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UNCOMMON CO-ORDINATING AGENTS—I
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Abstract—The preparation of tetraethylethylenediphosphine (TEP) and some of its complexes is
described. The complexes are compared with similar arsenic and nitrogen compounds. The ionic
nature of the diamagnetic octahedral cobalt (III) complexes, [Co(TEP),X,]X (X = Cl, Br, I) is
indicated by their conductance in nitrobenzene and in water (X = CI). The complex Co(TEP),I; has
one unpaired electron and, since the conductivity in nitrobenzene shows the presence of two ions, it is
presumably five-co-ordinate in that solvent. It is thought to be octahedral in the solid state. A
complex with the empirical formula Co(TEP)Br, is probably a salt-like dimer [Co(TEP),JCoBr,
containing planar [Co(TEP),]** and tetrahedral CoBr,*~. The complexes M(TEP)X, (M = Zn, Cd,
Hg, Pb, Ni; X = Br and M = Pd, Ni; X = CI) as well as [M(TEP),J(CIO,), (M = Pb, Ni) were
isolated. Those of nickel (I) are diamagnetic and presumably planar. Ni(TEP)Br, was oxidized
to Ni(TEP)Br, which has one unpaired electron, confirming the presence of nickel (III). With the
coinage metals, the compounds [Cu(TEP),] {Cu(TEP)X,], [Ag(TEP),]Agl,; and IAuPEt,C,H,PEt,Aul
were studied. The first two are conducting in nitrobenzene and the gold(l) complex is non-conducting.
Its bridge structureis supported by its molecular weight in chloroform. It can be oxidized to
LAWTEP)Aul,.

MANY o-phenylene compounds (I) in which M and M’ are arsenic, phosphorus,
nitrogen or any combination of them have been prepared and the properties of their

M'R,
MR,

I

co-ordination compounds investigated extensively.®»? In the alkyl series, the com-
plexes of N-substituted ethylenediamines have been examined.® The palladium
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complexes of alkyldiarsines(Il) have also been studied.”’ Recently a preliminary
report of a nickel(0) complex containing P,P,P’,P'-tetraethylethylenediphosphine*
(II1) has appeared.® This paper deals with a more extensive investigation of the metal

R,AsCH,CH,AsR, (C;H;),PCH,CH,P(C,H;),
I III

complexes of tetraethylethylenediphosphine. This diphosphine yields co-ordination
compounds containing phosphorus which are similar to complexes of ethylenediamine
and which can be compared with them. Tetraethylethylenediphosphine and ethylene-
diamine are not strictly analogous, but ethylenediamine forms stronger complexes than
N-substituted ethylenediamines and trialkylphosphines form more stable complexes
than phosphines, so that the chelates of these two bidentate ligands represent the most
stable compounds in each series.

RESULTS AND DISCUSSION

Tetraethylethylenediphosphine. Tetracthylethlenediphosphine was prepared by
the stepwise alkylation of phosphine in liquid ammonia at —78°C. None of the
intermediates were isolated and the crude tetracthyldiphosphine was obtained in

PHs———H—» C,H PHzﬂ»(QHs)zP i

’(Cz 5)ePCH,CH,P(C,H;),
overall yields up to 54 per cent. It was isolated and analysed as the dihydroiodide.
The use of sodium amide as the base was adapted from the work of WAGNER and
BURG.'®

Trimethylenediphosphine has been prepared by LEFFLER and TEACH” in a similar
manner. They report that ethylenediphosphine and P, P’-diethylethylenediphosphine
are unstable at room temperature. HitcHCcOCK and MANN'® have prepared (CzHj;)
C,H,PC,H,PC,H,(C4Hj;), using virtually the same method. Except for the nickel(0)
compound of tetraethylethylenediphosphine, the co-ordinating ability of none of the
diphosphines has been investigated.

Cobalt complexes. Tetraethylethylenediphosphine (hereafter called diphosphine
and abbreviated TEP) forms complexes with cobalt(Il) and (IID. Air oxidation of
solutions of cobalt (II) salts and the diphosphine gives a series of cobalt(IIT) complexes
with the formula [Co(TEP),X,] X(X = Cl, Br and I). The green bromo and chloro
compounds are soluble in water and seem to hydrolyse slowly to a yellow solution.
The green colour can be restored, at least in the early stages of hydrolysis, by addition
of the appropriate hydrohalic acid. The brown iodo salt is insoluble in water. All
three of the cobalt(III) complexes are conducting in nitrobenzene (Table 1). Their
molar conductances (35-39 mhos) are a little higher than the 20-30 mhos usually
found for 1 : 1 electrolytes at 20-25° in the concentration range 0-001-0-01 M®'. The

* Can also be named ethylenebis(diethylphosphine)
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larger values are probably due to the higher temperatures at which the measurements
were made. The conductivity of the chloro complex (Table 1) in water shows that
two ions are present and substantiates its uni-univalent character in nitrobenzene.
All of the compounds are diamagnetic or slightly paramagnetic, indicating an octa-
hedral configuration in which all the electrons are paired. What evidence there is
(see below) might indicate that the halogen atoms are in the frans positions.

TABLE 1.—MOLAR CONDUCTANCE OF DIPHOSPHINE COMPLEXES

|
|
Molar conductance

|
l Molar conductance in PhNO, ‘ in H,0
Compound I o
I !
s Conc. ; .
i Temp. (°C) ! M x 10-9) Ay i Temp. (°C) Nozs
_ —— ; | | i
[CO(TEP),I}I | 29 I 102 357 ‘
[Co(TEP),Br,]Br ; 28 079 369 |
[Co(TEP),CL]CI - 25 i 097 o391l 29 120
[Co(TEP), 1 | 29 . 079 | 354 |
[Co(TEP),]CoBr, a 29 . 062 164 1 265 | 233*
H | ! i
| ; i
Ni(TEP)Br, 28 060 | 38
i |
[Cu(TEP)] [CW(TEP)I,] 28 5-60 L 294 ‘
[Ag(TEP),]Agl, 28 095 . 150 |
IAW(TEP)Aul 28 122 to09
Zn(TEP)Br, 285 1-41 [ 0 ‘
CJ(TEP)Br, 28 50 | 03 ;
' i

* Based on the empirical formula Co(TEP)Br,.

