 

* Author to whom correspondence should be addressed. 

molecular structure of the peculiar molybdenum 
product. 

EXPERIMENTAL 

All operations were carried out under an atmo- 
sphere of prepurified argon with standard Schlenk- 
tube techniques. Solvents were dried by con- 
ventional methods and distilled under dinitrogen 
prior to use. Instruments used were as follows : IR, 
Perkin-Elmer 783 ; ‘H-NMR, Varian XL-200 ; GC- 
MS, HP 5995 ; magnetic susceptibility, Johnson- 
Matthey JME. Mo~(O~C!CH~)~ was prepared as 
described in the literature,4 while Me3SiI was 
obtained from Aldrich and used as received. 

Preparation of [Mo~OI~(O~CCH~)(THF)~I 
[MoOI,(THF)] 

Mo~(O&CH~)~ (1.09 g, 2.54 mmol) was sus- 
pended in 15 cm3 of THF and treated with Me3SiI 
(1.50 cm3, 10.5 mmol). Most of the insoluble mo- 
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lybdenum compound, but not all, rapidly dissolved 
to afford a deep yellow solution. The appearance 
of the mixture did not change upon brief reflux. 
Treatment with an additional 0.50 cm3 of Me,SiI 
(3.5 mmol) caused the complete disappearance of 
the yellow solid. A solution of Iz (0.43 g, 1.68 mmol) 
in 15 cm 3 of THF was then added dropwise at room 
temperature. The solution first turned green and 
then a dark grey solid started to precipitate. At the 
end of the addition there was much precipitate, 
while the supernatant liquid had a dark red color. 
The product was filtered off, washed with THF and 
dried in ~acuo. Yield: 0.91 g [33% with respect to 
the molybdenum(I1) acetate, 100% with respect to 
I2 and the stoichiometry of eq. (2), see Discussion]. 
IR (nujol mull) : 2340 w (br), 1265 w, 1440 vs (br), 
1380 s, 1345 s, 1055 m, 1025 m, 945 w, 680 s, 620 
m, 595 w, 385 s, and 345 s cm-‘. xs = 2.20 x 1OO-6 
c g s ; peff = 3.14 BM [diamagnetic correction 
(molar) = -553.1 x lop6 c g s]. A GC-MS analysis 
of the filtered solution showed the presence of 
I-(CH,),I (M+, m/e = 310). 

A single crystal for the X-ray analysis was 
obtained as follows : Mo2(02CCH& (0.21 g, 0.50 
mmol) in THF (5 cm3) was treated with 0.30 cm3 
of Me$iI (2.1 mmol). After brief stirring the mix- 
ture was filtered and a solution of I2 (0.08 g, 0.31 
mmol) in 10 cm3 of n-hexane was carefully layered 
on top of it. A mixture of well-formed black and 
yellow crystals was produced upon diffusion. A 
black crystal was used for the subsequent X-ray 
analysis. A yellow crystal was selected and its cell 
constants determined from its X-ray diffraction pat- 
tern. These correspond to those reported’ for 
Mo~(O~CCH~)~. The identity of the black crystals 
with the grey microcrystalline material obtained in 
the above described procedure was confirmed by 
IR analysis. 

Reaction between MOM and I2 in THF 

Mo(CO), (4.62 g, 17.5 mmol) was treated with I, 
(6.69 g, 26.4 mmol) in THF (50 cm3). The mixture 
was refluxed for 3 days. IR monitoring in the car- 
bony1 stretching region showed the disappearance 
of the carbonyl starting material (band at 1979 
cn- ‘). The final mixture contained a black in- 
soluble solid, whose nature was not further investi- 
gated. After filtration, the solution was reduced in 

*A full list of bond distances and angles, positional 
parameters, anisotropic displacement parameters and 
FJF, data have been deposited with the Editor as sup- 
plementary materials. The atomic coordinates have also 
been deposited with the Cambridge Crystallographic 
Data Centre. 