In structure and method of preparation, the diphosphine complexes of cobalt(III),
[Co(TEP),X,]X, are similar to the analogous ethylenediamine and o-phenylenebis(di-
methylarsine)*® compounds (Formula I, M = M’ = As, R = Me). Apparently, the
only previously reported complex of cobalt(IIl) and a phosphine is Co(PEt;),Cl;. 1"

The complexes of cobalt(Il) are prepared in the absence of air. With a 2 :1
ratio of diphosphine to cobalt, compounds of the empirical formulas Co(TEP),I,
and Co(TEP)Br, were isolated. The molar conductance of the brown iodo com-
pound in nitrobenzene is 35-4 mhos, indicating that two ions are present. This
means that the cobalt is five-co-ordinate in nitrobenzene if any possible solvation by
the solvent is ignored. The compound is insoluble in water so that its conductivity
in that solvent could not be determined. Co(TEP),l, has a magnetic moment of
2:2 B.M. which indicates one unpaired electron. Both square planar and spin-
paired tetragonal cobalt(II complexes have a theoretical moment corresponding to
one unpaired electron (1-73 B.M.) when calculated by the *“spin only” formula,
but, because of more orbital contribution the values for the square planar configura-
tion are usually higher. The ranges of values usually found are 2-1-2-9 B.M. and

a0 F_ H. BUrsTALL and R. S. NYHOLM, J. Chem. Soc. 3570 (1952).
an R, G. WILKINS, Nature, Lond. 167, 434 (1951).
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1-7-2-0 B.M. for four- and six-co-ordinate complexes respectively.'2 The magnetic
moment for Co(TEP),l, is almost between the expected ranges; however, the octa-
hedral (or tetragonal) structure is preferred for the solid state of this compound
because the infrared spectra of Co(TEP),l, and all of the cobalt(Ill) compounds,
[Co(TEP),X,]X, are very similar. The individual variations in absorption frequencies
among the cobalt(III) complexes are as great as the differences between each of
them and the cobalt(Il) iodo compound. If the five-co-ordinate cobalt compound
is a square pyramid as expected, then the two diphosphine molecules are probably
at the base. Such an arrangement would suggest a trans structure for solid Co(TEP),1,
and probably also for the cobalt(IIl) complexes.

Penta-co-ordinate cobalt(II) is not unexpected for it is in accord with the crystal
field theory.1® Other cobalt(II) compounds which are probably five-co-ordinate are
Co(TAS)[,"™ and Co(SPA)1® (TAS = methyl-bis-(3-dimethylarsinopropyl)arsine
and SPA = bis-salicylaldehyde-y,y’'-diaminodipropylamine). NyHoLm and co-
workers have shown that o-phenylenebis(dimethylarsine) (PDA) complexes of
Pd(II)!%b.162) - Ni(I1)17, PH(IDY? and Au(II1)*® have conductances in nitrobenzene
which support five-co-ordinate structures in that solvent. The complexes have the
general formula [M+*(PDA),X]*"~! (X usually halide) if any possible co-ordination by
nitrobenzene is ignored. In the solid state, the M"(PDA),l, complexes have four
arsenic atoms in a plane and the two iodine atoms in a distorted octahedral arrange-
ment.17

In contrast to Co(TEP),l,, green Co(TEP)Br, has a magnetic moment of 3-7 B.M.
per cobalt atom. Tetrahedral cobalt(Il) complexes have a theoretical moment of
3-88 B.M. corresponding to three unpaired electrons when it is calculated by the
“spin only” formula. In practice, however, the values are higher due to orbital
contribution and the range usually found for tetrahedral structures is 4-3-4-8 B.M.(
Thus the value of 3-7 B.M. for Co(TEP)Br,, calculated per cobalt atom, is lower
than expected for a tetrahedral arrangement. Another structure for Co(TEP)Br, is
the salt-like dimer [Co(TEP),] CoBr,. The observed magnetic moment would then
be a mean of the magnetic moments for [Co(TEP),]** and CoBr,2~. In the pyridinium
salt, CoBr22~ has a magnetic moment of 4-67 B.M.®% which leaves a remainder of
2-:3 B.M. for [Co(TEP),J**. This corresponds to one unpaired electron and is in the
range expected (2:1-2:9 B.M.) for a square planar cobalt(Il) complex.®® It is also
in line with the value of 2:2 B.M. for the one unpaired electron in six-co-ordinate
Co(TEP),l,.

The conductivity of [Co(TEP),] CoBr, in nitrobenzene is 16-4 mhos. This value
is much lower than expected because 2 :2 electrolytes should have higher con-
ductances than the 20-30 mhos found for 1 : 1 electrolytes. The lower value may
be due to a rearrangement

[Co(TEP),]CoBr, = 2 Co(TEP)Br,

a2 B, N, Figais and R. S. NYHoLM, J. Chem. Soc. 12 (1954).
13 F, BasoLo and R. G. PEARSON, Mechanisms of Inorganic Reactions p. 59. John Wiley, New York (1958).
a9 G, A, BarcLAaY and R. S. NYHoLM, Chem. & Ind. 378 (1953).
15) M. CaLviN and C. H. BARKELEW, J. Amer. Chem. Soc. 68, 2267 (1946).
18) (3) C. M. HARrRis, R. S. NyHowMm and N. A, STEPHENSON, Rec. Trav. Chim. 75, 687 (1956);
(b) C. M. Harris and R. S. NYHOLM, J. Chem. Soc. 63 (1957).
17 C, M. Harris, R. S. NydoLm and N. C. STEPHENSON, Nature, Lond. 177, 1127 (1956).
1%) R, S. NYHOLM, Quart. Rev. T, 377 (1953).
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in nitrobenzene. Alternatively, if the compound exists as Co(TEP)Br, in the solid
state, its small conductance (8-2 mhos based on the simple formula) may be due to
dissociation into the ionic structure.

The molar conductance of Co(TEP)Br, in water (A;404 = 233 mhos based on the
simple formula) indicates the presence of three ions per cobalt atom. Hydrolysis of
either the non-ionic or ionic structure is consistent with this behaviour. The reading
was taken 3 min after dissolution which liberated no diphosphine. While the evidence
from magnetic and conductivity data is inconclusive, it seems to favour formulation
of the complex as [Co(TEP),]CoBr, containing planar [Co(TEP),]?* and tetrahedral
CoBr*.

Square planar complexes of cobalt(I) with o-phenylenebis(dimethylarsine)
containing two molecules of base, [Co(PDA),]X,, have been isolated.'® With
cobalt(II), ethylenediamine is inclined to form six-co-ordinate complexes containing
three molecules of base,®” so that diphosphine tends to resemble the diarsine chelating
agent.

Both of the brown iodo cobalt complexes, [Co(TEP),[,]I and Co(TEP),l,, can
be changed to green by heating for long periods in vacuo over phosphorus(V) oxide.
Traces of moisture turn the complexes brown and reheating turns them green again.
Green and brown Co(TEP),l; give the same analysis, but Co(TEP),I, loses approxi-
mately 10 per cent of its diphosphine on such treatment. Too much heating converts
them into blue compounds. Green Co(TEP),I, has a magnetic moment of 3-9 B.M.
(three unpaired electrons), but enough green Co(TEP),l; was not available for a
magnetic measurement. The infra-red spectra of these two green compounds and that
of green [Co(TEP),} CoBr, are very similar. The main feature of their spectra is a
quite broad absorption frequency at approximately 1100 cm™. This similarity,
along with the magnetic moment of green Co(TEP),l,, might be interpreted as
suggesting a similarity in structure for all of these compounds.

Nickel complexes. Two diphosphine complexes with the formula Ni(TEP)X,
(X = Cl, Br) were prepared. The chloro compound contained only one molecule
of diphosphine even though a 2 : 1 ratio of diphosphine to nickel was used in its
preparation. With the very poor co-ordinating anion, perchlorate, the 2 : 1 complex
[Ni(TEP),](ClO4), was isolated. All of the complexes are diamagnetic, indicating
a square planar structure,

Attempts to oxidize Ni(TEPYCl, with chlorine in solution, suspension or in the
solid state led to unstable or ill-defined products. Oxidation of a dilute solution of
Ni(TEP)Br, in benzene by bromine gave a green-black precipitate which analysed
fairly well for the empirical formula Ni(TEP)Br,. The magnetic moment of this
complex was 2-0 B.M., indicating one unpaired electron and confirming the presence
of nickel(IIT). The complex was very insoluble in water, but in solvents such as
ethanol, acetone and chloroform, in which it was slightly soluble, it appeared to
give momentarily a green solution which then turned brown. The green colour
persisted longest in nitrobenzene, in which it was essentially non-conducting. This
indicates a five-co-ordinate structure, ignoring any possible co-ordination by nitro-
benzene. The evidence seems to indicate a polymeric octahedral nickel(IIT) compound

19 R. S. NynoLM, J. Chem. Soc. 2071 (1950).
20) J, ByeRRUM, G. SCHWARZENBACH and L. G. SILLEN, Stability Constants, Part I: Organic Liquids p. 5.
The Chemical Society, London (1957).
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in the solid state which tends to decompose when it is dissolved, rather than a penta-
co-ordinate square pyramid such as found for Ni(PEt;),Br;. !

CHATT and HART® have prepared Ni(TEP)(CO),, which contains nickel(0) and
tetracthylethylenediphosphine. Attempts to co-ordinate two molecules of diphos-
phine failed. With o-phenylenebis(diethylphosphine) (PEP) (Formula I, M=M'=P,
R = C,H;) a compound of analogous composition is formed, as well as a com-
plex containing only the phenylenediphosphine, Ni(PEP),.

Complexes of nickel(II) with o-phenylenebis(dimethylarsine) containing one, two
or three molecules of base have been isolated,*® the one containing two molecules
being most easily prepared. It is believed to be five-co-ordinate in nitrobenzene.
Oxidation to nickel(III)2% and even nickel(IV)®® has been accomplished. Nickel(0)
compounds containing one®* and two® molecules of diarsine have been prepared.
Ethylenediamine and nickel(II) tend to form fris compounds, but this tendency is
reduced with N-monoalkyl derivatives and still further decreased with N-N’-dialkyl-
ethylenediamines.®™ A bis complex of N,N’-dimethylethylenediamine has been
prepared,® but attempts to form complexes of nickel and N,N,N’,N'-tetramethyl-
ethylenediamine were unsuccessful.®® In composition and ability to stabilize the
different oxidation states of nickel, tetraethyldiphosphine more closely resembles
the diarsines.

Coinage metal complexes. 'The silver(I) and copper(l) complexes isolated, [Cu
(TEP),JICu(TEP),] and [Ag(TEP),JAgl,, are very similar. The ionic structures are
assigned on the basis of the conductivities in nitrobenzene. The conductivity of the
silver compound is lower than the 20-30 mhos usually found for 1 : 1 electrolytes,
a property in which it resembles the analogous silver compound of o-diethylphos-
phinophenyldiethylarsine®® (Formula I, M = P, M’ = As, M = C,H;, abbreviated
P-As). Copper(l) compounds of the general formula [M(P-As);JA in which A is
halogen or CuX,~ (X = Cl,Br) as well as the silver(I) compound, in which A is
iodide, have normal conductivities, but the silver complex in which A is Agl,™ has
a lower conductivity. The explanation suggested is a dissociation into a neutral
three-co-ordinate species:

[Ag(base),]Agl, <= 2 Ag(base)l

Attempts to resolve the compounds [Cu(P-As),]I and [Au(P-As),]I were not
successful, but X-ray studies proved they were tetrahedral. Copper complexes of
diarsines®.%") have similar formulas and are thought to be tetrahedral. Copper(l)
and silver(I) iodo monophosphines have a tetrameric structure [M(PR,)I], in which
the central atoms are tetrahedral, (24

Silver(I) and ethylenediamine (en) form the compounds [AgH(en)]*t, Ag(en)*,
Agy(en)**, Ag(en),* as well as the dimer Agyen,®".® The silver is probably linear
in all of them and the ethylenediamine monodentate or bridging. Cryoscopic measure-
ments on [Ag,en,]SO, support the dimeric structure which probably contains a

(21) K. A. JEnseN and B. NYGAARD, Acta. Chem. Scand. 3, 474 (1949).