volume by room temperature evaporation at 
reduced pressure. A dense liquid remained at the 
end of the treatment. Distillation of this residue 
under reduced pressure yielded 4.48 g of colorless 
I--(CH,),-I (b.p. 69-80°C at ca 6x lo-’ mm 
Hg), identified by IR, ‘H-NMR and MS (55% yield 
with respect to I& 

X-ray crystallography for [MO 10I,(OICCH 3) 

W-WIWOWHF)I 

A single crystal was glued under argon to the 
inside of a thin-walled capillary and mounted on 
the diffractometer. The cell constant determination, 
data collection and reduction were routine. A semi- 
empirical absorption correction based on the vari- 
ation of intensity during azimuthal (II/) scans for 
nine standard reflections having an Eulerian angle 
x close to 90” was applied. 6 The structure was solved 
with the SHELXS-867 direct methods program 
package and refined by alternating cycles of full- 
matrix least-squares and difference Fourier maps. 
An additional absorption correction was applied at 
the end of isotropic refinement.* The agreement 
factor R was then 0.122. Anisotropic refinement 
converged at R = 0.0476 (R, = 0.0613). The high- 
est peaks in the final difference Fourier map, having 
a height of > 1 e A- 3, were all located at < 1 .O A 
distance from the iodine atoms and were attributed 
to series termination errors and/or deficiencies in 
the absorption correction. Pertinent crystal data are 
assembled in Table 1 and selected bond distances 
and angles are in Table 2.* 

RESULTS AND DISCUSSION 

We allowed Mo~(O&CH~)~ to interact with four 
equivalents of Me,SiI in THF as solvent, with the 
hope that this would afford the reactive inter- 
mediate Mo&(THF)~ according to eq. (1). 

+ Mo214(THF)4+4Me3Si02CCH3. (1) 

The same strategy has been employed for the 
preparation of chloride,‘,” bromide l1 and iodide 
derivatives” of the MO:+ core containing phos- 
phine ligands, although higher nuclearity clusters 
were sometimes obtained.g We have evidence that 
reaction 1 does not proceed to completion when a 
Me,SiI/Mo2(0zCCH3)4 ratio of 4: 1 is employed. 
Some molybdenum acetate remains unreacted in 
these conditions and even the use of an excess of 
the silyl reagent over the 4 : 1 ratio results in the 
formation of a final product where one acetate 
group is still present. We believe that the incom- 
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with Iz causes the formation of a precipitate, ident- 
ified as [Mobs-O)(~-I)~-O~CCH~)I~(TH~~]’ 
~oOI~(TH~)]- by X-ray analysis. The stoi- 
chiometry of the reaction is represented in eq. (2). 
The formation of 1,Cdiiodobutane has been con- 
firmed by GC-MS analysis. 

Formula G&.J,Mo&% 
Formula weight 1627.73 
Space group PS 
Systematic absences none 

a, A 13.827(3) 

:,” 
15.803(7) 

k, deg 
9.950(3) 
93.34(4) 

B, deg 102.40(2) 

Y, deg 90.09(2) 
V,A3 2120(2) 
Z 2 

&lo g cm- 3 2.559 
Crystal size, mm 0.1 x 0.5 x 0.9 
&MoKJ, cm- ’ 59.586 
Data collection inst~ment CAD-4 
Radiation (mon~hromated 

in incident beam) MoK, (d; =0.71073 A) 
Orientation reflections, 

number, range (28) 25, 1525 
Temperature, “C 20 
Scan method w-28 
Data col. range, 20, deg 4-45 
No. unique data, total 

with F: > 3afFi) 4986,3938 
Number of parameters 

refined 370 
Trans. factors, max., min. 1 .ooo, 0.377 

:;, 
0.0476 
0.0613 

Quality-of-fit indicator” 1.77 
Largest shift/e& final cycle 0.43 
Largest peak, e A-” 1.33 

pleteness of reaction 1 is caused by a competitive 
interaction of MesSi with the solvent (vide infra). 