22) R, S, NYHoLM, J. Chem. Soc. (a) 2061 (1950); (b) 2906 (1952).

(23) R, S. NYHOLM, J. Chem. Soc. 2602 (1951).

20 F, G. ManN, D. Purbie and A. F. WELLS, J. Chem. Soc. 1503 (1936); 1828 (1937); F. G. MANN and
A. F. WELLS, Nature, Lond. 140, 502 (1937); A. F. WELLs, Z. Krist. 94, 447 (1936).

(28) G, SCHWARZENBACH, H. AKERMAN, B. MaIsseN and G. ANDEREGG, Help. Chim. Acta 35, 2337 (1952);
P. JoB, C. R. Acad. Sci., Paris 176, 442 (1923); 184, 1066 (1927).
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ten-membered ring. Copper(l) forms the compound Cu(en),* in which ethylene-
diamine is monodentate.t®® Thus, in its ability to form four-co-ordinate compounds
with silver(I) and copper(l), the disphophine is similar to the diarsines.

The gold(l) complex is of a different type, having the empirical formula Au,
(TEP)I,. It is almost non-conducting in nitrobenzene. Its molecular weight of
820 (ebulliscopic in chloroform) compared to the calculated 854-5 indicates that the
diphosphine serves as a bridge. The gold is probably linear two-co-ordinate to give
the structure IAu(TEP)Aul. The difference in behaviour of gold(I) as compared to
silver() and copper(I) is probably due to the reluctance of gold(I) to form four-
co-ordinate structures. Yet 4-methyl-o-phenylenebis(diethylphosphine),® o-diethyl-
phosphinophenyldiethylarsine®®, and o-phenylenebis(dialkylarsines)®!® form com-
plexes which contain two molecules of base and are four-coordinate. These phenylene
chelates have a rigid structure in which the co-ordinating atoms are held in a position
favorable for chelation, while tetracthylethylenediphosphine can form a bridge more
readily.

Oxidation of Auy(TEP)I, by iodine gives a black compound of the composition
Auy(TEP)I,. It is probably also bridged, with the gold(III) having a square planar
structure as I;Au(TEP)Aul;. This reaction is very similar to the oxidation of gold(I)
monophosphine complexes, Au(PR;)X, to square planar gold(Il) compounds,
Au(PRX,. 2728

Oxidation of [Au(PDA),JI produces [Au(PDA),L,JI, which preliminary X-ray
studies show to have a frans octahedral structure. Au(PDA),(NO,), is five-coordinate
in nitrobenzene, but completely ionized in water to four-co-ordinate [Au(PRA),P*+,
the perchlorate of which was also isolated.® With ethylenediamine, gold(IlI) forms
the complexes [Au(en)X,]X and [Au(en),]X;®» but these compounds were not
prepared by oxidation of gold(I) complexes as are the diarsines and diphosphines.
A bridging structure like that of Auy(TEP)I; has been postulated for (CH,);AuNH,-
C,H,NH,Au(CHj,),.%? With gold(IlI) it is difficult to decide whether the diphosphine
compound is more similar to those of ethylenediamine or of the diarsines.

Zinc, cadmium and mercury complexes. Bromo compounds containing each of
these metals with one mole of diphosphine were prepared. They are assigned the
structure M(TEP)Br, on the basis of the non-conducting nature of the zinc and
cadmium compounds in nitrobenzene. When cadmium bromide and diphosphine
react, a complex of empirical formula Cdy(TEP),Bry is first precipitated. Recrystal-
lization of this compound from dimethylformamide by addition of water gives the
simple compound Cd(TEP)Br,. By dissolving one mole each of Cd(TEP)Br, and
cadmium bromide in dimethylformamide and precipitating with water, followed by
recrystallization in the same manner, Cdg(TEP),Br, is again obtained. The ease of
conversion suggests that the tricadmium compound should be formulated as a mixed
crystal 2Cd(TEP)Br,-CdBr,, although bridged complexes of cadmium and mono-
phosphines are well known.® With similar treatment Zn(TEP)Br, did not give a
compound containing greater than a 1 : 1 ratio of zinc to diphosphine. The mercury

(26) J. BieRRUM, and E. J. NIELSEN, Acta Chem. Scand. 2, 307 (1948); J. E. B. RANDLES, J. Chem. Soc. 802
(1941).

27 F, G. ManN and D. Purbpig, J. Chem. Soc. 1235 (1940).

28) M. F. PeruTz and O. WEisz, J. Chem. Soc. 438 (1946).

29 B, P. BLock and J. C. BAILAR, JR., J. Amer. Chem. Soc. 73, 4722 (1951); C. S. GiBsoN and W. M.
CoOLLEs, J. Chem. Soc. 2407 (1931).

(39 H. GimaN and L. A. Woobs, J. Amer. Chem. Soc. 70, 550 (1948).
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compound, Hg(TEP)Br,, is very insoluble and could not be recrystallized from any
solvent, so that the analysis is not as good as might be hoped. These compounds are
probably tetrahedral like the monophosphine complexes. !

With ethylenediamine, zinc, cadmium and mercury tend to form compounds
containing three molecules of base. With tetraethylethylenediamine the compound
Cd(base)Cl, has been isolated, but it is unstable in water.®® Precipitation of basic
substances interfered with the determination of the stability constants of zinc and
dialkylethylenediamines.®® Evidently, no compounds of diarsines with these metals
have been prepared.

Palladium complex. Reaction of ammonium tetrachloropalladate(1l) or dichloro-
(tetrahydrogenethylenediaminetetraacetate)palladium(Il) five hydrate with a molar
ratio of diphosphine gives the complex Pd(TEP)Cl,. Attempts to form a compound
containing two molecules of diphosphine by allowing [Pd(NH,),]Cl, to react with
two moles of diphosphine (charcoal catalyst) or by causing Pd(TEP)CI, to react with
more diphosphine gave only the neutral mono(diphosphine) compound. With the
thought that the chloride ion was such a good co-ordinating agent that it prevented
the second molecule of diphosphine from reacting, the latter reaction was repeated
in the presence of silver sulphate to precipitate the chloride. This procedure led to
a white solid contaminated with palladium black which on recrystallization gave
more palladium metal. The product may have been unstable [Pd(TEP),]SO,.

The colourless palladium compound is probably monomeric Pd(TEP)CI, rather
than [Pd(TEP),]PdCl,. Although no definite proof for this was obtained, all o-
phenylene compounds of palladium with chloride containing one mole of base are
yellow or colourless, while the compounds [Pd(base),]PdCl,, which are often inter-
mediates, are much darker.?*®d4 1t js interesting that CHATT and MANN have
isolated compounds of the type [Pd(base),]*+ with substituted o-phenylenediarsines,
but under identical conditions substituted ethylenediarsines give complexes containing
one molecule of base. This may again be due to the rigid structure of o-phenylene
compounds, which makes it easier to crowd the alkyl groups around the metal.

Many of the o-phenylene compounds in which the co-ordinating atoms are
combinations of As, N and P, as well as ethylenediamines, form complexes of the
compositions Pd(base)X, and Pd(base), X, (X = halogen). Most of the compounds
are probably four-co-ordinate planar. However the Pd(PDA),X, complexes are
1 :1 electrolytes in nitrobenzene and have a tetragonal structure in the solid state.
[PA(PDA),)(C1O,), is four-co-ordinate.‘?b:162) Dichloro- and dibromo-bis(o-dimethyl-
aminophenyldiethylphosphine)palladium(II) are said to be five-co-ordinate in nitro-
benzene and four-co-ordinate in water.®?

Preliminary attempts to prepare platinum(Il) compounds of tetraethylethylene-
diphosphine were unsuccessful.

Lead complexes. Two compounds containing four-co-ordinate lead(II) were
isolated. They were Pb(TEP)Br, and [Pb(TEP),J(ClO,),.

CONCLUSIONS
In general, the co-ordinating ability of tetraethylethylenediphosphine is more
similar to that of o-phenylenebis(dimethylarsine) than that of ethylenediamine. Before
a more valid comparison can be made, more information on the stability and chemical
3D R, C. Evans, F. G. Mann, H. S. Peiser and D. PurDIEg, J. Chem. Soc. 1209 (1940).
4
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reactions of the complexes is needed, particularly for the diarsines and diphosphines.

In several cases the difference between tetraethylethylenediphosphine and ethylene-
diamine is due to the tendency of ethylenediamine to expand the co-ordination
number of a metal. With substituted ethylenediamines this tendency is reduced, but
a strict comparison is not valid because the reason for complexes of lower co-ordina-
tion number for substituted ethylenediamines is due at least in part to reduced
co-ordinating ability and not entirely due to steric factors. Attempts to co-ordinate
ethylenediphosphine itself will be hampered by its reported instability.(”

Probably the principal reason for the similarity of diphosphine and diarsines is
the ability of both to form m-bonds. Arsenic and phosphorus atoms, but not nitrogen,
have vacant d-orbitals so that partial double bonding can occur with metals which
have electrons in their d-orbitals, thereby strengthening the bond. Also, the ability of
diphosphines and diarsines to stabilize both lower and higher oxidation states of
nickel is probably due to their ability to =-bond.!:3®

EXPERIMENTAL
P, P, P’, P’-Tetraethylethylenediphosphine

A one litre three-necked standard taper round-bottomed flask with a side arm was fitted with an
all-glass stirrer in one neck and a nitrogen inlet in another. The side arm was used as a gas outlet.
The third neck of the flask was used to add solids, attach a separatory funnel or as a place for a dipstick
which was used to bubble phosphine into the solution.

Air was flushed out of the system with nitrogen, which was used as a blanket throughout the
experiment, and the apparatus was cooled to —78° with dry ice. Approximately 600 ml of liquid
ammonia was introduced and 7-22 g (0-31 mole) of sodium was dissolved in it. Dry phosphine was
bubbled through the solution with stirring until the blue colour changed to light yellow. The excess
phosphine was purged with nitrogen and the dipstick was removed. The small amount of white
precipitate present, probably sodium hydroxide, is not harmful.

With the stirrer running, 33-9 g (0-31 mole) of ethyl bromide was added dropwise and stirring was
continued for 15 min after addition was completed. If the sodium bromide which precipitated during
the reaction was allowed to settle, the solution was clear. A suspension of sodium amide, freshly
prepared from 8-09 g (0-35 mole; 10 per cent excess) of sodium in approximately 100 ml of liquid
ammonia,®® was added and the mixture was stirred for 1 hr. This produced a green colour. The
repeat addition of ethyl bromide discharged the green colour. Addition of more sodium amide turned
the mixture red-orange. After one hour’s stirring, it was deep red. Then ethylenedichloride was
added dropwise with stirring until the red colour was discharged. Stirring was continued for 15 min.
The amount of ethylenedichloride required was 13-8 g (theor. 15:4 g, 0-155 mole). The dry-ice bath
was removed and the liquid ammonia was allowed to evaporate.