Once the interaction between Mo*(O~~CH~)~ 
and Me,SiI is completed, a subsequent treatment 

%01;’ CL-- 
0 Q-- f 

Mo- 1 I’ ‘I 

1 
Scheme I. 

3M%(OKCH&+ lOMe,SiI+61,+ 14THF 

-+ 2[Mo,OI,(O,CCH,)(THF),][MoOI,(THFII 

-I- lOMe~SiO~CCH~+4I~CH~)~-I. (2) 

We suggest that the oxophilicity and the Lewis 
acidity of the molybdenum center make a molyb- 
denum-assisted iodide cleavage of THF possible, as 
shown in Scheme 1. 

It is well known that ethers can be cleaved by HI 
and also by HX (X = Br, Cl) in the presence of 
Lewis acids such as ZnClz. I3 Me,SiI has also been 
found to be effective in the cleavage reaction of 
ethers. I4 The room temperature interaction 
between THF and Me$iI in CDC13 as solvent was 
reported to take place rapidly with formation of 
Me3Si-O--(CH2)4-I followed by slow con- 
version to I-(CH~)4-I.‘4a We cannot therefore 
exclude a priori that 1,4-diiodobutane is produced 
only by interaction of Me$iI with THF and that 
the oxygen atom is then in some way transferred 
from the silicon to the molybdenum centers. We 
observe, however, that in our system the molyb- 
denum acetate dimer will compete with THF for 
the silyl reagent according to eq. (1). The observed 
fast dissolution of the insoluble Mo~(O~CCH~)~ 
upon treatment with Me,SiI indicates that reaction 
between these two compounds does occur. The 
competitive interaction between Me$iI and THF 
may, however, account for the incompleteness of 
reaction 1. 

That the molybdenum center is capable of assist- 
ing the cleavage reaction of THF by iodide is proved 
by the result of the interaction between Mo(CO), 
and I2 in THF. The interaction between Mom 
and Iz in a 2 : 3 ratio in refluxing benzene-toluene 
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Table 2. Selected bond distances (A) and angles (deg.) for [Mo~~-O)@-I)~-O~CCH&(THF)~][MOOI~(THF)] 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Mol Mo2 2.527(2) Mo2 12 2.710(l) Mo3 14 2.724(2) 
Mol 11 2.700( 1) Mo2 112 2.732( 1) Mo3 15 2.752(2) 
Mol 112 2.737( 1) Mo2 02 2.197(8) Mo3 16 2.749(2) 
Mol 01 2.197(9) Mo2 04 2.213(9) Mo3 08 1.644(11) 
Mol 03 2.207(9) Mo2 06 2.088(7) Mo3 09 2.402( 10) 
Mol 05 2.081(7) Mo2 07 1.880(8) 
Mol 07 1.859(8) Mo3 13 2.761(2) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

Mo2 Mol 11 
Mo2 Mol 112 
Mo2 Mol 01 
Mo2 Mol 03 
Mo2 Mol 05 
Mo2 Mol 07 
11 Mol 112 
11 Mol 01 
11 Mol 03 
11 Mol 05 
11 Mol 07 
112 Mol 01 
112 Mol 03 
112 Mol 05 
112 Mol 07 
01 Mol 03 
01 Mol 05 
01 Mol 07 
03 Mol 05 
03 Mol 07 

105.54(5) 05 
62.38(4) Mol 

127.1(2) Mol 
146.9(3) Mol 
85.9(2) Mol 
47.8(3) Mol 
92.40(4) Mol 
91.7(2) 12 
89.2(2) 12 