Two hundred millilitres of oxygen-free water (used throughout) and 300 ml of ethyl ether were
added and the mixture was stirred until all the salts had dissolved. The mixture was transferred to a
separating funnel, and the water layer and dark solids (elemental iron from sodium amide preparation)
were separated and washed with 75 ml of ether. The combined ether extracts were washed with three
150 ml portions of water and dried over anhydrous sodium sulphate. The ether was removed under
diminished pressure; the temperature of the distilling flask was then increased to 100° for a few
minutes to make sure that all excess starting materials and lower phosphines were removed. The
yield of crude product was 17-5 g (54 per cent). The yellow liquid was used without further purification.

Tetraethylethylenediphosphine dihydroiodide

A solution of 1-4 ml of concentrated hydroiodic acid was added to 0-26 g (1-26 mmoles) of the
crude diphosphine. The reaction mixture was evaporated almost to dryness and precipitated with
absolute alcohol. The crystals were dissolved in a few drops of water and heated on a steam bath.

(32) J. CHATT, J. Inorg. Nucl. Chem. 8, 515 (1958); J. CHATT and R. G. WILKINS, J. Chem. Soc. 4300 (1952);

L. E. SuTTON, J. Inorg. Nucl. Chem. 8, 23 (1958); R. S. NYHOLM, Chem. Rev. 53, 263 (1953).
33) K. W. GrEENLEE and A. L. HENNE, Inorg. Synth. 2, 128 (1946).
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Twenty-five millilitres of absolute ethanol was added dropwise and the solution was allowed to cool
slowly to room temperature. Then it was cooled in an ice-bath, and the crystals which formed were
collected on a filter and washed with ethanol. After two recrystallizations, the colourless crystals
were dried in vacuo over phosphorus(V) oxide. The compound does not have a sharp melting point,
but the major portion of it melts at 181-183°. (Found: C, 25-99; H, 5-85; I, 55:00. Calc. for
CioHasPols: C, 2599; H, 5:67; 1, 54-93%).

Diphosphine complexes

All of the complexes were dried in vacuo over phosphorus(V) oxide. If the temperature used was
other than room temperature, it is listed. Most of the analytical data* as well as the magnetic
moments and conductivities are shown in the tables.

TABLE 2.—MAGNETIC MOMENTS OF DIPHOSPHINE COMPLEXES

Compounds 1?3’ Hetr. (B.M.)
[Co(TEP),I,]1 ‘ 27-0 diamagnetic
[Co(TEP),Br,]Br 30-0 sl. paramagnetic
[Co(TEP),CL]Cl 265 diamagnetic
Co(TEP),I, 29-0 2:2
[Co(TEP),JCoBr, = 290 3-7%
Ni(TEP)Br, i 27-5 diamagnetic
Ni(TEP)Cl, 1 28-0 diamagnetic
[NI(TEP),] (ClOy), 275 diamagnetic
Ni(TEP)Br, | 28-0 20

* Per cobalt atom.

Diiodo-bis-(diphosphine)cobalt(111), iodide, [Co(TEP).I;]I. A solution of 0-34 g (1-08 mmoles) of
cobalt(Il) iodide in 2 ml of water and 10 ml of ethanol was added to 0-44 g (2-14mmoles) of diphosphine
in 3 ml of ethanol. The solution, which turned dark brown immediately, was shaken for 4-5 hr. It
was evaporated to a small volume and cooled in an ice-bath. The [Co(TEP),L]I was collected on a
filter, recrystallized from absolute ethanol and dried at 50°. It is insoluble in water.

Effect of heat on diiodo-bis-(diphosphine)cobalt (111) iodide. A sample of [Co(TEP),I,]I was heated
at 110° in vacuo for 53 hr over phosphorus(V) oxide. The sample turned green, but it did rot lose
diphosphine. (Found: C, 28-08; H, 5-69. Calc. for CoC,H,sP.l,: C, 28:19; H, 5-68%).

Dibromo-bis-(diphosphine)cobalt (IIT) bromide, [Co(TEP).Br,]Br. A solution of 0-22 g (1 mmole)
of cobalt(IT) bromide in 5 ml of ethanol was poured into a flask containing 0-42 g (2:04 mmoles) of
diphosphine in 15 ml ethanol. The mixture was refluxed for 2 hr while air bubbled through it. After
evaporation to dryness, the [Co(TEP),Br,;]Br was recrystallized from water and dried.

Dichioro-bis-(diphosphine)cobalt(11I) chloride, [Co(TEP),Cl;]Cl. This compound was prepared in
the same manner as [Co(TEP),Br;]Br. One-half gramme (2-42 mmoles) of diphosphine, 0-29 g
(1-22 mmoles) of cobalt(Il) chloride six hydrate, and 0-21 ml of 6 N hydrochloric acid in 10 ml of
ethanol were allowed to react for 1-5hr. The yield was 0-31 g (45 per cent). [Co(TEP),CL]CI is
soluble in water, ethanol, acetone, chloroform, bromoform and nitrobenzene. It is almost insoluble
in benzene and carbon tetrachloride.

Diiodo-bis-(diphosphine)cobalt(I1), Co(TEP),I,. This compound is very sensitive to oxidation so
that all operations after addition of the diphosphine were carried out under a nitrogen blanket. A
filtered solution of 0-15 g (1-26 mmoles) of cobalt(Il) carbonate dissolved in 0-46 ml of 47 per cent
hydroiodic acid and 3 ml of water was added to a boiling solution of 0-5 g (2-50mmoles) of diphosphine
in 7ml of ethanol. Boiling water (approximately 20 ml) was slowly added until brown needles

* The microanalyses were performed by Mr. J. NEMETH, Mrs. M. BeNassi, Mr. R. NEessert and
Mrs. R. Ju.
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TABLE 3.—DIPHOSPHINE COMPLEXES PREPARED

Calculated Found
Compound Colour

C H X C H X
[Co(TEP),I, ) dark-brown 2819 5:68 44-68 28:22 599 45-11
{Co(TEP),Br,]Br green 33-77 6-80 33-71 34-15 7-28 33-32
[Co(TEP),CLIC1 light green 41-57 837 1841 41-58 8-68 1831
Co(TEP),I, brown 3312 667 35-00 33:05 696 3370
[Co(TEP),]CoBr, green 28-26 569 137-61 2791 576 38:32
Ni(TEP)Br, red-brown 28:27 570 37-63 28-:20 5-51 37-55
Ni(TEP)Cl, yellow-brown 3576 720 2111 35-82 7-13 21-40
[NI(TEP),] (ClO,). yellow 3584 722 — 3623 711 —
Ni(TEP)Br, green-black 23-80 479 47-50 24-04 5-45 46-12
[CU(TEP),] [Cu(TEP)I,] colourless 3604 7-26 25-41 3622 697 2536
[Ag(TEP);]Agl, colourless 27-33 549 — 2663 550 —
TAu(TEP)Aul colourless 1405 283 46-16* 14-27 291 46-33*
L,AWTEP)Aul, black 882 178 5590 916 1-80 54-58
Zn(TEP)Br, colourless 27-84 561 3704 27-87 560 37-23
Cd(TEP)Br, colourless 25-10 5-06 33-40 2476 495 33-54
Cd,(TEP),Br, colourless 19-54 394 — | 1997 437 —
Hg(TEP)Br, colourless 2119 427 2820 1972 4-02 2891
Pd(TEP)CI, colourless 3129 630 1847 31-06 615 19-07
Pb(TEP)Br, colourless 2095 422 27-88 20-73 4-53 27-22
[Pb(TEP),} (ClO,), colourless 29-34 591 — 29-10 573 —

* Gold analysis.

formed. The mixture was cooled in an ice-bath and the Co(TEP),I, was collected on a filter. Part of
the sample was recrystallized by dissolving in ethanol and precipitating with water.

Effect of heat on diiodo-bis-(diphosphine)cobalt(I1). A sample of Co(TEP).l, was heated in vacuo
over phosphorus(V) oxide for 12 hr at 122° followed by 12 hr at 130°. It turned green and lost some
diphosphine (~10 per cent), as indicated by the analysis and by the odour of phosphine when the
apparatus was opened. The magnetic moment of the mixture is 3-9 B.M. (Diamagnetic correction
based on Co(TEP),l,.)

‘ Found Calc. for Calc. for

' Co(TEP)l; | Co(TEP)L,

| | | o
C ’ 3016 . 3312 2314
H | 605 | 667 4-66

Bis-(diphosphine)cobalt (1) tetrabromocobaltate(Il), [Co(TEP),JCoBr,. To 0-25 g (1-14 mmoles) of
cobalt(1l) bromide in 3 ml of hot absolute ethanol was added a solution of 0-43 g (2-08 mmoles) of
diphosphine in 2 ml of the same solvent. The blue solution turned green, and on standing a green
precipitate formed. After coolingin an ice-bath, the product was collected on a filter. When recrystal-
lized from isopropyl alcohol, it became sticky, but it dried out at 50° to a green solid. [Co(TEP),]
CoBr, is soluble in water, methanol, ethanol, chloroform and acetone.

Dibromodiphosphinenickel(11), Ni(TEP)Br.. A hot solution of 0-38 g (1-74 mmoles) of nickel(1l)
bromide in 4 ml of absolute ethanol was added to 0-36 g (1-74 mmoles) of diphosphine in 2 ml of
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absolute ethanol. Brown crystals formed on cooling. The Ni(TEP)Br, was recrystallized from
absolute alcohol and dried at 35°: m.p., 213°.

Dichlorodiphosphinenickel(11), Ni(TEP)Cl,. A solution of 1-39 g (5-8 mmoles) of nickel(II) chloride
six hydrate in 20 ml of absolute alcohol was added to 2-39 g (11-6 mmoles) of diphosphine in 15 ml
of absolute ethanol. The resulting yellow-brown solution was evaporated until crystals formed, and
was then cooled. Further evaporation gave a second crop of crystals. After recrystallization of the
combined precipitates from absolute ethanol, 1-7 g of Ni(TEP)CI, was obtained (89 per cent yield
based on NiCl;-6H,0). Part was again recrystallized and dried at 100°: m.p. (decomp.), 245-249".

Bis{(diphosphine)nickel(11) perchlorate. [Ni(TEP),)(ClO,),. Nickel(Il) perchlorate six hydrate
(0-42 g, 1-14 mmoles) was dissolved in 5 ml of absolute ethanol and added to 0-47 g (2-28 mmoles) of
diphosphine. The yellow precipitate which formed immediately was recrystallized from methanol
and dried at 55°.

Tribromodiphosphinenickel(III), Ni(TEP)Br,. A benzene solution containing 0-0151 g (0-094
mmole) of bromme was added to a filtered solution of 0-08 g (0-189 mmole) of Ni(TEP),Br, in 80
ml of warm benzene. After cooling, the green-black precipitate was collected on a filter, and
washed with benzene and ethyl ether.

Bis-(diphosphine)copper(l) diiododiphosphinecuprate(l), [Cu(TEP),] [CuW(TEP)I,]. A mixture of
0-32g (1-55 mmoles) of diphosphine and 046 g (2-41 mmoles) of copper(l) iodide in 5ml of potassium
iodide solution (saturated at room temperature) was shaken for 4 hr under nitrogen. The precipitate
which formed was collected on a filter, washed with potassium iodide solution and water, recrystallized
from benzene, and dried at 100°. [Cu(TEP),] [Cu(TEP)L,] is insoluble in water, ethanol and acetone:
m.p., 181-183°,

PBis-(diphosphine)si lver(1) diiodoargentate(l), [Ag(TEP),]Agl,. This compound was prepared in the
same manner as the copper(I) compound, using 0-52 g (2:21 mmoles) of freshly prepared silver iodide
and 0-45 g (2-18 mmoles) of diphosphine in 10 ml of potassium iodide solution and shaking 17 hr. The
colourless material was recrystallized from nitrobenzene, washed with benzene and ethyl ether, and
dried. .