167.9(2) 12 
100.2(2) 12 
167.9(3) 12 
88.0(3) 112 
89.2(2) 112 

110.0(3) 112 
80.7(4) 112 
84.4(3) 02 
80.4(4) 02 
78.8(3) 02 

159.1(3) 04 

Mol 07 
Mo2 12 
Mo2 112 
Mo2 02 
Mo2 04 
Mo2 06 
Mo2 07 
Mo2 112 
Mo2 02 
Mo2 04 
Mo2 06 
Mo2 07 
Mo2 02 
Mo2 04 
Mo2 06 
Mo2 07 
Mo2 04 
Mo2 06 
Mo2 07 
Mo2 06 

90.6(3) 
104.50(4) 
62.58(4) 

126.2(3) 
147.0(2) 
85.9(2) 
47.1(2) 
94.23(4) 
91.7(2) 
89.6(2) 

169.4(2) 
97.6(2) 

167.6(3) 
87.0(2) 
88.5(2) 

109.5(2) 
82.1(3) 
83.8(3) 
80.4(3) 
80.3(3) 

04 Mo2 07 
06 Mo2 07 
Mol 112 Mo2 
Mol 07 Mo2 
13 Mo3 14 
13 Mo3 15 
13 Mo3 16 
13 Mo3 08 
13 Mo3 09 
14 Mo3 15 
14 Mo3 16 
14 Mo3 08 
14 Mo3 09 
15 Mo3 16 
15 Mo3 08 
15 Mo3 09 
16 Mo3 08 
16 Mo3 09 
08 Mo3 09 

161.2(3) 
91.1(3) 
55&l(3) 
85.0(3) 
92.63(5) 

171.60(6) 
87.45(5) 
94.3(4) 
84.4(2) 
89.09(5) 

165.69(7) 
95.3(4) 
83.1(2) 
88.85(5) 
93.7(4) 
87.7(2) 
98.9(4) 
82.7(2) 

177.9(4) 

Numbers in parentheses are estimated standard deviations in the least significant digits. 

is a good synthetic method for anhydrous MoI,. I5 
When, however, we carried out the same interaction 
in boiling THF [hoping to produce the THF 

adduct, MoIs(THF):], significant amounts of 1,4- 
diiodobutane were obtained together with an 

uncharacterized black solid, presumably an oxo- 
iodide of molybdenum. 

I (I) I G?) 

L% I W) CMI 
- n- 

Fig. 1. An ORTEP view of the [Mo,OI,(O,CCH 9: 
,‘CTT_\ ,c 

Molecular structure 

A view of the cation is illustrated in Fig. 1, while 
the anion is shown in Fig. 2. The assignment of the 

Fig. 2. An ORTEP view of the [MoOI,(THF)]- ion. 
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charge to the two ions is based on the existence in 2.705(2) A. The shorter distance in our compound 
the literature of another salt of the [MoOI&- might then be due to the occupation of the 6 orbital 
anion (L = H,0).16 Also, this assignment fits well by the fifth electron, but it is also possible that the 
with the observed magnetic properties of the com- two metals are forced closer to each other by the 
pound (uide infra). presence of the small 0x0 bridge. 

The cation is a dinuclear complex with a distorted 
edge-sharing bioctahedral arrangement of the 
ligands. A bridging oxygen atom and a bridging 
iodine atom are the ligands defining the shared edge. 
An axially coordinated acetate group also bridges 
the two metal centers. The coordination spheres 
are completed by one axial iodide ligand and two 
equatorial THF groups per molybdenum atom. 
This cation therefore contains three different 
bridges between the metal atoms. An identical con- 
figuration has been found for the rhenium com- 
pound Re,0C1,(02CCzH5)(PPhJ2,” the twometal 
atoms being bridged there by an oxygen atom, a 
chlorine atom and a propionato group. 

There are several reasons for the deviation of the 
geometry from the ideal edge-sharing bioctahedral 
one. The first one is the different bond lengths to 
the two bridging atoms in the shared edge (average 
values are given) : Mo-@-0), 1.87 A ; MO---@-I), 
2.734 A. Another is the close contact between the 
two axial iodide ligands (I * . - I : 3.931 A), which is 
less than the sum of the van der Waals radii (4.30 
A). I* These two atoms thus push each other away 
from the ideal axial positions (the average 
I-Mo-0 angle involving the acetate oxygen atom 
is 168.6”). The equatorial donor atoms show only 
slight deviations from the respective least-squares 
planes. Each molybdenum atom, on the other hand, 
is displaced away from its own local equatorial 
plane by 0.140( 1) A towards the axial iodine atom. 
The two planes form a dihedral angle of 21.2(4)“. 

The average separation between molybdenum 
and terminal iodine atoms is a little shorter (2.705 
A) than those involving the bridging iodine atom. 
These Mo-I bond lengths are shorter than those 
commonly found for other molybdenum-iodide 
complexes, ‘-3*22 in agreement with the higher oxi- 
dation state and the positive charge of the ion. The 
Mo-+-0) distances are slightly shorter than those 
typical of Mo-_OL-O)--MO moieties in trinuclear 
clusters of molybdenum(IV) (the latter being in the 
1.91-l .94 8, range)23 and may indicate some double 
bond character. The Mo-0 distances involving 
the acetato group (average 2.084 A) compare with 
those found in Mo~(O~CCH~)~ (2.10-2.21 A),’ 
while those involving the THF ligands (2.19-2.21 
A) are in the same range found in MoI~(THF)~. 3 

The anion (see Fig. 2) is a distorted octahedral 
complex of MO(V). The structural parameters com- 
pare well with those of the very similar anion 
[MoOI~(H~O)]-.‘~ The Mo-I distances are longer 
than those found in the cation (vide spa) in spite 
of the higher oxidation state in the anion. This may 
be due to the different charge of the two ions. The 
Mo-O(THF) bond length is also substantially 
longer in the anion, mainly because of the well- 
known strong trans influence of the 0x0 group. The 
molybdenum atom is displaced away from the least- 
squares plane of the four iodine atoms by 0.265(l) 
A, towards the 0x0 ligand. 

The metal-metal separation of 2.527(2) 8, indi- 
cates a strong bonding interaction. A MO:+ core is 
present in the cation, with five electrons available 
for metal-metal bonding. These may be distributed 
among the orbitals of the dimetal core either in the 
a2rr26 ’ or in the a2rc26*’ order. l9 In either case a 
paramagnetism for the ion is expected cor- 
responding to one unpaired electron. A distance of 
2.789( 1) has been reported for the d ‘-d 3 compound 
MO&l ,(dppm) 2 [dppm = bis(diphenylphosphino) 
methane], which is believed to have a a2rc26*2 
configuration. No edge-sharing bioctahedral 
compound of Mo(IV) with a metal-metal bond- 
ing interaction seems to have been reported. 
The edge-sharing bioctahedral [Mo,Cl , o]2- com- 
plex has a metal-metal separation of 3.80 A, which 
indicates no bonding interaction. 2o The compound 
Mo2S2(SCNPr2)2(S2CNPr2)2, however, has been 
described as containing a double bond between 
Mo(IV) centers2’ with a metal-metal distance of 

A d’ electronic configuration for the MO(V) 
center is present in the anion. The salt [Mo2013 
(O,CCH,)(THF),][MoOI,(THF)] is therefore ex- 
pected to have two unpaired electrons, one in the 
cation and one in the anion. A magnetic suscepti- 
bility measurement agrees with this view, as an 
effective magnetic’moment of 3.14 BM is found at 
room temperature. 
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Abstract-Thermal production of hydrogen from butane-2,3-diol is achieved with rates of 
up to 125 catalyst turnovers per hour using the homogeneous rhodium catalysts, [Rh(bi- 
p~)~]Cl, [RhH(P’Pr,),] and [RhCl(PPh,),]. (bipy = 2,2’-bipyridyl). 