Diiodo--diphosphinedigold(1), IAu(TEP)Aul. A solution of 0-5 g (2:42 mmoles) of diphosphine
in 10 ml of ethanol was added to 20 ml of ethanol saturated with sodium iodide (at room temperature).
The solution was heated to boiling under a nitrogen blanket and 0-78 g(2-41 mmoles) of gold(1) iodide
was slowly added with rapid stirring. White crystals formed in the boiling solution. The mixture was
cooled and the precipitate of Au,(TEP)I, was collected on a filter and recrystallized from acetone. The
molecular weight, determined ebullioscopically in chloroform, is 820 (Calc. 854-5).

Hexaiodo-p-diphosphinedigold(111), 1L, AW(TEP)Aul,. Two millilitres of chloroform containing
0-072 g (0-283 mmole) of iodine was added to 0-12 g (0-141 mmole) of Auy(TEP)I, in 5 ml of chloro-
form. The black crystalline precipitate which formed was collected, washed with chloroform, and
dried.

Dibromodiphosphinezinc, Zn(TEP)Br,. A solution of 0-48 g (2-13 mmoles) of zinc bromide in 3 ml
of absolute ethanol was added to 0-44 g (2:12 mmoles) of diphosphine in 2 ml of the same solvent. A
white precipitate formed which changed into an oil. When cooled in an ice-bath, the oil solidified and
the crude product was collected on a filter. To recrystallize the product, it was dissolved in hot
dimethylformamide, the solution was filtered and while it was being heated, water was slowly added
until the solution became cloudy. It was heated for an additional minute or two and cooled. The
Zn(TEP)Br, was collected on a filter and dried. 1t is also soluble in chloroform.

Bromodiphosphine—cadmium complexes. A solution of 1:23 g (4-52 mmoles) of cadmium bromide
in 10 ml of 50-50 alcohol-water mixture was added to 0-93 g (4:51 mmoles) of diphosphine. A white
precipitate formed immediately, but the mixture was shaken for 3 hr to make sure the reaction was
complete. The crude material was recrystallized by the method used for Zn(TEP)Br, and dried at
110°. The product was Cd,(TEP),Bre.

A sample of Cdy(TEP),Br, was recrystallized from dimethylformamide by adding water, and was
dried at 55°. This yielded the simple complex Cd(TEP)Br,. Cd(TEP)Br, can be converted back to
Cd,(TEP),Br, by reaction with cadmium bromide (1 : I molar ratio) in dimethylformamide followed
precipitation with water and recrystallization. The nature of the compound which precipitates must by
depend on the relative amounts of Cd(TEP)Br, and CdBr, present.

Dichlorodiphosphinepalladium(11), PA(TEP)CI,. A hot solutionof 0-25g (1-4mmoles) of palladium-
(II) chloride and 015 g (2-8 mmoles) of ammonium chloride in 10 ml of water was added to 0-29 g
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(1-4 mmoles) of diphosphine and shaken for 3 hr under nitrogen. The pinkish-tan precipitate was
collected on a filter and then dissolved in dimethylformamide. After a small amount of red-brown
precipitate was filtered off, the solution was evaporated to a small volume. White crystals formed on
standing. They were recrystallized from ethanol and dried at 50°.

The complex can also be prepared from Pd(H,EDTA)CI, and diphosphine: To 0-34 g(1-65 mmoles)
of diphosphine in 5 ml of ethanol was added a solution of 0-95 g (1:66 mmoles) of PA(H,EDTA)CI, -
5H;0%* in 5 ml of the same solvent. Ethylenediaminetetraacetic acid precipitated. (Found: N, 9-34.
Calc. N, 9-58%;) The filtrate was evaporated to a small volume and cooled. The Pd(TEP)CIl, was
collected and recrystallized from absolute ethanol.

Several attempts were made to prepare bis(diphosphine) palladium(II) chloride. The reaction of
tetraamminepalladium(I) chloride!®® with 2 moles of diphosphine using a charcoal catalyst gave
dichlorodiphosphinepalladium(Il). Attempts to make dichlorodiphosphinepalladium(II) react with
diphosphine led only to recovery of the starting complex.

Dibromodiphosphinelead(1l), PO(TEP)Br,. A filtered solution of 0-89 g (2-42 mmoles) of lead(Il)
bromide in 25 ml of hot potassium bromide solution (saturated at room temperature) was added to
0-33 g (1:6 mmoles) of diphosphine and the mixture was shaken for 5 hr under nitrogen. The white
precipitate was filtered and washed with potassium bromide solution and then with water. The crude
product was recrystallized twice from dimethylformamide and dried at 55°.

Bis-(diphosphine)lead(I1) perchlorate, [Pb(TEP),] (Cl10,),. When a solution of 2:09 g (4-55 mmoles)
of lead(II) perchlorate three hydrate in 10 mi of ethanol was added to 1-87 g (3-08 mmoles) of diphos-
phine in 5 ml of ethanol, an oil separated. This solidified when cooled in an ice-bath. The cream
coloured precipitate was recrystallized from a 50-50 alcohol-water mixture to yield 1-47 g (40 per
cent) of [Pb(TEP);] (Cl0,);. A small sample was recrystallized twice and dried: m.p. 150-152°.

Magnetic moments. Magnetic measurements were taken on a modified Curie-Cheneveau balance
previously described.'® Dimagnetic corrections were made according to SELwooD. 3"

Conductivities. Conductivity measurements were made on a Leeds and Northup conductivity
bridge (No. 4866). The nitrobenzene was fractionally crystallized three times, dried with phos-
phorus(V) oxide and distilled under reduced pressure. The middle fraction was used. The specific
resistance of the water used was 3-12 X 10® ohms.

34 D, H. BuscH and J. C. BAILAR, JR., J. Amer. Chem. Soc. 78, 716 (1956).

35 H, D. K. Drew, F. W. PINKARD, G. H. PresToN and W. WARDLAW, J. Chem. Soc. 1895 (1932).
(36) T, MoeLLER and E. P. Horw1tz, J. Inorg. Nucl. Chem. 12, 49 (1959).

37 P, W, SELWOOD, Magnetochemistry pp. 92-99. Interscience, New York (1956).