High grade fuel oils can be obtained from the 
hydrogenation of biomass, ’ but the need for exter- 
nal hydrogen has meant that such processes are 
not generally commercially viable. The ability to 
produce hydrogen from biomass, or from products 
that are readily formed from biomass might allow 
such hydrogenations to be carried out in a one or 
two stage system without the need for other sources 
of hydrogen. 

One material that can readily be produced by 
fermentation reactions is butane-2,3-diol and we 
now report the rapid thermal dehydrogenation of 
this compound under mild conditions. 

Heating butane-2,3-diol with [Rh(bipy),]Cl, 
[RhCl(PPh,),] or [RhH(P’Pr,),] in the presence of 
base produces hydrogen at initial rates cor- 
responding to 66-125 mol of hydrogen per mol 
of catalyst per hour (Table 1). These rates, which 
correspond to up to 1 .l 1 of hydrogen per 1 of 
catalyst solution per hour are considerably higher 
than is normally observed for alcohol dehydro- 
genation reactions, although comparable to those 

* Author to whom correspondence should be addressed. 

obtained from high boiling alcohols using [Ru 
(PPh3)2(CO)(0,CCF,)2]2 or from ethanol using 
[Rh(bipy)$1.3 The initial fast rates fall slightly 
after ca. 2 h, but sustained hydrogen production at 
40-90 turnovers per hour can be achieved for at 
least 24 h. 

Although for [Rh(bipy)JCl, similar rates of 
hydrogen production can be obtained using ethanol 
as substrate,3 hydrogen is only produced in very 
low yields for thermal reactions of ethanol catalyzed 
by [RhH(P’Pr,),] or [RhCl(PPh,),]. We attribute 
the much higher yields and rates of hydrogen pro- 
duction from butane-2,3-diol to the absence of the 
facile decarbonylation of alkanals (the products of 
dehydrogenation of primary alcohols) by rho- 
dium(1) complexes and the stability of the carbonyl 
species formed towards CO loss. In the case of 
[Rh(bipy),(CO)]+, CO can be lost by water-gas 
shift type chemistry3T4 and for [RhH(CO)P’Pr,)& 
CO can be lost photochemically, accounting for the 
activity of [RhH(P’Pr,),] for photochemical 
decomposition of primary alcohols. 5 

Since butane-2,3-diol is a secondary alcohol, the 
possible reaction products, acetoin and butane-2,3- 
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Table 1. Rates of hydrogen production (r/m01 [mol catalyst]-’ h-i) from butane-2,3-diol 
(at 140°C) and propan-2-01 (at 120°C) catalyzed by rhodium(I) complexes 

Substrate 
(5 cm’) 

butane-2,3-diol 
butane-2,3-diol 
butane-2,3-diol 

butane-2,3-diol 
butane-2,3-diol 
butane-2,3-diol 

butane-2,3-diol 
butane-2,3-diol 
butane-2,3-diol 

propan-2-01 
propan-2-01 
propan-2-01 

Catalyst 
[Catalyst] [NaOH) Time 

(10m4 mol dmm3) (mol dm-‘) (h) r 

RhCl(PPh,), 3.70 1.0 2 125 
RhCl(PPh3), 3.90 1.0 18 89 
RhCl(PPh3), 3.90 1.0 23 55 

RhH(P’Pr,), 5.86 1.0 3 66 
RhH(P’Pr3), 3.46 1.0 17 41 
RhH(P’Pr3)3 3.46 1.0 23 43 

[Rh(bipy)zlCl 3.48 1.0 2 117 
[Rh(bipyLlCl 2.60 1.0 15 50 
[Rh(bipy)Xl 2.60 1.0 20” 56 

]RhCl(PPh 3) 31 5.22 0.25 3 119 
[RhH(P’Pr,),] 5.22 0.25 3 35 
FWbimMC1 3.04 0.25 2 115 

a Reaction was evacuated after 18, 17 or 15 h and continued for a further 5,6 or 5 h. 

ii’ 
CHsCCCH3 OH- 

RCHCH3 CL- 

2 Condensation products 
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H 

Scheme 1. Proposed mechanism for hydrogenation of secondary alcohols catalyzed by [RhCl 
(PPh3)3][Rh] = [Rh(PPh,)& R = Me or MeCH(OH). Similar mechanisms can be proposed for 

the other catalysts employed in this study. * R = CH,CH(OH)-. 

dione* are not susceptible to decarbonylation hence 
poisoning of the catalyst does not occur and efficient 
hydrogen production is observed. Consistent with 
this explanation is the observation that all of the 
compounds efficiently dehydrogenate secondary 
alcohols, e.g. propan-2-01, although less basic con- 
ditions are required for this reaction (Table 1). 

In the absence of base, the activity of the catalysts 
drops markedly presumably because the equi- 
librium constants for reactions such as (1) are much 

* These are not detected as reaction products by g.1.c. 
analysis of the liquid phase, but condensation products, 
which are readily formed under the basic reaction con- 
ditions can be observed. 

higher than those for reaction (2). 

O- 

[Rh]-Cl + RCHCH 3 
[Rh]-Cl + RCH(OH)CH 3 

1 +HCl (2) 
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Abstract-The reaction of p-tolylazide with (5,10,15,20-tetraphenylporphyrinato) 
chromium(I1) (Cr(TPP)) yields the high spin chromium(IV) organo-imido complex, 
CH,C,H,N=Cr(TPP). N,N’-ethylene-bis-(salicylideneiminato)iron(II), (Fe(salen)), how- 
ever reacts with arylazides to produce iron(II1) organo-imido-bridged compounds of 
general formula, [Fe(salen)12NR showing magnetic coupling between the Fe(II1) centres. 

The synthesis and study of transition metal organ- 
imido complexes (M-NR) is of considerable cur- 
rent interest.’ However, relatively few examples are 
yet known of compounds in which chelating ligands 
are attached to the metal in addition to the organ* 
imido grou~.~-’ One synthetic route which seems to 
have potential application to a wide variety of 
metals involves reaction between arylazides and 
metal chelate complexes which are readily oxi- 
dizable by a two electron process to give the 
organoimide with nitrogen as the second product 
thus, 

This type of reaction has been used with particular 
success in synthesizing (Lig)ZMo(VI)(NR), com- 
plexes from Mo(II)~,~ and Mo(IV)’ starting 
materials with Lig = dithiocarbamato or dithio- 
phosphato ligands. 

We wish to report the synthesis of the first chro- 
mium porphyrin organo-imido complex, p- 
CH,C,H,N=Cr(TPP) by reaction of the air sen- 
sitive metalloporphyrin, Cr(II)(TPP), with excess 
p-tolylazide in toluene with rigorous exclusion of 
moisture and air. When solutions of the reagents 
are mixed at room temperature, a gradual change 
in colour is observed over 10 min from the brown 

*Author to whom correspondence should be addressed. 
tThe determination of accurate extinction coefficients 

has been found to be very difficult because of the com- 
bination of low solubility and sensitivity to moisture of 
this complex. 

of Cr(II)(TPP) to the green-brown solution con- 
taining the product. Nitrogen is evolved during the 
reaction. The complex is precipitated as a green- 
brown solid by addition of hexane. 

The molecular ion [CH,C,H,N*Cr(TPP)]+’ is 
observed as a low intensity peak in the mass spec- 
trum of the compound together with [Cr(TPP)]+’ 
and [CH3CsH4NH]+., the latter peak being par- 
ticularly intense. Elemental microanalyses and mass 
spectroscopy indicate the presence of one further 
molecule of toluene in the product. The magnetic 
moment for the complex in the solid state at 293K 
is 2.7 BM, consistent with a spin free d2, Cr(IV) 
system. This may be compared with the dia- 
magnetism (or at least very low paramagnetism) 
found for a variety of Cr(IV) 0x0 por- 
phyrin6(0=Cr(IV)(P)) derivatives, including the 
isoelectronic O=Cr(TPP). 

The UV/visible spectrum of the complex in tolu- 
ene displays a Soret band at 423 nm with a further 
low intensity band at 537 run. O=Cr(TPP) has simi- 
lar bands at 431 and 544 nm.6 Addition of tet- 
rahydrofuran (THF) or N-methylimidazole (N- 
MeIm) causes shifts in the position of the Soret 
band and the appearance of several new bands at 
higher wavelengths, indicating coordination of 
these donor molecules to the Cr atom in the organ- 
imido complex thus? 

THF/toluene A,,, = 410sh, 433,555,594 nm 

N-MeIm/toluene I,,, = 417sh, 439, 558,604 nm. 

Tetrahydrofuran binds notably more strongly to 
the organo-imido complex than to O=Cr(TPP) 
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since the addition of comparable amounts of THF 
to a toluene solution of O=Cr(TPP) causes no 
change in position or intensity of the absorption 
maxima. 

It has not been possible to determine unam- 
biguously a value for the Cr-N(imido) stretching 
frequency in this complex because of the multitude 
of ligand vibrations in the 85&1150 cm-’ region 
where the frequency may be expected.7 

The complex reacts with PPh3 in toluene yielding 
the phosphineimide CH3C6H4N=PPh3, this pro- 
duct being identified by its mass spectrum after eva- 
poration of the reaction mixture under vacuum 
and extraction of the phosphine-imide together with 
excess PPhs by hexane. Cr(II)(TPP), the second 
product formed, was detected in the reaction mix- 
ture by its characteristic Soret absorption band at 
421 nm.6 Oxygen transfer from O=Cr(TPP) to 
PPh3 has been shown to occur readily.* 

We have also observed that the readily oxidised 
complex, Fe(II)(salen), undergoes smooth reactions 
at room temperature with a variety of arylazides. 

Thus, when Fe(salen) reacted withp-tolylazide in 
dry CH2C12 under nitrogen the initial red-brown 
colour of the mixture lightened rapidly and nitrogen 
was evolved. Addition of hexane precipitated a 
black, microcrystalline complex whose micro- 
analysis indicated a solvated product of formula 
[Fe(salen)],NC,H,CH, - CH2C12. The mass spec- 
trum of the product does not display the molecular 
ion of the complex but peaks due to [Fe(salen)]+’ 
and [CH3C6H4NH]+’ were dominant once the very 
volatile CHQ had been removed. The compound 
has a magnetic moment peff = 2.8 BM per dimer at 
293K similar to that found for the ~-0x0 derivative’ 
(pea = 2.7 BM). Solutions of the complex in CH2C12 
rapidly turn orange in colour when exposed to air 
due to the formation of an Fe(III)(salen) hydrolysis 
product while p-toluidine is also recovered. The 
complex does not react with triphenylphosphine. 

Unsolvated complexes have been isolated from 
toluene solution usingp-tolyl, p-chloro and phenyl- 
azides. Their general properties and magnetism, 
each similar to those described for the CHzClz sol- 
vated p-tolyl derivative, strongly indicate that they 

(a) 

are organ*imido bridged derivatives as in (a). The 
reduced magnetic moments observed for these com- 
plexes are no doubt due to extensive spin-coupling 
through the organo-imido bridge as found for the 
complexes [Fe(III)(salen)]ZX, X = O9 and S.” 
Detailed magnetic studies on several of the com- 
plexes will be reported elsewhere. 

A number of homobinuclear’*” and trinuclear’2*‘3 
bridged organo-imido derivatives have been 
reported with carbonyl or cyclopentadienyl groups 
attached to the metal. The present iron complexes 
appear to be the first examples of organ*imido 
bridged compounds involving simple chelating 
ligands. 
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